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ABSTRACT

In this paper, we present the design and implentiemteof a filter for low-noise applications. Thdtdér was
designed using the methods of impedance and fregusmaling. It was built around a general-purpoge@tional
amplifier (¢741) as the only active component with a centrgufemcy of 200Hz, a centre frequency gain of 1G&00,
quality factor of 3.9, a bandwidth of 52Hz and dseofigure of 2.00. Specifically, it has been desijas a first
stage in a low-noise amplifier (LNA) to be usedtf@ measurement of atmospheric electric field.

INTRODUCTION

Man’s quest for mastery of his universe has prochpie to explore natural phenomena around him thi¢hintent
to promote his comfort. This has taken the humanmespthrough various stages of development to ¢lestronic
age of explosive development in all ramificatioDgvelopments in technology have resulted in theidation of a
wide range of electronic devices covering a vascspm of applications. These devices, among otlzeesfilters,
amplifiers and oscillators. These have, over thargieenhanced industrialization, improved commuitnaand
bettered the lot of man a great deal.

The operation of filters is so cardinal that almalselectronic systems have one form of filtermopther embedded
in them. In electronic systems, noise, distortiod aterferences are a great bother, because tfezy &ee flow of
signals deleteriously. The way to tackle this menacto employ filters. Filters have special apilib separate
desired signals from undesired signals, blockingrfaring signals and enhancing signal strengtlelectronic
systems.

Generally, filters have applications in Communicasi, RADAR, Consumer Electronics, Medicine, Indestr

Security equipment, space vehicles and space ofsead optical imaginffl]. In all of these applications, filters
have one very fundamental role, which is to pick those signals that are of first-hand interesth® designers.
Signals, here, may be speech, video, data, elaltiétd, voltage, current and power which caragsarticular piece
of information.

In this paper, it is desired to design and implema&nnarrow-band filter which is to be used in lovise
applications. One of such applications where tbibe used immediately is the measurement of athesipelectric
field strength by means of a ground-based equipmsech as a field-mill which is an electronic sensdr
atmospheric electric field. The design and impletagon of the filter by frequency and impedancediagamethods
are the dominant focus of this paper. The succkdeiign and implementation of this filter will exeally lead to
the design of a low-noise amplifier (LNA) to be dder the field measurement in conjunction with freéd mill.
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Accordingly, it is hoped that when successfully iempented, the filter will determine the operatingguency of the
LNA and impart low-noise characteristics required éffective and accurate determination of the tekedield
strength to it.

2.0 FILTER THEORY

A filter is a frequency discriminating electricabtwork which passes one band of frequencies wigjecting
otherg9] . By so doing, it alters the amplitude and phdsaracteristics of a signal with respect to freqyeric
changes the relative amplitudes of the variousuieeqy components and/ or their phase relationshigter may
be passive or active. Passive filters, having rin,gae built with resistors, capacitors and opamps

Depending on the specific purpose of a filter, @&ynbe low-pass, high-pass, band-pass, or band-ffdfec. Low-
pass filters permit all signals of frequencies bebp cut-off frequency,.fto pass through them while others above
that frequency are rejected.

A high-pass filter is opposite to the low-passfilin operation. Therefore, it passes all sign&fseguencies above
the cut-off frequencyfvhile attenuating those below it.

A band-pass filter is that which allows the passafysignals within a band of frequencies betwedoweer cut-off
frequency, § and upper cut-off frequency.,f rejecting all signals below and above these feeqy limits
respectively. It is always characterized by a eefrgquency otherwise known as resonant frequédgcy,

A band-stop filter, also called a notch filter tiee opposite of the band-pass filter; so it rejectange or band of
frequencies between the lower cut-off frequenggnid upper cut-off frequency,f Accordingly, it passes all signal
frequencies below.fand above fcu respectively with a resonant frequamevhich its gain is minimum.

Generally, filters are defined by their frequenoy¥hin effects on signals, so the most useful aralyacal
descriptions of filters fall into the frequency daim. As a result of this, curves of gain versusgjfiency and phase
versus frequency are commonly used to illustrdterfcharacteristics. A curve of gain versus frague also called
amplitude response or frequency response is a greasure of the performance of a filter. The freqyeesponse
is a plot of voltage gain against frequency. It ttage distinct regions which are the pass-baraltrémsition and
the stop-band regions. The pass-band is the rahdesguencies transmitted by a filter while the ganof
frequencies rejected is called the stop-band. Tdwesition region represents the change from the-pasd to the
stop-band. All filters are characterized by idegaljfiency responses which have zero attenuatidmeipass-band,
infinite attenuation in the stop-band and verticahsitions.

