
ABSTRACT

150 MHz is one of the major frequencybandsof observationfor
GMRT. Thebandallotedfor theradioastronomicalpurposeis from 152– 155MHz
with a centerfrequencyof 153 MHz. Even thoughthe alloted bandwidthis only
3 MHz, observationis generallydonewith a centerfrequencyof 150 MHz with
bandwidth of 6 MHz. This is  for increasing the sensitivity. 

Observationsat 150 MHz are severelyaffectedby strongman-made
interferencesnearbyfrequencybandof observations.However,with thebroadband
coverageof the existingsystemmany interferencescomesinto picture.The major
interfering signals are MARR (Multi Access Rural Radio) system, T.V.
Transmission,F.M. Radio, police wireless and civil aviation communication.
Thereforeit is essentialto separatethe desiredsignal from undesiredsignals.The
processof separationof desiredsignals/informationsfrom that of undesiredone is
called “Filtering” and the circuit which performs this filtering is called as “Filter”.
And this separationis done by filters. Filters are one of the most important
componentsusedin the instrumentsin Radio Astronomy.They are usedto select
certain frequencychannelsfor observationor to minimize unwantedman-made
radio interferences.

Theobjectiveof theprojectis notonly to replacetheexistingBPFwith
HPF-LPFcombinationfor better rejection at stop frequencybut also to suppress
majorinterferencesfalling in thedesiredfrequencybandby incorporatingnotchesat
interferencefrequenciesfalling in the desired band. The project involves mass
productionof LPF,HPFandnotch filter tunningof the samefor desiredresponse,
implementit in Front-endbox, testingof the FEB in lab and then install the FEB
and test at ABR.
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Chapter 1

INTRODUCTION

1.1 Brief Introduction Of GMRT

RadioAstronomyis a part of observationalAstronomy.It is the study
of of planets,stars,galaxiesand otherastronomicalobjectsusing radio wavesthey
emit. Radio astronomy is the study of celestial phenomenaby measuringthe
characteristicsof radio waves emitted by physical processeswhich occur in
extraterrestrialenvironments.Becauseradio waves are much longer than light
waves, radio astronomy requires large antennas such as GMRT.

Giant Meter wave Radio Telescope(GMRT) is a project run by the
National Center for Radio Astrophysics (NCRA) under Tata Institute of
FundamentalResearch(TIFR) INDIA. It is one of the largest radio telescope
observatoryin the world operatingat meter-wavelengths.GMRT is situatedat
Khodad80kmNorth of Pune.It has30 fully steerablegiantparabolicdishesof 45m
diameter each, spread over distance of about 25km.

The Main objective of GMRT is to study interestingphenomenon
which can be observedat meter wavelength.The location of antennasand their
numberwasoptimizedto meetthe principal astrophysicalobjectiveswhich require
sensitivityat high angularresolutionaswell asability to imageradioemissionfrom
lessfusedextendedregions.Fourteenof the thirty dishesare locatedmoreor less
randomlyin a compactcentralarrayin theregionof about1 sq km. Theremaining
sixteenantennasare spreadout along the 3 armsof an approximately'Y'-shaped
configuration over a much larger region. Currently GMRT operatesin four
frequencybandscenteredat 233, 327, 610 and 1420 MHz. At all thesefeedsthe
dual polarization outputs are available.

1.2 Scope Of Work

Scope of my project is 

To mass produce the filter units for 12 number of antennas.
Tuning each individual filter for the desired performance.
Assembling in the 150 FEB.
Testing and certification of the FEB in the lab for field installation.
Installation of FEB on antennas, testing at ABR.
And Documentation of test reports.
Also thermal cycling of Notch filter unit 
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1.3 Introduction To Interferences At 150 MHz
Observationsat 150 MHz are severelyaffectedby strongman-made

interferencesnearbyfrequencybandof observations.With thebroadbandcoverage
of theexistingsystemmanyinterferencescomesinto picture.Themajor interfering
signalsare MARR (Multi AccessRural Radio) system,T.V. Transmission, F.M.
Radio, police wireless and civil aviation communication.

Major Interferences Summary :-
Themajorsourcesof interferencewithin this band areaslistedbelow.

Theseare referredfrom the report RFI REJECTIONFILTER AT 150 MHz by
Mr. Vinod Toshniwal under the guidance of Mr. Ajitkumar B.

1. MARR(Multi Access Rural Radio)121,127,132.3,137.8 &144.3 MHz
2. Pager 146 MHz
3. Police wireless 159.5,163,164.3 MHz
4. T.V. Communication Picture           Audio

a. Channel 5                      175.5MHz          180.75 MHz
b. Channel 6                      182.25 MHz          187.25 MHz
c. Channel 7                      189.25 MHz          194.75 MHz

Thusfrom the abovetableand the plot presentedin the reportof Mr.
Vinod, major interferences frequencies of concern are :-

a. 101 MHz     : Pune FM Radio.
b. 130 MHz     : Aeronautical Radio-navigation.
c. 146.6 MHz  : Pager.
d. 159 MHz     : Police wireless.
e. 163 MHz     : Rural Police.
f. 175.25 MHz : Pune TV video.
g. 180.75 MHz : Pune TV audio.

1.3 Filter Basics 
Real world signals contain both wanted and unwanted signals /

informations.Thereforeit is essentialto separatethetwo. Theprocessof separation
of wantedsignals/ informationsfrom thatof unwantedoneis called“Filtering” and
the circuit which performs this filtering is called as “Filter”.

1.3.1 Filter Classification :-

Filterscanbeclassifiedon thebasisof thetypeof components/devices
used, the bandof frequenciesthey select,and the natureof the transferfunction
which tries to approximate the ideal characteristics.

