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ABSTRACT

Three.new:secqﬁd order band pass filters are presented. Two of them:
are based on negative impedance converter techniques‘which-have:one and two
operational amplifiefs in their realizations: The single ampiifier realiza-
‘tion has better characteristics than a comparéble Salleﬁ and Key type,
while the two-amplifier realization is superior to conventional RC-NIC
filters from the sensitivity point of view. .The third realization is a
vérsatile multiple feedback filter which eXhibits improved frequency res-
ponse, ieasonable Q-sensitivities, caﬁability of indepenaent tuning of
W, Q and Rin; and wide dynamic range. Experimental resu}ts are provided

to support the Viability of the proposed filters.
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"CHAPTER I

INTRODUCTION

Active RC filters were first introduced in the thirties. Due to the
bulky size of vacuum tubes, however, they were of little practical use.
The situation changeéd dramatically in the advent of solid state'components
in the late forties. Research and.development~e£forts*in-active'filtersmin.”
récent years haVe.been influenced pfimarily.by the progress;and'breakthroughs
in lineaf microelectronic circuit technology. The reduction of siie; wéight,
‘power consumption and an increase in electronic system;neliabilityﬁare'the
main factors for producing active filters in micrqeleétronicvf¢rm. Because
of the inexﬁénsive price of active elements (transistors and operational
amplifiers), the addition of these elements in RC filters does not increase
price significantly any longer. The application of active RC filters in
industry is common in ﬁany areas such as consumer electronics, communicatiqn
systems and precision instruments. . The primary application of active RC
filters is at rélatively low frequencies where inductors are not.suitable
because of their bulky size and low quality. With presently available
commercial operational amplifiers the useful frequency is roughly from dc
to 500 kHz. Comparéd to the more‘éonventional LC filteré, active RC filters
“tend to be smaller in size and cheaperat lower frequencies; |

There are Varioﬁs active RC realizations of filters using operational
: amflifiérs. Because filters werebsgecifically:designed;for different char-
acteriétics sucﬁ és sensitivity, component count, stability,_freqﬁeﬁcy rés_-
ponse, dynamic range, gain, input and output impedanqe,.etc., théy are
':quiﬁe numerous. The purpose of this thesis is to investigate new types
of band pass filters with better sensitivity and frequency response char-

“acteristics. Modern active network synthesis started by using negative
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impedance converters -as a network-element. 'These filter realizations proved

to be highly sensitive toelement changes. The~other.approachesvwere;proposed
later, using impedan;e inverters and converters, such as gyfators or Frequency
Dependent Negative Resistors. Until state variable filters were introduced,
many filters based ond§C—amplifier coefficient matching technidue were
reported. They all failed to meet some of. the specifications in practical.
filters and are therefore special purpose types. -State variable filtéré'
proved to be the best but lacked frequency response. This thesis is an 1
.attempt to circumvent some-of -the shortcomings’ in realizing band pass'filtersv
‘discussed above. Chapter II reviews these methods of’filtérvrealizatiqns, |
while Chapter III intréduces several new configurations together with their

characteristics and includes some experimental results.
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CHAPTER IL

GENERAL ‘FILTER DESIGN

Active RC filter design begins with the approximation of the specified
network transfer characteristic as a real rational transfer function in the complex
frequency variable S, in the form of

T(s) = n<m : (2.1)

where m is the order of filter.

There are basically two apprpaches to filter design. .In'the'direct realization
approach, the filter transfer function given in (2.1) is synthesized in abmanner
similar to the passive filter synthesis using two ports. In the Cascade realization
épproach the filter is synthesized as a tandem connection of second order filters.
The transfer function T(s) in (2.1) can be decomposed into second order tfansfer
functions Tl(s), TZCS),_... s Tk(s)

. .

T(s) = T T.(s) | | (2.2)
j:l‘ J .

1t

= hﬂé

-where k m even

k= Ml

m odd, then Tk is first order.

|

*Each second order term has the form

2 - .
T.(s) = K. 5 * %15 * %o (2.3)
3 3 |
s 4+ les + Bjo
a:
. jo




The as aﬁd bi for the network transfer function T(s) in (2.1) aré real and hence
~ the poles and zeros of T(s) are eithef real or occur in complex conjugate pairs.
Sinée the poles of T(s) are .in the -left half plane, the:Bs are all positive.

In other words, the denominator polynomial is strictly Hurwitz. On the other hand
the os may assume any real value including negative and zero depending on the
location of the transmission zeros. The pairing of poles and zeros for the
optimization of certain design criteria is itself an interesting problem but

we shall assume that (2) and (3) are obtained. In general each block realizing
‘Tj must be isolated from the ensuing block by means .of a bufferiamplifier, This
implies an increase in fhe number of required amplifiers. However, easy access
to inexpensive active elements, particularly operational,amplifiers, jﬁstifies
mulfi—amplifier design provided that improvement iniperformance'is attainable.

In general, low sensitivities, easy tunability, high-Q realizability are prominent

features associated with multi-amplifier configurations.

2.1 Realization techniques

There are several methods for filter realizations. They include use of
simulated inductance, frequency dependent negative resistor, RC—amplifier.coef—
ficient matching technique, generalized impedance converter, and state space

‘method.