These ideal characteristics are not physicallyizeble with practical circuits. Therefore, makinget best
approximations to the ideal filter performance isexessity. Practically, standard approximatiores atrade-off
between various properties of the filter's transfenction (pass-band, stop-band and transitionorex)i The
approximations may optimize the flatness of thesgend, or the roll-off rate, or the phase shiftelMnown
standard approximations are the Butterworth, ChebysBessel and elliptic approximations.

The Butterworth approximation has a maximally flasponse in the pass-band which decreases gradudihe
edge of the pass-band. The roll-off is smooth armwhatonic, with a low-pass or high-pass roll-off erabf
20dB/decade for every pol6]. This means that at an attenuation of 20dB, thiputwoltage is 0.1 of its mid-band
value. The major advantage of this approximatiotnésflatness of the pass-band response whildésggldantage is
the relatively slow roll-off rate compared with tlogher approximations. Roll-off is the rate at whigain value
decreases.
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Fig. 10 : Butterworth Low-PasReponse

The Chebyshev approximation produces a steepepffolh the transition region than the Butterwoffitter.
Therefore, the attenuation with a Chebyshev fikaalways greater than the attenuation of a Butteitwfilter of the
same order. As a disadvantage, this filter apprasion is inadvertently and unavoidably associatét vipples in
the pass-banf].

The Bessel approximation has a flat pass-band amraotonic stop-band similar to those of the Butteth
approximation. However, for the same filter orddre roll-off in the transition region is much lesBhis
approximation will always produce the least rolff-aff all approximations within the confines of dedd
specifications, producing a linear shift with freqpey. By ensuring linear shift, it avoids distontiof non-sinusoidal
signals passing through the filter. Its relativenggt is the fact that it requires the greatestuitrcomplexity for its
implementatior{9].

The elliptic filter approximation is preferable fose in applications that require the fastest ptssoll-off. Its roll-
off is steeper that of a Butterworth, ChebyshevBessel approximation. It optimizes the roll-offtae expense of
the pass-band and stop-band which have ripples;tlaadphase response is extremely non-linear. kstgst
advantage is that it requires the simplest-ordeuifor its implementatiof7].

In this work, the Butterworth approximation is eoyed in the design of a multiple feedback band-fiies which
has its transfer characteristics optimized for lovise applications.

3.0 ESSENTIAL FEATURESOF THE FILTER

In all low-noise applications, a filter circuit thpasses a very narrow band of frequencies is & Buitable. For
this purpose, we have chosen a band-pass filtémfglementation as a first stage in a low-noise léiap(LNA) to
be used for atmospheric electric field measureratarigside a field-mill. In this section, the esgdnfeatures as
well as parameters of the filter are presented.

The filter is an active filter with an operatioreahplifier connected in the negative feedback madisachief active
component. The operational amplifier used is thenoon type (1741) which is known to have a high input
impedance, low output impedance, large open-loap, ganstant voltage gain over a wide frequencygearmgood
stability and is relatively free of drift due to hrant temperature chang&2]. When connected in the inverting
mode, it is operated as a negative feedback amplithose gain depends directly on the ratio of féezlback
resistance to the input resistance; and the ostgoal is 180 out of phase with the input sigrid].

Gain(Av) = -R/IR; --- (1)

Negative Feedback

Feedback is a very useful tool for regulating tae@f an electronic system depending on the afepmlication. It
may be used to increase the gain (positive feedlmkn oscillators or to decrease the gain (negdéedback) in
certain amplifiers. In negative feedback, a frattad the output signal is fed back to the inpunhsigvoltage[10].
The very attractive characteristics of negativaelbeek are bandwidth broadening, gain stabilizatibarmal effect
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reduction, noise reduction, minimization of distont more linear operation, raising of input impecda and
lowering of output impedance. All these qualitietgh in no small measure, to enhance the performahthe filter
in low-noise applications. Negative feedback, nalipis the prime determinant of the low-noise diga of the
filter. Apart from negative feedback, other verypontant features of the filter are: resonant freqye quality
factor, bandwidth and noise figure.