Dependingupon the passbandand stop band locations filters are
basically divided into four types as:-

1. Low-pass
2. High-pass
3. Band-pass
4. Bandstop
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Ideal Filter :-
An ideal filter is the one,which transmitsfrequenciesin its passband

without attenuationandphaseshift , while not allowing any signalcomponentsin
thestop-bandto get throughi. e. Stopbandattenuationas infinity .Also ideal filter
has a sharp transition.
Real World (Non-Ideal) Filters :-

Ideal filters are not realizable. In order  to approximate the “Brick wall”
frequencyresponseof the ideal filter we haveto usesomeapproximations.These
approximationsarenothingbut mathematicaltransferfunctionswhich approximate
theidealbehavior. Dependingupontransferfunctionresponseof thebestamplitude
or phase,filters canbeclassifiedinto two basiccategories, Amplitude Filters and
Phase Filters .

Amplitude filters are designedfor the bestamplituderesponsefor a
given situation. e. g. Zero ripple is in passband the amplitude response.

The classification of amplitude filter is as follow :-
1.  Butterworth :-
Butterworthfilters arecharacterizedby the fact that it hasno ripple in

thepassbandor stopbandandhasmonotonicallydecreasingpassband.Thesefilters
are all-pole filters

2.  Chebyshev :-
The Chebyshevresponseis characterizedby the presenceof ripple in

the passbandand no ripple in the stop band.The ripple can be controlled and is
directly proportionalto theSWRandReflectioncoefficient.Thecutoff frequencyis
specifiedat an attenuationequal to passbandripple. The Chebyshevresponseis
moreselectivethanButterworhresponseat theexpenseof insertionlossandgreater
group delay.

3.  Elliptic :-
            TheElliptic responseis characterizedby thepresenceof ripple in both
passbandas well in stop band. The Elliptic responseis more selective than
Chebyshev but exhibit more group delay variation in the passband.

Phase filters are designedfor desiredphaseresponse,suchas linear
phasewith frequency throughout the filter passband.Bessel filter is the best
exampleof this. It is a (Bessel) linear phasefilter providing very little delay
distortion (constantgroup delay) in the passband.They show no overshootin
responseto the stepinput. Howeverfrequencyresponseis muchlessselectivethan
otherfilters types.This restrictstheuseof thesefilters wheretransientpropertiesare
the major consideration.

1.3.2 Selecting The Right Analog Filter :-

Choosingthecorrectfilter for a particularapplicationrequiresdefining
propertiesof the incoming signal that the filter must remove, as well as the
propertiesthatit mustretain.In mostsituations,thereis someoverlapbetweenthese
two areas, demanding a degree of compromise.

Time Domain Waveform Presentation :-

Filters for suchapplicationsmust havea linear phaseresponsein the
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passband,and must not introduce ringing or overshoot. To Preservesignal
waveform while removing undesiredcomponents,thefilter must also passmany
harmonicsof the incoming signal'sbasefrequency.“Noise” componentsthat the
filter removesmust be at substantiallyhigher frequenciesthan thesenecessary
harmonics. Bessel filter works best in these cases.

High Selectivity in the Frequency Domain :-

Situationswhere removalof undesiredcomponentsis the overriding
concernand somedistortion in the time domain of the signal'sshapeis of less
importancegenerallyrequiresharperroll-off filters with Butterworthor Chebyshev
or elliptic transfer functions. e. g. Spectrumanalysis is only concernedto the
amplitude  of input frequency components.

Compromise Filters :-

Although linear phase filters preservecritical information, many
applicationsalso require rapid transition-bandroll-off. A balancebetweenthese
mutually exclusiverequirementscanoften be achievedby phase-derivedtypesand
amplitude-compensated versions of phase filters.
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Chapter 2

FRONT-END  SYSTEM

2.1 Existing 150 MHz Front-End Receiver System 

The existing systemof front-end receiver gets it's input from two
orthogonal pairs of folded thick dipoles at a spacing of approximately half
wavelengthplacedin a quadformationover a planereflector.This arrangementis
called “Boxing Ring “ arrangement.Two pairs of dipolesone to receivevertical
polarizedsignal (V) and anotherto receivehorizontally polarizedsignal (H) are
used.

The linearly polarizedsignalsV andH arethenconvertedinto circular
polarizationviz CH1 andCH2 or LCP andRCP usingQHDC. The signal is then
amplifiedby LNAs which arehavinga gainof 32 dB anda bandwidthin excessof
100 MHz.

Thesignalis bandlimited by a Bandpassfilters placedimmediateafter
LNA  with a center frequency of 150 MHz with bandwidth of +/- 16 MHz.

Thesignalis thenamplifiedby postamplifier. Thereafter,thesignalis
modulatedwith Walsh function using phaseswitching to reduce the effect of
coupling between the two channels.

Rf on/off facility is provided for connecting and disconnectinga
channelby meansof RF switch. The front end box output signal is sent to the
commonbox, which incorporatesband-selector,solarattenuator,swapswitch and
broadband amplifier for further amplification.

2.2 Necessity Of Up gradation In Front-End System

The filter presentin the existingFront-Endsystemis a bandpassfilter
asmentionedaboveandhaveasymmetricandgradualroll-off (especiallyon higher
frequencysides)characteristicswhich is insufficient to block out of band strong
interferences.Thesestrongout of bandinterferingsignalsmay beatwith inbandas
well as with out of band signals in the mixer stage and producemany inter-
modulationproducts(IMD), which may fall inside the desiredfrequencybandof
observation.Thereforein orderto providelargerejectionfor theout of bandsignals
we needto havemaximumattenuationin stopbandwith very sharproll-off for the
filter. This canbe achievedby combiningan elliptic LPF in serieswith an elliptic
HPF to produce a sharp cut-off bandpass filter.
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2.3 Modified 150 MHz Front-End System 

2.3.1 Reason Of Selection Of LPF And HPF Combination 
The main reasons for selecting LPF and HPF combination instead of

BPF are as follow :-
Individual tuning of the filter makes it possible to adjust the response

characteristics without affecting the individual response of the another filter. Thus
tuning becomes very easy. Also by adjusting the transition band of the filters on
lower as well as upper side of frequencies individually, it is easy to make a filter
symmetric around the center frequency. Thus filter response symmetry can be
achieved. This response symmetry results in the symmetry in group-delay, which
ultimately results in simplified group-delay equalizer design. For large bandwidth it
is preferable to have LPF and HPF combined as BPF.