2.1.1 Simulated inductance or ‘gyrator filters

In this type of filter, the transfer function is synthesized~byaa”passive
RLC network and then RC active netowrks simulating the inductors_are embedded in -
place of inductors in the original passive network. The gain is always less
thén unity because of passivity of this kind of filter. The final deéign however

is not simple. Since the output is taken -from the passive network, a loading
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effect appears unless -each section is perfectly :matched. In general, two active

elements are necessary for each inductance simulation. Gyrator filters are maiﬁly'
"used in moderate-Q high order filter realizations. The éomplexity of design is
the same as in passive RLE designs and because of tﬁis similarity, the isensitivities
are relatively low. The required number of components is high and specially in
a~ca§cade realization number of active elements‘inéreases.‘ Several ciréuits are
available for inductance simulation. They are basically impedance inverters which
of course will have high ‘frequency Iimitations due to the phasefghift‘in'the dctive :

~elements. A typical of these circuits is Riordan gyrator [2] given in Fig. 2.1.

C ' R,

3.7
AN

-+
A9
AW
=
et

Fig. 2.1 Riordan gyrator

The input impedance at the terminals 11, is approximately that of an inductance

with a value of L = RlRS 4 C. The quality of this inductor is dependent on cir-

R,

cuit péfameters, however with'R1=R2 and wRSC = 1, it is 'possible to obtain high

quality inductor at low frequencies, but due to phase shift in the operatiohal

.amplifiers at high frequencies, subsequent instability may result.
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:2.1.2 Filters using Frequency Dependent Negative Resistors

This type of filter is obtained by transforming the metwork comprised of
%R, L, «and C to another network with C, R, and a new element D. This new element

is called Frequency Dependent Negative Resistor (FDNR) and has an input impedance

Ds2

‘equal to\el—u The transformation is obtained by dividing the impedances by s, and
then a resistor transforms into a capacitor and an inductor transforms into a
resistor and the capacitor into D.

‘Atypical circuit realizing an FDNR is shown in Fig. 2.2.

o cs R Re’
S Y LI S - S
T+ -dl RZ
Y. _=D52
in
XL

Fig. 2.2 .Circuit realization. of an FDNR

‘It can be shown that D in the above realization is given-by

RRCC
D = R
5

A filter using FDNRs works best when all the capacitors in the original network

247173

provided that the operational amplifiers are ideal.

are grounded, which in turn results in grounded FDNRs. Therefore, “this type
‘of filter realization is suitable for high order low pass filters. Floating

FDNRs are also realizable, but they are potentially unstable.



The complexity of design is the same as that of gyrator filters. Cascéde
realization is rarely used because there would be more passivé and active elements.
FDNR filters or in general positive impedance converter (PIC) filters éxhibit*the
same characteristicé as gyrator filters. Briefly, they have limited frequency
response and a limited Q. Sensitivities are low, as well as the gain which is less

than unity. In addition they use a large number of passive components. -

2,1.3 RC-Amplifier realization

There are a number of circuits composed of R, C, and opératiénal.amplifieré,
which realize general or special forms of transfer functions. The synthesisbis
based on coefficient matching and pole—zgro'cancellation.ié usualiy necessary to
produce desired transfer function. Hence the number of components is high and for
the minimal case, th¢ number of capacitors used, is equal to the order of transfer
function. The number of amplifiers in these kinds of filters is important .and -
canonic types are defined on that basis. A typical filter in this category, using

one OP-Amp, is the "Infinite gain realization" filter, which is shown in Fig. 2.3.

Fig. 2.3 Infinite gain realization of a transfer  function



‘The voltage transfer function is given by

a
\ y .
o_ 21 _
V. b - (2-4)
R A3

where ygl and ygl are the short circuit transfer admittance of networksta.and

N, . Figure 2.4 is the canonic realization of a second order band pass filter using

b
p__{{ 3
Cy

the above configuration.
4' .V
g

Fig. 2.4 Canonical form of infinite gain reallzatlon
of a second order band pass filter

2.1.4  Generalized impedance converter method

In this type of realization, the transfer function is partitionéd into
‘RC realizable subnetworks connected by generalized impedance convertér. Examples
“for RC-Gyrator ‘and RC-NIC (negative iﬁpedance converter) realizations-of second

order low pass filters are given in Fig. 2.5.

R R, R R

1 2 X : 1 2
?*_"‘-WV‘"—-"VW—- —> 9 ?,_“—-JVW AN -,
1o > <R "CJ' V2 Voed | = v
1 3% 2.!. 1 i X C2 T 2

@ | | (b)

Fig. 2.5 ”RC-Gyrator,(a),and,RCﬂNIC (b) realizations
of a second order low pass filter.
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-realization for a second order band pass filter; VZ

'The technique -employed in the Tealization is in fact RC:RL ‘decomposition for

RC-Gyrator type and RC:-RC decomposition for RC-NIC type. Both methods are

cascade realizations and it should be mentioned that parallel realizations dre

also possible. The method of decomposition determines the sensitivity of trans-

fer function to circuit parameters. There are optimal decompositions in both

types which yield minimum sensitivities. [3] and [4].

2.1.5 State variable method
This method of realization is based on analog -simulation of theitransfer‘
function using integrators, invertors and  summing amplifiers. This type‘df fiiter'”
is suitable for high Q realizations and amenable for easy tuning and low SeHSitiyity;
A largevnumber of active elements are required and the ﬁonidealness of these ‘amp- )
lifiers results in a moderate frequency response.
 Thé design procedure starts with determining the signal flow ‘graph of “the

transfer function. An example of the method is given in "[5]. The resulting

analog computer simulation can be constructed by means of integrators, invertors

‘and summing amplifiers. Figure 2.6 shows the signal flow graph and analbg computer

—
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(b)

Fig. 2.6 (a) A signal flow graph realizihg the second order band pass filter -

(b) An analog—qompufer realization of (a)
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2.2 Gingle amplifier realization of second order band pass filters
All the previous methods of filter realization require at least two operational

-amplifiers except the RC-Amplifier coefficient matching technique which -follows.