Centre Frequency
This frequency, also known as resonant frequerscthe frequency at which the gain of the filtemiaximum. The
centre frequency is expressed as the geometric ofehe lower and upper cut-off frequencigahd f,.

fO B fclf;u . o . L . )
Quiality Factor
The quality factor of a band-pass filter is a measof the selectivity of the filter. It is the ratiof the centre
frequency to the bandwidth:
0= —fo
BW 3)

Whenever the quality factor increases, the bandwigicomes narrower and the filter becomes morectssde
When Q is less than 1, the filter has a widebarsgparse. In this case, the band-pass filter is lysbailt by
cascading a low-pass stage with a high-pass stdlgen Q is greater than 1, the band-pass filter hasrrow-band
response, and the multiple feedback (MFB) appré=acaked for designing it. Specifically, the intdrekthe paper is
in a narrow-band filter which has high sensitivatyd selectivity; so the quality factor of thisdiitis greater than 1.

Bandwidth (BW)
The bandwidth of a filter is the frequency separatbetween the 3-dB upper frequency, dnd 3-dB lower
frequency, §[11]. That is:

BW = fcu _fcl — — — — - (4)

feo and §; are also called half-power points at which theagé gain is 0.707 times the maximum gain at tméree
frequency. Figure (3) shows the frequency respohsige band-pass filter.
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Hg. 2.0 : Fequency Response of a Bandpass Fiter

Noise Figure
Noise is a spurious or random signal generatedr¢uits. It has very serious effects on small-slgnatruments by

masking the desired signal. Noise may be man-madmtoral. Integrated circuits are characterizedshgt noise
which arises from the discrete current flow naturelectronic devices; thermal noise resulting frire chaotic
motion of charge carriers; flicker noise dominantosv frequencie$8], but insignificant above 1KHR2] and pop-
corn noise (burst noise) caused by imperfect samligctor surface conditions and experienced beld®Hz(14].

To ensure optimal performance, the immunity of @it to noise effects must be high. A good measiréhe
immunity is signal-to-noise ratio otherwise knovsreise figure.

Reduction of noise is greatly achieved by usingefdl which attenuate or suppress unwanted sigRafsoptimal
performance, circuit parameters are adjusted t@aehminimum noise figure. In order to determine ttoise level

of an integrated circuit instrument, figure (4uised.

Vhi R-

R ‘ AVAS
O 1 \
% =0 7
Fig. 4.0 Clrcult Tor Nolse Measurerment
V
V — no
n A — — . . (5)
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FAy = 1, Vi = Voo

Vo= /BW(V2+V2+
Also 1 2

w o

-~ ®
Where \, = V,
V. =I1-R
2 N )
R = R 4R +r\'T
x [ F ( s B) ] (8)
Vy = J4Ey TR ©)

(5]
where g = Boltzmann constant,cT = Absolute temperature (243), V,,; = input noise voltage , ¥ = output
noise voltage.

On the basis of expressions (5) — (9), noise figbg) is expressed as:

_ Signal —to-Noise ratio of input
min  Siopal — to-Noise ratio of output

_ NN
RNERNG D+ N

Quantitative analysis of the parameters of theffiltill be carried out in section (4) which centogsdesign.

(10)

4.0 DESIGN PROCEDURE

The design of the filter is such that it meetsaarspecifications based on the desired purposerdduirements to
satisfy are that the filter be narrow-band and hténe capacity to attenuate all frequencies whiah diatort the

signal associated with the electric field at thaeiof measurement. One of such unwanted signaltseiS0Hz

background (hum) noise which is adequately takee cfin the design. With this in mind, the desigrcarried out
so that the centre frequency of the filter corresisoto the frequency of the field to measure.

Two methods, frequency and impedance scaling, emgoyed in the design of the filter.

Frequency Scaling

This method, used mostly in RC filter circuits, Heeen used to establish the frequency of operatidhe filter.
This has been achieved either by varying all fittepacitance values in the same proportion oralktance values
in the same proportion. Changes in frequency arergely related to changes in capacitance or aggistvalues.

Impedance Scaling

This involves changing the relative impedance keeélall filter components by a specified amouritisThas helped
to achieve realistic and workable element valuegHe circuit. The impedance scaling does not dherfrequency
scale and the same thing happens when resistaluss\ae altered to perform frequency scalingllirttee primary

purpose of impedance scaling leaves the frequezgponse unaltered.

Design Steps
Figure (4) gives vividly the exact picture of thitel and it is operationally equivalent to an R=Leircuit. Its
maximum gain at.fis given as a negative function of Q since theiting configuration of the opamp is used.
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4, = 20 )

Q has been chosen theoretically to be 4 as it wasreed that this would give the desired result.cAmponent
values were computed in relation to Q.

As a first step, all capacitors were assigned aevaf 1 while the resistor values were expresseaifaaction of Q.
This is the normalization process.