2.3.2 Modified 150 MHz Front-End Receiver
To suppress strong in band interfering signals notch filter has to be

incorporated. The interfering signals for which notch is to be put is based on the
strength of the signal and as well the location of the interfering signals which may
again produce third order IMD falling inside the desired frequency band.

Fig. 2.1 150MHz  Front-End Receiver Block diagram.
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The modification is doneonly by replacingthe Bandpassfilter in the
existingfront endsystemby LPF+HPFandNotch Filter combinationasshownin
fig. above ,with all the other blocks untouched.

2.2.3 Notch Frequency Selection

The notch frequenciesare decidedon the basis of the information
availablereggardingthe interferencesources( Ref. Section1.2) and the RFI data
acquiredby Mr. S. Joardarusinghis RFI monitoringinstrument.Thelocationof the
notchwas fixed at 133.35,146.6,159 MHz, which falls in the desiredfrequency
band.

Fig. 2.2 RFI Detection And Analysis Tool Plot

Thustheselectednotchfrequencies133.35,146.6and159MHz along
with oneout-bandsignal175MHz producethird orderIMDs , of which somefall in
the required frequency band as given below:

For f1 = 133.35 MHz and f2 = 146.6 MHz, then IMD's are 
1.  2xf2 - f1 = 2x146.6 - 133.35

                 = 159.89 MHz           which falls within desired freq. Band.
2.  2xf1 - f2 = 2x133.35 - 146.6

            =  120 MHz            & this doesn't fall within desired one.
Similarly for f1 = 146.6 MHz and 159 MHz  these are

1. 2xf2 - f1 = 2x159 -146.6
                = 171.4 MHz            & this doesn't fall within desired one.
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2.  2xf1 - f2 = 2x146.6 - 159
                    =  134.2 MHz            which falls within desired freq. Band.
And for f1 = 159 MHz and 175 MHz  these are

1. 2xf2 - f1 = 2x175 -159
                = 191 MHz             & this doesn't fall within desired one.

2.  2xf1 - f2 = 2x159 - 175
                    =  143 MHz            which falls within desired freq. Band.
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Chapter 3

NOTCH  FILTER DESIGN

3.1 Specifications :-
1. Center Frequency = 150 MHz
2. 3dB Band-width = 4 MHz
3. Stop band  Attenuation = 25 dB
4. Stop band Band-width = 500 kHz
5. Insertion loss  < 1 dB
6. Passband ripple = 0.1 dB
7. I/P and O/P impedance = 50 ohms

Filter Type Selection :- 

Chebyshev Full Transformed Elliptic filter of T-section type.
It is used to get very narrow stop band band-width at a particular

frequency as well as sharp roll-off.

3.2  Interleaving Technique

3.2.1 Practical Filter Design Difficulties :- 

Thefilter is designedusingEagle-wareGENESYSsoftware.Themain
concernis to realize the componentvalues.The filter doesn'thave all realizable
elements ,especially series branch inductors have value of few hundred
picohenry(pH) and shunt branch capacitor having value of few hundred
femtofarad(fF).

To make these element realizable a technique is used called
“InterleavingTechnique”.With this techniquea notch is embeddedin the LPF to
realizeunrealizableelementwithoutchangingthecharacteristicsof filter in theband
of interest. The realization is done by using “Dipole Transform”.

3.2.2 Solution To Practical Filter Design Difficulty :-

Interleaving Technique :-
�
Why to use interleaving technique?

 ->  Usually numeric design of bandstop filter with the given    
                            specifications at RF frequencies can't be built as a practical lumped

elementfilter becauseof their extremeelementspreadi. e. ratio of
max. elementvalue to the min. elementvalue is very high.
The secondreasonis that very low valuesof inductorsusually
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have very poor Q at RF frequencies,if built. So to reducethe
extremeelementspread and makenumericalvaluesof elements

       to the practical values “Interleaving  Technique” is used.

�
What is interleaving technique?

-> Interleavingis the techniqueof reducingthe elementspreadby
embeddinga notchin theanotherfilter passband. Thefilter may

       be LPF / HPF / BPF depending upon the requirement and 
accordinglythedipoletransformchanges.Thetechniquein which
two laddersof the samesize are interleavedby combining the
correspondingshuntbranchesin parallel,and seriesbranchesin

        series as shown in fig. 3.1 respectively.

LPF to reduceelementspread+NumericalBandstopFilter =RealizableNotch Filter

Fig. 3.1  of  Interleaving tech. 
�
What is dipole transform?

 ->  When  series as well as shunt  branches of LPF and NF are  
combinedthento get the realizableelementvaluesandto reduce
inductancespreadwe haveto apply transformsto seriesaswell as
to shuntbrancheswhich makesthe series/shuntbranchelements

realizable.The shunt circuit and seriescircuit transformsare
        shown in fig.3.2.

Fig. 3.2 Dipole Transformation Circuit Diagram with Formulas
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3.3 Numerical NF (Bandstop Filter) Design  

Numerically designedBandstopfilter, with above specificationsis
shown in fig. 3.3 below. The filter is designedusing Eagle-wareGENESYS
Software.

INPUT

L1

C1

L2

C2

L3

C3

OUTPUT1   

1   

1   

3   

3   

3   

4   

0   

3   

3   

2   

2   

2   

Where values of components are as follows :-
L1,L3 = 0.507 nH
C1,C3 = 2.22 kpF
L2 = 4.99 uH
C2 = 0.225 pF

Fig. 3.3 Numerically Designed Bandstop Filter

Soit's obviousthat thenumericallycalculatedvaluesarenotpractically
possibleandthedesignis totally inflexible .Let'sseetheseriesarminductorshaving
values< 1nH which is verydifficult to constructusinglumpedcomponents& it also
havea drawbackthat if constructsuchan inductor it's Q-factor will be very very
poor. Also the shuntbranchcapacitorhasvery small and inductor hasvery large
value.