2.2.1 RC-Amplifier realization
Different single amplifier_structures can be classified .as negafivé»feedbéék"n
(NF) and positive feedback (PF) configurations 161, as shown in Figs. 2.7(a) and

2.7(b).

dl-—

r.=(K-1r
4 we 1
rl yve
= —
V.
RC 1 Re T -
1 : n
T Yo 2
i .L v

et 2y
e
W +

.(a) ' ' (b)

<Fig. 2.7 'NF{a) and PF(b)\configufations«fof*singlefamplifier transfer function
realizations.

Positive feedback filters require a low gain amplifier and wresult in high Q-
- sensitivities, and wide bandwidthJ On the other hand, négative feedback filtgrs-
require high gain amplifiér and yield low Q-sensitivities and narrower bandwidth;
‘In both, NF or PF configurations, the type of RC network -emploved, detefmines'thé |

sensitivity properties of resulting filter.

B e e



Table 1 represents the characteristics of the various classes of filters.

Table 1
.CLASS PASSIVE Q—SENSIITIVITIES GAIN-SENSITI'VITY MAX. ELEMENT SPREAD
o .. . . PRODUCT : )
NF Low Q? Q?
PF - ' | Ind d-“nt“ fq
K>1 Q . Q ndependent of Q
PP : 2 2
K =1 . Low ¢ - Q

It has been shown that ‘a better measure for active Q-sensitivities is-the Gain
Sensitivity Product as? [7] defined as

Q _ 4qQ _ :
GSy =.AS; | - (2.9)

where A is the amplifier gain and Sg is the Q-sensitivity with respect to A.

This measure becomes more meaningful when Sg,apprqéches zero figuratively due to
extremely large value of A. This is the case for operational amplifier gain.

Using -the definition for sensitivity

AQ _Q AA | :
R R | | (2.6)

If Q is a function of A, then it can be expanded in a Taylor series of the form

1 14| L

QF) = Q(0) + 5 —— F ot ‘ (2.7)
A A d(%_),

=0

>P~

“Truncating the series after the first two terms yields

QW =g+ - (2.8)
A |
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13 1 ;

It_isxapparént that Ql.:andaQ2 are .independent of ‘A and depend only on the network.

'Calculating'thefQ~sensitivity with respect to A yields

-Q -Q,/Q
Q_A 9Q_A "2 27 ~ :
Thus  lin S} = 0 | . | C(2.10)
Ao ) '
-and .
6sQ = as? = L | | (2.11) |
B A — -1 v'AV = - Q . .

which is nonzero.

GSQ or in general GSP is a well-defined analytical expression irrespective of |
whether A is finite or infinite. Thus minimizing GSP optimizes the'sensitivityvof'
the netwﬁrk irrespective of the sensitivities alone.

G.S. Moschyfz and P. Horn [7] conéluded that the effect of finite operationél
~amplifier gain bandwidth product on pole-w0 and pole-Q can be expréssed in terms of g
GSP. This interesting result predicts the high frequency limitations of NF and PF
cconfigurations. Examples of canonicvsingle amplifier NF and PF realizations are
infinite gain multiple feedbéck filter,and»Sallen and Rey filter, respéctively.

Figures 2.8(a) and 2.8(b) are the realizations of a second.order_b&nd fass

“filter by ‘these two methods.

::::>»——_4
4 + g

(2) , ()

Fig. 2.8 (a) Sallen and Key; (b) Infinite gain multiple-feedback realizations
of a second order band pass filter.



'?We»shall-investigéte these two filters more in detail because theyfformgan:import—

ant base for the development in Chapter III

2.2.1 (a) Sallen and Key, second order baﬁd'pass filter

The transfer function of this filter shown in 2.8(a) can be obtained as

Yo S b
T(S) =g = — — -
o2l 11, 1K P
R1Cl R3C2 R3C1 R2C1-v R1R2R3C1C2

“The resonance frequency W, and quality factor Q are

) | R (Ry*Ry)
R, + R ] ————
Y = /RERCC, ’ Q= 132
' 172737172 . » R2 R2 C1
| B f g ilg) - K

1 3 72

~For equal-R, equal-C, we have

=_{_—2_v 0:———‘/2-
% T RC * T 1K

‘The:wo and Q sensitivities are -

W @ 1 Yo %o 0 .1 0
Sp. = Sp. =3 Sp =S¢ =Sc =3 -S=0
3 2
Q _ 1.1 Q _3_ 23 Q _ 1
LR A NI A
«Q _ Q _1 1 Q _ -
”Scl - _Scz =7 /5 S = 2/2 Q- 1
s = KS% =8/2Q- 8 + Zg > 8/2 Q (Q>>1)

(2.12)

(2.13)

(2.14)

(2.15)

(2.16)

- (2.17)

The effect of finite operational amplifier gain bandwidth product on the performance

of this filter is given in [8]. The w  and Q variations are

F e



Awo Wy AQ SRR
— 2 QYD = — o~ 42— . ide ! .
™ 4y G5’ Q 4vy2 B provided that Q>>1 | A (2.18)

where GB is the gain bandwidth product of the operational amplifier.

We can also obtain (2.18) by two explicit approximation formulas given in [9]
Aw W ‘

0.1 2
6= 2

1 Q
GB 6'(GSK)

W (2.19)
_ _5+4Q6E—B—

wo
1+68- 4Q6E—§

The gain sensitivity product for this filter is equal to approximately 8/2Q
thus ‘

Aw w
o]

0 1 %o
-—-—c-)- -—2—-(-;—8— ‘ 8\/—— = -4/2_—G§

R

M . Y%
il -§ = 4/2 o8

provided that 4Qwo<<GB.

If Wy and Q have large values then according to (2.19), the Q-variation is not.
in the order of § but much higher.. For example, if W, = 104 and Q =f100, then
§ = 0.055 and é%—= 2.