I ]

1

1 2Q

=Q
e M S R [ B

-+
sz

Hg. 5 : Design Circuit 1

Output

Secondly, the frequency scaling operation was ped in such a way that the response of the nozetiliesign
was maximum at 200Hz. This led to the determinatibtne frequency scaling constant,riépresented by:

-1
K = 21x M — 1256.63706 - (12)

lrads

Each of the capacitor values was then divided pyolyield a number which was used for performingéuiance
scaling operation. That is:

L= 795774 % 107°
K

/ (13)

Each of the capacitors was then assigned this value

-6
795774 x10

1 P

7,{A,¢b 2Q

2Q -
mpute——— S

+
ﬁjz(l

Hg. 6 : Desgn Circuit 2

Output

Thirdly, the impedance scaling constantwés determined such that:
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-6
€ _ 01x10
i (14)
Therefore, K = 7957.74
The capacitor values were then change 0.1 x 10_6F
0.1LF
11
1
=>Q 0. JLF 2Q
mput. [ >
Output

—+
@Q

Hg. 7 : Design Circuit 3
In the fourth step, all the resistances were nligtipby K.

The fifth step involved the design of an attenuatstwork which was made to replace %QKI_ resistor. The

design of this network is essential following tletfthat A increases rapidly with the square of Q — a thivag t
could seriously and severely overload the opampethelimiting its performance. The attenuator netweas
placed ahead of the entire filter circuit to reditsegain to unity. It was equally scaled by thenedactor as all
other resistances. It is shown in figure (8).

Q

—

2Q=1

Hg. 8 : Atte nuator Circ uit
The sixth step was the rearrangement of theesfiltier circuit for proper incorporation of thét@enuator network.

0.1LF
-

0. 1LLF 2QKi

Q Ki
npute———{ S

Q-
Q= 1 2Q Kj

Fig 9 : Complete Circui wirth Aftenucror Nletw orik

Output
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Lastly, all the resistors and capacitors were rdmened and Q changed to its original value.

0. ILF
O
R1
R 7 8K +15vVv
JALF i o
Vie o LR
4Ki Vo
+
-15v

0.229Ki

Rs _

Hg. 10 : The Fllterbircuit

The components of the filter designed are relateddch other and other important parameters asrsiowhe

following equations:
1

2
L (R, +R,) o1
0 2 wC R3R2R1
(15)
where, R, —L2
27/,4,C (16)
R, = ) . 17)
2m,c(20"— 4,)
R~ 0
4 C
o, (18)
_ 1
40 = ~5z 9]
2 — - - (19)

When R is twice as large as,Runity gain is established in equation (19).

Circuit analysis has shown that resistopsaRd R in the attenuator network are combined in paratiglive 1/2Q
resistor in figure (7).

MATERIALSAND METHODS

The filter circuit was designed to work with a 15edMal power supply, a signal generator and anloscibpe for
experimental procedure to determine its performaite input from the signal generator was adjuste@.1V
peak- to-peak at a frequency of 100Hz for a siHne signal frequency was then varied in steps &f220p to
300Hz and the corresponding output voltage amitdidplayed on the oscilloscope was measured aogtyd
The input voltage was kept at 0.1V throughout tkgeeimental procedure.
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The filter bandwidth was determined by measuriaiid f, when the peak- to-peak output voltage was 0.70@di
the value at the centre frequency. The bandwidtiaioéd was 52Hz while the quality factor was 3.85M#
experimental results are presented in tablel fabblwy the frequency response of figurell.

To reduce the noise caused by thermal agitatioim@obarest minimum, short correcting wires wereduse the
course of experimental procedure, it was obserfvatithe output voltage was smooth and phase reless280 as
designed; the output of the filter was slightly difigd because of the presence operational ampiifiehe circuit;
the centre frequency obtained experimentally wasstime as the theoretical value, but the qualitiofeobtained
by experimental means was lower by only 0.1Hz.