Themostimportantthing is theelementspread.In this designthe total
inductor spread and capacitor spread are as follows 

Inductor spread =  (4.99 uH) / (0.507 nH) = 9842     --------(1)
Capacitor spread = (2.22 kpF) / (0.225 pF) = 9867   ---------(2)
This elementspreadis too largeandneedto beoptimized.This canbe

done using a process called Interleaving. With this technique the notch is
embeddedin the LPF and then using dipole transformelementspreadcan be
minimized. For this a LPF has to be designed in order to optimize the spread.
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3.4 Practical NF Filter Realization
3.4.1 Optimizing Element Spread :- 

If  y = inductance spread , and
     x = band-edge frequency of the LPF
Then y is a function of x as  Y = f(x).
To evaluatethis function for a givenband-edgefrequency,x , beginby

finding the low passelementvaluesfor chosenvalueof x. Bandstopelementvalues
arefixed, so incorporate low passelementvaluesinto the designto optimizethe
design.Then perform the dipole transformationas shown in above fig.3.1 and
fig.3.2 . Finally calculate the element spread thus obtained i. e. the function value. 

If this procedureis performedseveraltimesto plot thesmoothcurve,it
will becomeapparentthat it hasa definiteminimum.Theband-edgefrequencythat
produces this minimum is the optimal value for the practical filter.

3.4.2 Interleaving NF And LPF :- 

Fig. 3.4 Interleaved Bandstop and LPF

Where, L1,L2 = 0.507 nH
C1,C2 = 2.22 kpF
L2 = 4.99 µF
C2 = 0.225 pF
With the simulationof abovecircuit and making the valuesof LPF

elementsvariablethe flat responseup to requiredfrequencyrangecanbe obtained
and then predict that this is the LPF which producesdefinite minimum. The LPF
obtained from above method is as shown in fig.3.5 given below.

      

Fig. 3.5 Circuit Diag. OF LPF 
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The specifications of the LPF are as given below :-
Specifications:-
1. Filter Type = Butterworth
2. Order = 3
3. 3 dB cut-off frequency = 1 GHz

Now the combinedfilter as describedin interleavingtechniqueis as
shown in above fig. 3.4. 

3.4.3 Dipole Transform To Interleaved Filter :- 

Now applydipoletransformto thefilter in orderto find out theelement
values, as follows.
Series Dipole Transform:-

From the fig.3.2 (1) of seriesdipole Transformcomponentvaluesare
calculated as :-

Where B =  11.393 nH
            A =  0.507 nH
            C =  2.22 kpF
1. D = B(1+B/A)
         = 11.393 nH (1 + 11.393 nH / 0.507 nH)
         =  267.7 nH
2. F = A+B

   =  0.507 nH + 11.393 nH 
   =   11.9 nH

3. E = C / (1+B/A)²
         = 2.22 kpF / (1 + 11.393 nH / 0.507 nH)²
         = 4.024 pF

Shunt Dipole Transform:-
From the fig.3.2 (2)of shunt dipole transformcomponentvaluesare

calculated as :-
Where B =  0.225 pF
            A = 4.99 µF
            C = 4.9 pF
1. D =  C+ B

   =  4.9 pF + 0.225 pF
   =  5.125 pF

2. F =  C (1 + C/B ) 
   =  4.9 pF (1 + 4.9 pF / 0.225 pF)
   = 111.6 pF

3. E =  A / (1 + C/B)²
         =  4.99 µF / (1 + 4.9 pF / 0.225 pF)²
         =  9.62 nH

 

The transformed circuit using these values is as shown in fig.3.6.
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Fig. 3.6 REAL Bandstop filter

It is apparent from the following figures that the element spread has
reduced drastically after using the interleaving technique. 

Inductor spread =  267.7 nH / 9.62 nH  =  27.83     ----------(3)
Capacitor spread =  111.6 pF / 4.024 pF = 27.73     ----------(4)
Thus the Interleaving technique is used to realize a practically

unrealizable Bandstop filter.
Following diagram shows the step by step implementation of realizable

Bandstop filter.

       
 LPF       +  Numerical Bandstop filter  =    Interleaved Bandstop Filter

Fig.  3.7  Interleaving Technique Used For Bandstop Filter

NOTE :- Here all simulated results of filters are with element Q-factor of  100.
                If Q of individual element is increased then the rejection of the 
                bandstop filter will increase accordingly.
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3.5 Simulation Results :-
3.5.1 Simulated Filter Response Of Numerically Designed Notch Filter
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Fig. 3.8 Circuit Diagram Of Numerically Designed Bandstop Filter

                Fig. 3.9 Numerically Designed Bandstop Filter Response
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3.5.2 Simulated Filter Response Of LPF Used For Interleaving :-

Fig. 3.10 LPF Circuit Diagram

Fig. 3.11 LPF Filter Response                
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3.5.3 Simulated Filter Response Of Interleaved Notch Filter :-

Fig. 3.12 Realizable Bandstop Filter

Fig. 3.13 Realizable Bandstop Filter Response
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3.6 Practical Bandstop Filter Response :-

3.6.1 Rejection at 150 MHz :-
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3.6.2 Delay Characteristics Of Bandstop Filter :-
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3.6.3 Phase Characteristics Of Bandstop Filter :-
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3.6.4 VSWR  Format Of Bandstop Filter :-
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3.6.5. Response Of Bandstop Filter From  10 MHz to 2 GHz  :-
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3.7 Thermal Cycling Of Band-stop Filter :-
Thepurposeof thermalcycling of thebandstopfilter is for

analyzingvariationin notchrejectionvaluesaswell asfrequencydrift of the notch
frequency w.r.t temperature.