The W, and Q variations due to operational amplifier finite gain bandwidth

product were shown to be dependent on GB and GSP. Thus for minimizing these

(2.20).

15

variations we require lower gain sensitivity product -and a low frequency operatiomn.

Some of the drawbacks of this filter are the 1ow input impedance, high gaih at
the resonance frequency and high (passive and active) Q—sensitiyities.

The iﬁput impedance and gain at resonance frequency are -éﬁR(/ﬁlj) and (2/2Q-1),
respectively. Obviously, this filter.is impractical for cascade realization of

high—-Q high order filters because of low input impedance and high gain.



2.2:1 (b) ;Infinite.gain»multiple:feedback filter

‘The filter given in Fig. 2.8(b) has the following transfer voltage

I .
\Y R:c. °
T(s) = 3> = — 11 (2.21)
i 52.,..__]_'.(_];__ + "1-‘)5 + ...._1.___._.
RyCr G RRGG
The W, and Q are
P S Q.= Rp/Ry (2.22)
/»Cl_cleR2 /Cl/Czh/Cz/Cl
For the case C1 = C, = C we have
Q)o = "'—1——"" , . Q = %‘/ ITZ— . _ . (2.23)
c/Rle N »
The W, and Q sensitivities are
wo wo wo o 1
Sr =‘S~R2~=Sc =S, -3 |
’ (2.24)
sp = -S3 = - 2, s =83 =0
1 2 1 2

The sensitivities with respect to passive elements are low. To find the
active Q sensitivity we substitute the one pole roll-off model for operational
-amplifier with the gain of A. Figure 2.9 illustrates this model for the

nonideal Op-Amp.

16 |



—o V() = -AV_(s)

Fig. 2.9 One-pole ‘roll off model for non-ideal operational amplifier

The gain of this amplifier is frequency dependent and equal to A= sfg‘ where

GB is the gain bandwidth product and w is the 3dB down frequency of the
operational amplifier. GB can also be written as GB = Aowa’ where'Ao is the
dc open loop gain. Substituting the one pole roll-off model for the opera-

tional amplifier in the circuit of Fig. 2.8(b) yields

Vo ) | -R»2C25 _ | | E
e e - — - — . (2.25)
»1’ ,(lfKJRleclczs + [—R2C2+(1+K§(R202+R1C1+R1C2)]s+1+xv
The Q and Q-sensitivity with respect to A are
(1.l e
(LR 1R)G,C | |
—R2C2+(1+K) (R1C1+RZCZ+R1C2) :
if*C2=C1?C, R2£4Q2Rl'then (2.26). reduces. to
o A+l . .
Q, = QlA+1) (2.27)

° A+l+2Q2




Q "2
with s 2 = Ar (2.28)
(A+1) (A+1+2Q)
QA
if Aveo > SA > 0 .
But the GSP is finite as follows
Q 2,2 .
| GS§ - ASAA . 2QA 5 | (2.29)
: (A+1) (A+1+2Q7) '
and if A»>w then
. Q _ 2
GSA*w = 2Q° - _ (2.30)

Using (2.19) yields

6‘—6109_2__1___0}.' 202—_
TTel o Z@Q YT

€

<

e
o

B

wo 2 wo 2
N UWe - QU (gE ' : . (2.31)

“o 2 %, 2
QG 4 (G

ol3

If Wy, and Q have moderate values then we can ignore the terms containing
w
GB% in AQ/Q and in that case it simplifies to QsD, thus

. -Qo AQ _ ~0 .
—* @ _Q-Q.G—B (2.32)

. The GSP for this filter is evidently much higher than that of Sallen
7and Key filter. Hence lower frequency response and higher sensitivity to
operational amplifier parameters are expected. The input impedance and
_gain at resonaﬁce frequency are R1/2(1+j) and 2Q2 respectively. As in the
case;of the Sallen and Key filter, the low imput impedance and high gain

make this filter impractical for high Q, higher order realizations.

18
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2.3 Two-amplifier active RC realizations of “second order band pass filters
~ In this section we consider the canonical networks (same number of
‘capacitors) realizing the second order bandpass filters. We exclude Gyrator

and FDNR filters becatse they require buffer amplifiers. We have however

included RC-NIC realization of the filter because NICs can be constructed
by only one operational amplifier ,.the second amplifigr serves as anvisolator.
There 'are a number of canonical RC'two—amplifier'realizétions for a second :
order band pass filter given in [6]. Among theée eight nétworks, some of

them have low input -impedance or high gain sensitivity product or high

resistance spread. Excluding those, there remains four networks which are

given in Fig. 2.10.

C
G 1t
Ry X
V. _ '
1 - . -
= ) 1 2 ,I.
Y T S ool oo 148 9Q°
(a) K X,=40"-1, C;R =C,R,= Q- (b) R'=R/B, CR= @ K= 13g -1

R' |
P P ¥4
H "%1
Tt
@R =@ R= @R =R,

o

'Fig. 2.10 Canonical two amplifier band pass filters
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© . 2.3a ;’Thevfilter of Fig. 2.10(a) haslow Q-sensitivities as well 'as low gain
sensitivity products. Hence it has wide frequency response. Low input

. inpedance aﬁd high gain at resonance frequency which are -j Rl/Q and 2Q2
respectively make this filter impractical for high Q, higher order realiza-
tions.

2.3b ~>Th¢'fi1ter in Fig.2.10(b) has high gain sensitivity products unless

B is chosen to be 3Q. The gain of this filter is KZ/S or about SQZ/B. As

a result the gain is about Q which is high. Tuning of Wy Q, and gain cannot

be‘done-independently, consequéﬁtly this.filter,laCKS'thewpracticality in
'high Q, higher order realizationms. |
2.3c-2.3d : ‘

The circuits in Figs. 2.10(c) and 2.10(d) are-both RC-L simulated filters.