The normalized amplitude response of the filtecgtris:

A(dB) = 10 log {1+3(f/f, — £/f)%} (20)
RESULTSAND DISCUSSION
Table 1: Tableof valuesfor filter circuit

f(H2) | Vi(V) | Vo(V) | A=VdVi =235(; \Ez/vi folf | o | _ 10Iog{1A+o((3g33f0-fo/f)2}
1000 | 0.1 0.2 2.0 6.02 2.00 | 0.50 -15.68
120.0| 01 | 0.35 35 10.88 1.67 | 0.60 -12.86
140.C | 0.4 | 0.5 5.5 14.8( 1.4% | 0.7¢ - 9.6¢
160.0| 0.1 | 0.80 8.0 18.06 1.25] 0.80 -6.27
180.0| 0.1 | 1.15 115 21.21 111 0.90 -2.32
200.0| 0.1 | 1.60 16.0 24.06 1.00 | 1.00 -0.00
220.C | 01 | 1.4cC 14.C 22.9: 0.91 | 1.1¢ -1.9¢
240.0| 0.1 | 1.05 105 20.42 0.83 | 1.20 -5.04
260.0| 01 | 0.70 7.0 19.90 0.77 | 1.30 -7.40
280.0| 0.1 | 0.65 6.5 16.26 0.71| 1.40 -9.35
300.0| 0.1 | 050 5.0 13.98 0.67 | 1.50 -10.80
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Hg.11:Normalized Gain versus Frequency
0 ~ ‘
100 300
o
Z 3 —e— Gain (dB)
<
-16
F (Hz)
Table 2: Noise M easur ements
VadV] V2 V3 Vin[mV] V2 [uV]
0.60 0.36 4.25 18.00
0.40 0.16 2.85 8.10
0.30v 0.09 2.14 4.60
0.20 0.04 1.43 2.04
D Voe=1.50| > Vi =065 >V, =10.67| Y V,i=3.294
Other Experimental Results.
Input voltage (M) 1.60v
Output frequency §J 200Hz
Centre frequency gain (A 16.0
Lower 3-dB frequency () 176.0Hz
Upper 3-dB frequency () 228.0Hz
Quality factor (Q) 3.85Hz
3-dB bandwidth 52.0Hz
Mean square of signal voltage 0.61v
Mean square of input noise voltage 8285
Mean square of output noise voltage 0.4i6v
Nose figure (in) 2.0

In this work, a signal generator of sinusoidal watas been used as the principal source of sigsalsis done in
laboratory work in electronics. This was to helpedmine the performance of the filter before itaken to the field
of research for actual electric field measuremeroinjunction with a field mill. The design and feemance test of
the filter circuit have been the dominant focudhe$ paper. So far, the design as well as the pedaoce level of
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the filter has proven to be very successful, pavivegway for the design of a low-noise amplifieN@) to be used
for the measurement intended.

Evidence available from the experimental procecha® confirmed the frequency and impedance scalietipods
employed in the design of the filter to be quitewaate.

For one, this method has been compared with equga(itb) — (19), obtained form another source, &ienining
the components of the filter, and the agreementvdet the two of them is not only instructive bugreatly
cherished scientific fact that this paper has camencover.

Another measure of accuracy of the design methtittisgreement between the theoretical and expetanealues

of the quality factor and centre frequency. A ceritequency of 200Hz and a quality factor of 4 wibreoretically

chosen based on the need to meet; and all cirooiponents were determined based on these valuedrddquency
response of the filter of figure (11) shows that &xperimentally determined 3-dB bandwidth of 52Wlaen put in

equation (1) with a centre frequency of 200Hz giaeguality factor of 3.90, which is essentially teme as the
theoretical value of 4.

Based on the design of the filter, the 50Hz badkgdonoise has been effectively removed from itsratpmn.
Experimental results show that the lower cut-offginency (f) of the filter is 176Hz whereas the upper cut-off
frequency (f) is 228Hz. These determine the bandwidth of therfivith the implication that signals of frequeesi
less than 176Hz have no passage through the fittexddition, the impressive noise figure of ,{J of 2.0, which
compares favorably with noise figure of[3] and 1.8[6], shows that the filter qualifies for use in lowis®
applications. The very smooth output waveform obsgduring performance test is another confirmagwiglence

of the low-noise peculiarity of the filter.

The action of the attenuator network is visiblyrs@ethe reduction of the gain, Ao at the centegjfrency by half.
Without it, the gain would be as high as 32 insteadl6 ; and this would not augur well for the eattircuit when
the amplifying stage is designed and cascadedthigHirst stage.

CONCLUSION

The filter circuit presented herein, designed bpeégiance and scaling method, demonstrates the sufmxi-noise
qualities required for the intended purpose — apthesc electric field measurements. Its qualitytdacQ of 3.9 and
a bandwidth of 52Hz show clearly that it is indeedarrow-band filter with peak performance at areefrequency
of 200Hz. Its chief noise reduction and linearityproving feature is the multiple feedback netwarkptoyed in the
design. It can easily be modified to satisfy lowseorequirements in other applications such as cemizations.
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