Initially notchesare adjustedat the desired frequenciesof 133.35,
146.6 and 159 MHz. The rejection valuesat different notch frequenciesat room
temperatures are recorded as 

133.35 MHz  -----  -29.937 dB
146.6 MHz    -----  -28.402 dB
159.0 MHz    -----  -38.391 dB
Then the tuned filter is kept in environmentalchamberfor thermal

cycling. The temperaturewas varied from as cool as 15°C to as hot as 55°C &
readingsfor notchrejectionaretakenafter every5°C changein temperaturewith a
settling time of around ½ hours.

First the temperatureis increasedfrom room temperatureto 55°C
(HEAT-1 Cycle)& thenagainreducedup to 15°C(COOL-1Cycle)in stepsof 5°C.
At every 5°C change in temperaturenotch rejections for 3 different notch
frequencies are recorded.

This procedureis repeated3 timesto getthreesetsof thermalcyclesas
HEAT-1/2/3 and COOL-1/2/3.

Temperature

in °C

Attenuation in dB

133.35 MHz 146.6 MHz 159 MHz

Cycle 

27 -29.94 -28.4 -38.39

35.9 -13.2 -21.4 -33.29

39 -10.42 -19.26 -27.67

48.9 -7.4 -16.72 -21.78

50.5 -6.94 -16.27 -20.71

57.1 -5.91 -15.38 -18.65

         HEAT-1

Temperature

in °C

Attenuation in dB 

133.35 MHz 146.6 MHz 159 MHz

Cycle 

47 -6.38 -16.13 -18.8

47 -6.91 -17.06 -19.13

40 -8.11 -18.95 -17.8

35.5 -12.02 -26.88 -22.6

29.6 -17.3 -29.72 -24.36

26.8

22.8

18

-31.03

-17.73

-13.38

-23.36

-19.72

-17

-26.53

-29.62

-34.89

   COOL-1
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Temperature

in °C

Attenuation in dB

133.35 MHz 146.6 MHz 159 MHz

Cycle 

27.5 -16.63 -19.63 -41.54

33.7 -21.64 -28.15 -31.62

38.3 -14.21 -28.34 -27.43

42.2 -11.02 -22.85 -24.7

48 -8.96 -19.84 -22.79

55 -6.99 -17.16 -20.42

         HEAT-2

Temperature

in °C

Attenuation in dB

133.35 MHz 146.6 MHz 159 MHz

Cycle 

47.9 -7.27 -17.98 -20.2

44.1 -8.39 -20.32 -20.77

35.6 -12.83 -31.54 -23.08

30.5 -20.51 -23.95 -25.44

27.6 -18.76 -18.19 -31.32

25.6

21.3

18.2

14.6

-16.09

-13.11

-11.48

-13.17

-16.71

-14.97

-12.53

-9.9

-34.04

-45.37

-34.76

-26.37

         

        COOL-2

Temperature

in °C

Attenuation in dB

133.35 MHz 146.6 MHz 159 MHz

Cycle 

22.5 -12.56 -15.59 -48.51

26.6 -15.09 -18.74 -37.23

29 -16.22 -19.57 -37.5

35 -21.04 -25.85 -31.57

40 -14.43 -31.13 -27.48

46 -9.51 -21.05 -22.88

52.3 -7.38 -17.88 -20.55

         HEAT-3
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Temperature

in °C

Attenuation in dB

133.35 MHz 146.6 MHz 159 MHz

Cycle 

48 -7.62 -18.55 -20.34

44 -8.29 -20.18 -20.63

40.3 -9.68 -23.47 -21.38

35.5 -14.08 -31.59 -23.57

29.2 -18.62 -17.75 -31.29

26.4

21.7

17.3

-16.86

-12.71

-11.64

-16.81

-14.32

-12.96

-32.21

-43.22

-38.62

         

        COOL-3

Temperature

in °C

Attenuation in dB

133.35 MHz 146.6 MHz 159 MHz

Cycle 

29 -14.63 -16.98 -37.78         HEAT-4

Variation of notch rejectionw.r.t. Temp.was recordedand plotted in
environmentalchambertest for 3 different notchestunedat frequenciesas 133.35
MHz, 146.6 MHz & 159 MHz.

Inference from plots of Notch filter Thermal cycling :- 
From the notch filter thermalcycling curvesplotted in MATLAB, as

shownbelow,thereis no notchdrift from tunednotchfrequency,but only variation
is in thenotchrejectionwith variationin temperatureis observedat extremehigher
and lower temperature.

Plots show somesort of repeatability,especiallyfor 146.6MHz and
159 MHz and for 133.35 the notch it is not that much repeatable.

Also thereis definitely variationof notchrejectionw.r.t. Temperature.
For 146.6 and 159 MHz and from temperaturevariation from 15°C to 40°C
rejectionis in the acceptablerange.Only thereis a abruptchangein rejectionfor
133.35 MHz notch in the above mentioned temp. range.
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Fig. 3.14 Notch Filter Thermal Cycling Curves
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Chapter 4

LOW-PASS FILTER DESIGN

4.1 Low-pass Filter Design procedure :-

1. List out the specificationslike type of filter,cutoff frequency,i/p
impedance,stop-band frequency,stop-band attenuation etc.

2. Estimate the order for the given type of filter by standard procedure.
3. Designa normalizedLPF filter havingcutoff frequencyof 1Hz, and

input and output impedance of 1 ohm.
4. Then frequencyscaleas well impedancescalethe abovedesigned

filter components by appropriate inductor and capacitor formulas
like for capacitor 
C' = C / ( FSF * Z)
And for inductor 
L' = L * Z / FSF      
Where FSF is Frequency scaling factor given as

FSF = 2**f c , fc – cutoff frequency 

4.2 Low  -  pass   F  ilter   Specifications :-

1. Minimum inductor elliptic.
2. Cauer-chebyshev Normal.
3. 3 dB cutoff at a frequency of 163MHz.
4. Input & Output impedance is 50 ohms.
5. Stop band frequency is 175MHz.
6. Stop band attenuation minimum = 40 dB.