The parts of the circuits enclosed by broken lines simulate inductances.

In Fig. 2.10(c), the input impedance of this port is Q2R2CS or the driving-point

impedance of an inductance with L = QZRZC. In Fig. 2.10@ the circuit has
an input impedance of RZCS which simulates an inductance whose value is RZC.
Because- of the passivity of these filters the sensitivities are low. The

maximum gain is 2. The frequency limitations of these filters are the

_ } Awo hwo AQ mo
same. as. state variable filter, 51nce--fa;.ﬂ-§§f and ~6-24Q Tk

Thus high Q, higher‘ordef realizations using these filters are not practical.

20



"CHAPTER IIT

NEW ACTIVE RC REALIZATIONS OF BANDPASS FILTERS

In this chapter three second order band pass filters are presented.
In SectionVS.l a single ampiifier realization is considered which is based
on the RC—negativé impedance converter technique. Section 3.2 introduces
another filter based on RC-NIC with,negative'load. Finally, in Section 3.3
a multiple feedback filter is developed which has properfieS'suitable.for

high Q, high frequency realizations with reasonable sensitivity.

g

3.1 RC-NIC band pass filter realizations
For the canonical realization of an RC-NIC type of band pass filter we

consider the cascade configuration shown in Fig. 3.1.

. Il 12
¥ RC | RC [TFR
‘ ' NI
V_1 ¢ v
N N 2
1 2
. k
O 5

Fig. 3.1 Cascade configuration of an RC-NIC filter

The matrix equation ‘describing circuit using transmission parameters is

V. A B 1 o] [a B v
11 _ " 1 X | G

.IIJ cl D1 0 = .cz D, 12

21
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where is the transmission matrix for -a current.inversion negative

s O

g

impedance converter (CNIC). Alternately we could use .a voltage inversion

NIC (VNIC) with the transmission matrix{i— 6]. Using the former, one obtains

1
k J
L 0] 1
v,
Vv

1 A R |
2

Networks N1 and N2 are chOSenffromjfour“possibilities,.shown in Fig. 3.2.

C:[ ’ “dual

.
(@) ®)
R C
— Wl o —
dual RS © J_ |
- T
© | W

PFig. 3.2 Possibleanetwarks*for'a=caﬁonica1:second order filter

‘The corresponding transmission matrices for these configurations in Fig.3.2 are

Ti+rcs R
(3.3a)

\ps 1

(1 1
Res s S
1 (3.3b)



1
1 R'l'"(g
(3.3c)
0 1]
) ,
1 0)
1 (3.34d)
\_R_—’-C ° 1/

Possible choices for networks N, and N2 to yield a second order band pass
filter are the pairs (a,b), (b,a) or'(c,d) in (3.3).
The negative impedance converters which can be realized with one opera-

tional amplifier are shown in Fig. 3.3.

() )

Fig. 3.3 Two realizations of NICs withk = (a) CNIC, (b) VNIC

For the RC-VNIC realization we obtain

1 .
V1 Al B1 X 0 A2 B2 V2
Il C1 D1 0 1 C2 D2 I2

23
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For open circuit gain we obtain

Y21
v, KA

. , (3:4)

The only possible configuration in Fig. 3.2 for producing a second order .
band pass filter is the pair (c,d) -and -as-a result,-we have the networks

shown in Fig. 3.4.

ham l CNIC st | enzc +

- ' - : R,2C..L vV

i 9 k L [23%T T2

”Q_._L pRE— o
() | (b

ST e | - + - wic +

— ' \ 1rAC v

Vl R :; Cz=: 2 Vl 2 ‘7‘: 2
1% k k

° Pl -

(e . = ' ' (d)
“Fig. 3.4 ‘Canonical RC:NIC reéalizations of four second order band pass filters

The two proposed circuits realizing the NIC are not strictly stable and care

must be taken to insure proper connections to the subnetworks N. and N

1 27
Conditional stability of these circuits is due to the positive feedback
provided by Ra to the operatiohal amplifier -positive terminal in CNIC -and ‘by.

the load in VNIC. To avoid instability, the amount of positive feedback



should be ‘decreased. This ‘can be achieved by using-a sh0?trcircuit-gt the
input .port and an open circuit -at the output in both :circuits. For thié
reason the input port is called short circuit stable (SCS) and the oﬁtpuf
port open circuit stable (0CS). Due to the stability consideratioﬂs, thé _

circuits which are implementable are those given in Fig. 3.5.

B Y
- . 1,ML O~ V.Y, PR : a
+ . + +
C R ' b= .
Vv 1== V- 2 5 v
5] 7] ®
1 ..Rz Cz, 2

(c) , (d)

Fig. 3.5 Conditionally stable realizations of the networks in Fig. 3.4

'3;1.1 Single amplifier realization

From Fig. 3.5(d), we have

R, R o1

V, =V -V =V —2& =y (3.5)
2 o] Ra+Rb o] o} Ra+Rb' o] l+Rb '
=
‘ a
Foyy - L | |
or vo-.-(1+R).v2--(1+k)v2 . . (3.6)

a
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Thuéfthe:output of fhe'OPérationalvamplifier.is;proportional.to Vz and.tﬁere—‘

fore we can take the output of the filter from the Vof The Tesult is a single

-amplifier band pass filter. The other circuits howeverlneed a buffer amplifier
and as a result they cannot be regarded -as single amplifier filters. ﬂWe-shﬁll

consider‘the circuit in more detail. |

For the circuit of Fig. 3.5(d), a straightforward analysis yields

: R,C.s
B et 3.7
V1 RiRCIGST + (RyC#RyCH-1RC)s + 1
| : _ Lo
and since V0 = -(1 + k)Vz, we have
: 1
1Y 1+ = :
o _ k ' S .
:VI" B R,C, 52+( 1 "1 1T 1 )s + 1 (3.8)
R2C2 R1C1 k R1C2 RlRZCIC2 ;
_ 1 / RiRG,G,
where.w = ———— | Q = : 1 —
Y R1R2C1C2 R1C1+R2C2—-E-R2C1
_ 1 1
For equal-R, equal-C case, w_ = = , Q=
o .-RC 1
2-x
and their sensitivities are computed as.follows
W w W
0 0 0 1 o)
S, =S, =8°"=8%=_-2 5%
,Rl R C1 C2 2 k
A (3.9)
Sg = _Sg = Sg = —Sg = _Q + %— .
1 2 2 1
s¥= 1-29. Thus s = -sQ = 159
k R - "R
a b
ng = 0, where Zi represents every passive element.
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This filter can be considered as a PF filter shown in Fig. 3.6.

c
n2
N1
R
| -2 -
B, ¢
oA s S—
+ | +
v _ v
l__ . o]
£ £

Fig. 3.6 RC-amplifier representatidn'of the filter in Fig. 3.5(d)

With u = 1+k, the Q factor becomes
_k _ yu-1
Q= %1 = §ﬁ:§3 hence
Q_ur 39 1 '
= = == -(3-3)(20-1). - 3.10) .
S, 7w -G @D o (3.10)

If Q>>1 then sg > -6Q

and tﬁe gdin sensitivity product (GSP) for this filter,becomes
GSS ® -6QU = -9Q & - (3.11)

It is shown in [7] ‘that

'usS AS§ = GSp - (3.12)

t

‘thus GSP.= -9Q . -

By using (3.12) and (2.19), the W, and Q variations due to finite operational

amplifier gain bandwidth product are computed as -



Aw ) W
. T T 0
§ = w, 2 Q- (-9Q) = 4.5 &5
(3.13)
W
AQ 0
T 8= 45 g

In terms of sensitivity and gain sensitivity product measures, it is evident

that this filter is superior to Sallen and Key type filter.

R
. 2Q
3Q-1 which are roughly comparable to Sallen and Key filter.. From the prac-

The input impedance and gain at resonance frequency are (1-3) and
‘tical point of view, this filter is not suitable for high Q, high order

realizations, because of high gain and high Q sensitivities.

3.1.2 Two-amplifier realizations with minimized sensitivity
Looking back to the other filters given in Fig. 3.5, we notice that
they have similar voltage transfer functions and input impedances. There
‘are several decomposition techniques such as the Horowitz decomposition [3]
that minimize .the pole-Q sensitivity but nevertheless it is greater than
1
Q-3 [11].

For the three filters in Fig. 3.5, the Q-sensitivities are

- gQ L -
s} =:Q-3 2z =Rorc
'sg = 2Q-1 | (3.14)
Q |
IS =0~
1

Thus we can neglect the minimum sensitivity decomposition for these filters,

provided that the:Q-sensitivities do not -exceed (Q—%J. This minimized
value of Sg only applies to passive elements. The Q-sensitivity with
i .

respect to conversion factor K is (2Q-1). All these three networks in



229

Fig. 3.5 need a buffer amplifier to avoid the loading effect. By assuming

a negative input resistance for the buffer amplifier we may achieve lower Q

sensitivities.
The filter in Fig. 3.5(b) is amenable for this;purposei Fig. 3.7

shows this filter loaded with a negative resistor.

1 2
i} T e :
+ ~ +
cNIC
Vl Rl % Cz :F . Vz
K '
. .,

Fig. 3.7 RC-NIC realization of a band pass filter with negative load

The voltage transfer function of this filter is

| | Rils o .
R '
1 RIRZCICZS + [(I—RZGS)Rlcl + (RZ—KRI).CZ]S + 1—-R2G3+K1R]_G3

5

<

with o iJ/l_R2G3+KRIG3. ‘and Qv=y/(1_R2G3+KR1G3}(R1R2C1Cé)
° J RRGE, (1-R,6,)R C (R, -KR)C,

(3.15)



The Q sensitivities are

QO _ 1 URGIRCy

¢, 2 (A-R,GIRC+(R,-KRIC,

@ -1 (Ry-KR €,

C, 2 (1—R2G3)R1C1+(R2-KRI)C2

Q .1 R2% ) (Cz"ngscl)Rz

Ry 2 2(1-R,G.+KR,G,) (1-R,G IR C +RC KR C,
Q 1, KR, G, ” (1-R,G)R,C,-KR C,
PR 2 T 2012 7)) T (1-R.G3 -

Ry~ 2 2(1-RyG+KR,Gg) ~ (I-R,GIR T+ (R, KR)C,
.sg - ~RyKR))G, R,G,R,C,

3 2(1-R,G_+KR,G.) e :
273777173 (T-R,6)R, C +(R,-KR,)C,

If the resistors .and capacitors are equal valued then

1

Y2 __RC°
Vi 52+(1eK)%Es » 5
R’
. VK- VK
with (L)O‘ = EC_ and Q= I:—K .

The wo and Q sensitivities are

(.00 U)O (.l)o’ 1.
sC = SC = SK = —2—-
2

w W w

o] o} 1 1 o} 1 1

= = e -—) o~ = o— >>

SR 0, SR 2(1+K) 1, SR 7KQ 2G if Q>>1

1 2 3

Q _ Q.1 Q _ -
Sc. = "5S¢ = 5 Sp. = 1-vKQ = 1-Q

I B P N T

(3.16)

(3.17)

(3.18)



R, Kq . T2Q R, ZKQ VK Q
Q_ 1 ~ L ‘ Q _ Q0 _1
Sg =5 * /K Q = 5 + Q. Thus st = -Sp 5+ Q
a
'ZSS = 0, where Zi'represents?every passive element.
i . ' ) .