4.3 Order Estimation :-

From cutoff frequencyandstop bandfrequencythe steepnessfactor
(As) for LPF  can be calculated as follows

As =  fs / fc where  fs – stop band frequency
and      fc – cut-off frequency

As = 175 / 163  
      = 1.0736
Steepness factor is Ø = sin-1 (1/As)
                  = sin-1 (1/1.0736) =  68.66 º
With Amin = 40 dB and As <= 1.0736,choosereflection coefficient

Ro = 20% which corresponds to VSWR = 1.5 , the worst case pass-band VSWR. 
Ro = ( VSWR -1 ) / ( VSWR + 1)  
So VSWR = ( Ro + 1)/ ( Ro -1) 
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                  = 1.2 / 0.8 
                  = 1.5      ........................The worst case VSWR.

And passband ripple RdB is related to reflection coefficient Ro as

RdB = -10 log (1-(Ro)2)

Therefore RdB = -10 log (1-(0.2)2)  = 0.1773 dB

Thus Ro = 20% corresponds to A(Ro) = 13.9 dB

Therefore total attenuation is As + A(Ro) = 40 +13.9

                          = 53.9 dB
Now from the curve for estimatingthe order of the elliptic function

filter design* at an As = 1.0736 a filter order n = 7 provides required attenuation.
Therefore n = 7 is the required order.
Return Loss is given as

RL = 20 log (1/Ro)

      = 20 log (1/0.2) = -13.979 dB

� Expected Filter Response Properties : -

1. VSWR = 1.5

2. Return Loss = -13.979 dB

3. Stop Band Attenuation = -40 dB

4. Passband ripple = 0.1773 dB 

4.4 Normalized LPF Design :-

This is theprocedurein which first LPF componentsarefoundout for
thecutoff frequencyof 1Hz,whicharetabulatedin thestandardformat in theArthur
williams  “ Electronic Filter Design Handbook”. 

Now we have steepnessfactor As = 1.0736 from which we can
calculate the angle of steepness   Ø = sin¯¹ ( 1/ As)  =  sin¯¹ ( 1/ 1.0736 )

                    =  68.66º
Take Ø = 66º asa compromisebetweenattenuationandsteepness,

with  priority to attenuation. So for the given Ø the attenuation is 41.1 dB.
So the LPF can be expressed as 
C n Ro Ø =  (C7 20 66º ), 

                 where C  –  Cauer filter 
        n   –  order 
        Ro –  reflection coefficient
        Ø   –  Steepness angle

Now from thesespecificationsof LPF the normalizedvaluesof the
filter elementsaretakenfrom Arthur Williams bookfor normalizedLPF component
values for  elliptic filter design and  shown in the diagram below:-
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Fig. 4.1 Normalized LPF Circuit Diagram

4.5 Frequency And Impedance Scaling :-
Now this normalizedfilter is havingcutoff frequencyof 1Hz, therefore

to frequencyscalethe given filter to the requiredcutoff frequency,multiply filter
filter elementsby a frequencyscalingfactor (FSF),as mentionedin abovedesign
procedure. For this circuit it is  

FSF = 2*    * 163MHz
        = 0.10242* 10¹°

and impedancd scaling factor is Z = 50.
Therefore for capacitor C' = C / ( FSF * Z)
Therefore actual circuit capacitor values become as
C1' = 1.13 / (0.10242* 10¹° *50) C4' = 27.89 pF
      =  22 pF C5' = 21.38 pF
C2' = 4.997 pF C6 = 19.35 pF
C3' = 26.56 pF C7' = 13.94 pF
Also same way for Inductor L' = L * 50 / FSF
Therefore the actual circuit inductor values become as 
L1' = 1.138 * 50 / 0.10242* 10¹°
      = 55.56 nH
L2 = 27.98 nH
L3 = 32.817 nH
With the aboveimpedanceandfrequencyscaling,the actualLPF with

thegivenspecificationscanbesynthesized.Thecircuit diagramis asshown below.
Also which seriesbranchparallelresonantsectionproduceszeroat what frequency
is shown in fig. :- 

*Curve for estimatingfilter orderis givenin Arthur williams “ electronicFilter DesignHandbook”onPg.No.
2.80 and fig. No. 2.86
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Fig. 4.2 Frequency Scaled LPF Circuit Diagram

This is the theoretical filter design as per the specifications.This
doesn'tmeetthe desiredspecifications,thereforecomponentsweretunedusingthe
simulationsoftware“Eagleware”.Thefinal filter circuit with simulationsoftwareis
as shown below:-

Fig. 4.3 Simulated Filter Response of LPF on Eagleware after Tuning
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Chapter 5

HIGH-PASS FILTER DESIGN

5.1 HPF Filter Design Procedure :-

1. List out the specificationslike type of filter,cutoff frequency,i/p
impedance,stop-band frequency,stop-band attenuation etc.

2. Estimate the order for the given type of filter by standard procedure.
3. Designa normalizedLPF filter havingcutoff frequencyof 1Hz, and

input and output impedance of 1 ohm.
4. Replacecapacitorby inductorandinductorby capacitorin thecircuit

and invert the values found out for the normalized LPF.
5. Then scalethe circuit for and impedancescalethe abovedesigned

filter componentsby using following formulas for components
scaling
for capacitor 
C' = C / ( FSF * Z)
for inductor 
L' = L * Z / FSF      
Where FSF is Frequency scaling factor given as

FSF = 2*  *fc , fc – cutoff frequency 

5.2 High-pass Filter Specifications :-
1. Minimum inductor elliptic.
2. Cauer-chebyshev Normal.
3. 3 dB cutoff at a frequency of 120MHz.
4. Input & Output impedance is 50 ohms.
5. Stop band frequency is 101MHz.
6. Stop band attenuation minimum = 40 dB.