For the no load case (Fig. 3.5b) the W, and Q sensitivities are

o) wo wo wo 1
S = § = § = S = o
R1 32 ¢Cl C2

1 2 2 1

s = 20-1, thus Y = -sg - 20-1.

2 Rs a

C(3.19)

(3.20)

Comparison of these two filters results that the Q sénsitivity is lowered

by a factor of 2 in the filter shown in Fig. 3.7. Since the buffer effect

is obtained simultaneously with the negative resistance realization, no

extra cost is imposed. The circuit in Fig. 3.8 having a megative input

resistance serves as the buffer amplifier of gain 2.

I By
Vl N .
n—————JMNL__;&.: .
4 R . T

|

Fig. 3.8 Buffer amplifier

SR E s  THOE ey



‘The complete circuit of the minimized filter is given in Fig. 3.9.

c, ) 5,
o—{} ~A—
+
v Rl C,
;. ) F
bl
o3

'zin

‘Fig. 3.9 ‘RC-NIC realization of a second order band pass filter with"
minimized sensitivity

- - = et = ;
Requlred that Rl P2 R R Rb =R =R, Rb R(l Q) and- C =C,, then

2,

Vo _ 2/RC s
'Vi S2 . 1-X s + K
RC | RZCZ
" _ /K _Q YK
with o) = F== —£&  and Q = Lo
“Hence XE ~ 20 and Z ~ %, (3.21)
" ’
Jw
Wy .

With the source resistance Rs as shown in Fig. 3.10 it follows that

_\2__ RlClé
v 2
s R1C1R2C2(1+RSG1—KRSG2)S +[(1-R,6) (1+R G} IR, C +KR, C;R G3+R2C -KR Cz]s
+1-R,Go+KR G, ‘, | (3.22)
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Fig. 3.10 An RC-NIC band pass filter with minimized sen51t1v1ty, non-

ZEero source resistance.

For the equal—R,‘equal-C case, (3.22) is simplified as

<

2 v "'RCs

Vs R2C2[1+RSG(1-K)]ég+(l;K+KRSG)RCs+K

Furthermore, the NIC conversion factor K is identically

‘2 s
V — 2ﬂ-R G L1
RC ..R2C2'
, I SO
where.wo = RC and Q "R

It is now possible to tune W, and Q independently.

(3.23)

unity, and we have

(3.24)

(3.25)

Easy tuning of Q

is insured because Q is the ratio of two resistors. The input impedance and

the gain at resonance frequency are Rs‘and 2Q, respectively.’
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"The @, and Q sensitivities are almost the same as the previous filter as

follows

Swo = swo - _ 1 swo -1 Swo = .1 -1 swo =0 swo =0 sw°= 1,1

c, g 2’ "Ry 2Q° R 20’ "Ry Ry K 2720

Q _ @ 1 Q Q 1« 1 Q _ Q 1 1

Ss =-52 = -5, 8% =-1, 8% =Q- > 8% =14+, S3 = -Q, S = Q-2 - == ..

o c, P VO R, 2Q° R, 2Q D"S_ K 2 2Q
(3.26)

3.1.2.1 Some practical considerations
For the stability investigation under more realistic conditions we
represent the operational amplifiers by a one-pole roll off model as shown

in Fig. 3.11.

R. C

S
AW | s
T
vy
o—

Fig. 3,11  Filter of Fig. 3.10 using one pole roll off models.

As usually the case, we assume that the gain bandwidth of the two Op-Amps

are identical. The transfer function is now given as




oA . RGs S (3.27)

2 2 .
2 4 2.2, 2 7 A +12 R G]RC&+ CAT+12

[1+ £+ x RGIRTCTS 4[5 AR s A(A+2)

The one-pole roll off model of the Op-Amp has the gain A which is

(3.28)

where AO and Qg are the gain and 3dB bandwidth under open loop situation
-and GB is the gain bandwidth product.
With GB>>mo>>wa, the gain . may be approximated as A 2,§E-and then

the denominator of (3.27) can be written as -

w? s’ 4w L e 1?3 e, 12w
D= [ + 1. + [ (1+ )+ — + )= + [1+ ~ +
% qes? :wo4 GB T e?  qor? 0’ 6B cB?
1s | 1
= — .
35 | (3.29)
0
zsl
Neglecting the terms containing [GB"}: it is reduced to a cubic polynomial of
4wo 1 3 7w0 S2 1s
(1 15 :
D=z (1 Q) +(1+e )w * 3 ™ + 1. | . (3.30)
% 0

Since one of the roots is to be real we write

S 4(1+5)
D= '(s"z' 225 4 g Z)L s+ 2 1. (3.31)
: Q' w2 ) :
N 0GB mo

By equating (3.31) :and (3.30) we obtain

1
41+ 2 w' - S Tw
57___51_ fJ% + - = (1 + ——99—15- (3.32)
‘g Q 6B
%o 0 Mo
1
4l 1 1 | ©(3.33)
and — W+ == o . -
w: e . © we Q Qy
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! ) '
where "o and Q' are the deviated pole-w_ and pole-Q.
Aw w!' - w °

If 6§ = wo = ‘o m 2 and 8§<<1, then from (3.32) we have
0 0
4(1+ é) (1+6)u_ 0, )
T Pt 1-28 = 147 =2 (3.34)