5.3 Order Estimation :- 

From cutoff frequency and stop-band frequency angle of steepness (As)
for HPF can be calculated as follows

As =  fc / fs where  fs – stop band frequency
and      fc – cut-off frequency

As = 101 / 120  
      = 1.188
Steepness factor is 
Ø = sin-1 (1/As)
    = sin-1 (1/1.0736) = 68.66 º
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With Amin = 40 dB and As <= 1.188, choosereflection coefficient
Ro = 20% which corresponds to VSWR = 1.5 , the worst case pass-band VSWR. 

Ro = ( VSWR -1 ) / ( VSWR + 1)  

Therefore VSWR = ( Ro + 1)/ ( Ro -1) 
                             = 1.2 / 0.8  = 1.5      ..............The worst case VSWR.

And passband ripple RdB is related to reflection coefficient Ro as

RdB = -10 log (1-(Ro)2)

Therefore RdB = -10 log (1-(0.2)2)  = 0.1773 dB

Thus Ro = 20% corresponds to A(Ro) = 13.9 dB
Therefore total attenuation is As + A(Ro) = 40 +13.9

                                              = 53.9 dB
Now from the curve for estimatingthe order of the elliptic function

filter design* at an As = 1.188 a filter order n = 7 provides required attenuation.
Therefore n = 7 is the required order.
Return Loss is given as RL = 20 log (1/Ro)

                                  = 20 log (1/0.2) = -13.979 dB
� Expected Filter Response Properties :-

1. VSWR = 1.5

2. Return Loss = -13.979 dB

3. Stop Band Attenuation = -40 dB

4. Passband ripple = 0.1773 dB 

5.4 Normalized LPF Design :-

This is theprocedurein which first LPF componentsarefoundout for
thecutoff frequencyof 1Hz,whicharetabulatedin thestandardformat in theArthur
williams “ Electronic Filter Design Handbook”. 

Now we have steepness factor As = 1.0736 from which we can calculate
the angle of steepness   

Ø = sin¯¹ ( 1/ As)  =  sin¯¹ ( 1/ 1.188 )
                             =  57.32º
Assuming Ø = 57º as here there is no compromise between

attenuation, as attenuation for this  Ø is 527 i.e. > 40 dB and is 52.7 dB. 
This normalized LPF can be expressed as 
C n Ro Ø =  (C7 20 57º ), 

                  where C  –  Cauer filter 
        n   –  order 
       Ro –  reflection coefficient
       Ø   –  Steepness angle

Now for thesespecificationsof LPF, the normalizedvalues for the
filter elementsare chosenfrom Arthur Williams book. And are as shown in the
circuit below:-
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Fig. 5.1  Normalized LPF For HPF Design

5.5 Normalized HPF Design :-
normalized HPF can be designed from the normalized LPF by just

replacing capacitors by inductors and vice versa. The values for inductors and
capacitors are found by taking reciprocal of the corresponding capacitor and
inductor in the normalized LPF circuit. The normalized HPF filter circuit is as
shown below :-

Fig. 5.2 Normalized LPF To HPF Converted Circuit 
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5.5.1 Frequency And Impedance Scaling :-
The designednormalizedfilter has a cutoff frequencyof 1Hz and

impedanceZ =1 ohm. In order to scalethe circuit for frequencyand impedance
replacecapacitorsand inductors with scaled values as follows. The frequency
scaling factor (FSF) for the circuit is
         FSF = 2*    * 120MHz

        = 0.075398* 10¹°
and impedance scaling factor is Z = 50.

C' = C / ( FSF * Z)
Therefore actual circuit capacitor values become as
C1' = 0.836 / (0.075398* 10¹° *50) C4' = 30.82 pF
      =  22.18 pF C5' = 19.43 pF
C2' = 156.95 pF C6 =  43.58 pF
C3' = 16.78 pF C7' = 29.81 pF
Inductor L' = L * 50 / FSF
Therefore the actual circuit inductor values becomes 
L1' = 0.821 * 50 / 0.075398* 10¹°
      = 54.44 nH
L2 = 83.34 nH
L3 = 77.06 nH
With the above impedanceand frequencyscaling the actual HPF is

designedfor the given specifications.The circuit diagramis asshown below,also
resonantfrequencyof eachparallelbranchseriesresonantsectionthatproduceszero
at definite  frequency is also shown in fig. :- 

Fig.  5.3 Frequency Scaled HPF Circuit

Thesefinite zeros are addedto increasethe steepnessof the filter
response.This filter design doesn't meet the required specifications,therefore
componentvalueswere tuned using “Eagle ware” software.The circuit diagram
along with response for tuned component values is as shown below :-
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Fig. 5.4 Simulated Filter Response of HPF on Eagleware after Tuning
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Chapter 6

FILTER TUNING

6.1 Practical Band-stop filter Tuning :-

Fig. 6.1 Realizable Band-stop filter

Two series arms of the bandstop filter provides a null or zero at a given
frequency. So to reject a given frequency series arm should be tuned properly. Here
is a tunning procedure.

1. Adjust the null at the specified frequency by one of the series arm resonant
circuit capacitor tuning say C1.

2. Then by the same way adjust null for the another series arm resonant circuit
capacitor say C4, so as to get maximum rejection at the given frequency.

3. Then capacitor C2 is the rejection adjustment capacitor for the notch,adjust it
to get optimum rejection without any insertion loss.

4. Shunt resonant circuit is tuned to adjust the cutoff frequency of the LPF in
which notch is embedded, so by tuning C3 we can improve the out of band
response of the bandstop filter.
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6.2Practical Low-pass filter Tuning :-

Fig. 6.2 Frequency Scaled LPF Circuit

Target Tunning :-
3 dB cutoff frequency = 163MHz.
Maximum rejection at 175MHz.
Insertion loss > -1dB from DC to 160MHz i. e. in the pass band.
Return loss <  -10 dB from DC to 160MHz i. e. in the pass band.

In the low pass filter major tuning part is the series arm circuits, which
provide a zero/null at particular frequencies and thus provide a required degree of
steepness.

1. First series arm parallel resonant circuit(L1,C2) provides null at infinity. So by
adjusting this arm capacitor C2 improves rejection on higher frequency side.
Adjust this capacitor so as to get the size of side lobes minimum.

2. Second series arm parallel resonant circuit(L2,C4) provides null at 175MHz.
So adjust this arm capacitor C4 to get optimum rejection at 175MHz .

3. Third series arm parallel resonant circuit(L3,C6) provides null at a finite
frequency of 190MHz. So adjust it so as to get the cut off at 163MHz .

4. Capacitor C1 and C7 are input and output capacitors respectively. These are
used to match impedances of input and output circuit to whom they are
connected. Thus adjust them so that insertion loss and the return loss is
optimum.

5. Capacitor C3 and C5 are impedance matching capacitors in between two
series arm parallel resonant circuits to optimize insertion and return loss.

39/51



6.3 Practical High-pass Filter Tuning :-

Fig. 6.3 Frequency Scaled HPF Circuit

Target Tunning :-
     3 dB cutoff frequency = 132MHz.
     Maximum rejection at 101MHz.
     Insertion loss > -1dB from 134 MHz to infinity i. e. in the pass band.
     Return loss <  -10 dB from 132 MHz to infinity i. e. In the pass band.

          In the high passfilter major tuning part is the the shunt arm series
resonantcircuits,whichprovidea null/zeroat a finite frequenciesandthusprovidea
required degree of steepness.

1. First shunt arm series resonantcircuit(L1,C2) provides null/zero at finite
frequency
of 46.6MHz . It provides a finite steepnessto the high passfilter in it's
transition band.Here this arm componentvaluesare kept fixed to provide
finite frequency null at 46.6MHz only. 

2. Secondshuntarm seriesresonantcircuit(L2,C4)providesnull/zeroat a finite
frequency of 101MHz . So by adjusting capacitor C4 provides desired
rejectionat 101MHz . So optimize it to get good rejection at the specified
frequency.

3. Third shuntarm seriesresonantcircuit(L3,C6) providesnull/zeroat DC to
improve rejectionon lower frequencyside. This arm componentvaluesare
alsokept fixed as it doesn'taffect the filter responsein the desiredfrequency
range,but is necessary to improve rejection on lower frequency side.

4. CapacitorC1 andC7 are input andoutput capacitorsrespectively.Theseare
usedfor input output impedancematching,thus reducinginsertionloss and
return loss.

5. CapacitorC3 andC5 areimpedancematchingcapacitorsin betweentwo shunt
arm series resonant circuit to optimize the return loss and insertion loss .
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LPF And HPF Practical Response :-
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LPF And HPF Out Of Band Response :-
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LPF +HPF+NF Combined Response :-
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� Notch Filter Attenuation Summary :-

S. No. Filter No. Antenna No. Attenuation In dB

133.35 MHz 146.6 MHz 159 MHz

1 B34/01 C-04 -28.98 -29.23 -28.64

2 B34/02 C-09 -30.87 -26.81 -34.56

3 B34/03 W-01 -19.18 -21.79 -25.63

4 B34/04 C-08 -28.53 -22.62 -28.88

5 B34/05 C-11 -18.24 -24.69 -33.95

6 B34/06 C-03 -18.33 -26.46 -25.28

7 B34/07 C-02 -22.98 -22 -34.68

8 B34/08 W-05 -28.24 -31.32 -40.81

9 B34/09 S-04 -23.51 -28.98 -32.83

10 B34/10 S-01 -18.59 -21.58 -24.87

11 B34/11 - -26.57 -31.9 -47.99

12 B34/12 E-02 -29.46 -33.25 -46.14

13 B34/13 E-04 -27.33 -28.19 -37.42

Notch Filters are implemented in six central square antennas and two
in each arm antennas along with LPF and HPF combination. The above table gives
summery of notch filter attenuation at various notch frequencies and filter unit no.
implemented in which antenna.
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Chapter 7

CONCLUSION

 7.1 Conclusion :-

The project of implementation of modified filter bank in twelve
antennas is completed successfully. Filter units are tuned,tested and implemented in
150 MHz front-end box. 

LPF and HPF is having sharp roll-off characteristics ,that provide
enough attenuation for the out of band strong interferences like FM and TV
communication. 

Notch filters are implemented to suppress in-band interferences and
tuned to such frequencies that have strong interferences which may saturate the
receiver or may beat with each other and produce inter-modulation products that
might be falling inside the desired band. Thus the possibility of receiver saturation
and inter-modulation products due to in-band strong interferences is avoided by
implementation of notch filter in the pass band of LPF and HPF combination. 

The spectrum obtained from the antennas shows that most of the strong
in-band interferences are suppressed quiet good by notch filter. Also LPF & HPF
combination provides a very good solution to previously implemented bandpass
filter.

7.2 Future Scope  :-

Filter tuning for LPF and HPF is quiet easy, but major difficulty arise
while tuning notch filter, which can be overcome by minimizing the tuning range of
variable capacitors.

Also notch at each frequency is not stable from the point of view of
attenuation. Attenuation changes widely with temperature variation. This can be
overcome by using very low temperature coefficient variable capacitors. 

The filter elements can also be realized by using micro-strip lines, as in
case of micro-strip line low values of capacitors and inductors can be realized easily
without any transformation as used in notch filter designing.

This filter bank provides a temporary solution to the current trends. In
future if interferences increase to more than existing and which may affect the
observation then it becomes difficult to implement so much of notches at every
required interferences. System will become bulky and also tuning work become
extensive and time consuming. So it is better way to go for digitized filter.
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Appendix I

# 150 MHz Filter Implemented Front-End Box
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Appendix II
# 150 MHz Front-End Output For Antenna - S01:-

1. Antenna->(S-1) ,Channel– 2, FEB 106, CB 122, Solar Attn. -14dB, Noise

On/Off :-
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2. Antenna ->(S-1) ,Channel – 2, FEB 106, CB 122, Solar Attn. -14dB, Noise Off :-
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3. Antenna ->(S-1) ,Channel – 1, FEB 106, CB 122, Solar Attn. -14dB, Noise ON :-
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