The first term is negligible provided that Q has large value and therefore
- 0 ‘ (3.35)
§ = 3.5.§§- _

From (3.33) wé have

® _ .
Lyezsy 24 18 1

4(1+ Q-)(1+26) ST " g (3.36)
. wo

-0+4Q(1+28)— _ .
: (I $

so that gt = &0 B - (3.37)
o 1-4Q(1+28) o
: GB

AQ w v w, T :

In a more compact form: —§-= 4QAE%-provided that 4Q ?§<<1_ (3.38)

For compmarison we write w,, and Q deviations of state variable filter given

in section:2.1.5

Aw w w .
o 0. A ., O
'—ZI):)" =105 _GB > "'_Q = 4Q —‘GB . | (3'39)

It is seen that the frequency limitations of this filter are roughly
comparab1e td state variable filter. Other practical considerations include
Q—seﬁsitivities, gain, input impedance and ease of tuning. The Q-sensitivities.
are'relatively high and thus a high‘Q realization may not be stable in genefal,

unless the resistors and capacitors are matched to have the same deviation

- with respect to temperature change. The input impedance is low for high-Q
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realizations and the loading effect on:the‘operational amplifier may appear.
The gain is 2Q which is too high for high Q realizations. Tuning is relatively
easy. First we pick'values for R and C to obtain desired.wo and then.a&just

Rs to produce the desi?ed Q. Section 3.4 conﬁainsvexperimenta1 results

which indicate the relative ease in which a fourth order BP filter can be

constructed.

3.2 BP filter realization using positive feedback Q-multiplier

The ‘block diagram of a Q-multiplier.is shown in Fig. 3.12.

F(s) ~ —0 g

Fig. 3.12 Block: diagram of a Q-multiplier

0
. h-2s
For F(s) = —3 (3.40)
2 wo 2
ST+ — 5 +W
q 0
and constant B we have
o,
ifi;,=,_ F(s) _ = o h_fii > : (3.41)
e 1 - BF(s) w 2 A
s +(1—Bh)—%—s o
where Q = —3 | : (3.42)
- 1-gh ° : | ' A2



- The Q sensitivities with respect to a, B .and h are

. Q
q q
{3.43)
Q_.0_Q .
SB_sh_q 1.

‘The Q sensitivities with respect to any other varameter is calculated by

the chain rule

sQ - Q. 8. Qg
z q

q 2 (3.44)

where Sg is the Q-sensitivity of the original filter with the quality

factor q with respect to element z. From (3.44), the overall Q-sensitivities

Q

are a-times larger than the Q sensitivities in the original circuit without

feedback. By choosing a negative feedback type of filter for F(s) we
obtain low qésensitivities.and hence reasonable values for’the_bverall
Q-sensitivities.

A negative feedback type of band pass filter with low sensitivities
and least number'df‘components is- the "infinite gain multiple feedback"

filter shown in Fig. 2.8(b). Since the gain is 2Q2 and high and also.

the resistance spread is of the same order, thus this filter .is impractical

for high Q, high order realizations. A positive feedback on this filter

helps to overcome this problem as follows.

Using this filter inplace .of F(s) in Fig. 3.12 we produce the network:

‘given in Fig. 3.13.

e e TR i




‘Fig. 3.13 TImplementation .of (3.41)

For ideal 0perationai amplifiers and equal-C

RN
VO -Ra_ hwa- S :
V—l' = R'+Ra E ) R 5 (3.45)
L s“+(1-Bh)-2 s+y :
q o
1 1 R 2
with 930 = m: q = E’ RZ/RI’ B = ‘R-f" > h = 2q N
N . _ q. q | _ . |
The overall Q is Q = 1 -fh . - (3.46)

“The input’ impedance of this filter is Ri. The gain at the resonance
frequency is RhiR *. 2qQ and thus adjustable by two resistors Ri and Ra’
' i a

“The'wo.and Q sensitivities are




1 2 1 2
Q Q Q q Q 1_4Q
S~ - __S = S S = S, = T et (3.47)
R2 Rl q R2 q 2 2q p
Q . Q Q_Q ' g
Sy = -8 =83 ==_1, U
R Re B‘ q

Q

Thus the Q-sensitivities are less than r The value of q cannot be large
because of the resistance spread in the MFB circuit. With a proper choice

of Q and q however we may achieve reasonable sensitivity values.

- 3.2.1 Some practical considerations
‘The effect of nonideal bperational amplifiers on the performance of

the filter in Fig. 3.13 can be investigated by using one-pole roll off

models for Op-Amps. As before we write Al(s) = Az(s) = A(s) = sz; s
. a
- and approximate for ¥ << as A(s) = gga- In Fig. 3.14 we obtain
Vo ~2qw s o '
v, © o o w2 . - (3.48)
3 . 1__ 53+[1+ (2q+l)_9_152+ [_O * —O—']S'l"l,\)
GB ' *'q’GB q =GB o
AW
- r ¥
a = C, R
R, W v B 2
o——AMN ' 3 ‘ 1t ! G v
+, .*— W {1 _‘— + 0

Fig. 3.14 One pole roll off models implementdtion of‘Fig. 3.13
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1
i
H

where o = a2 '= -8 ang g = . =
Ri+R //R. ~ R, R. +Ra7/Ri R

And also
. L . L
Ry a’ O RETRIYy o il e

-

‘The gain of this filter is usually 'selected to be low to allow cascade

realizations in which Ra is ‘much smaller than Ri and Rf, provided that Q

~ 1s relatively high. Simplifying (3.49), we have.

R R . , _
V_l "R Vi + R Vo AV1 {(3.50)
B 1 f
or
-A Ra 'Ra '
VS- = _iTA_[f{; Vi + _}i;: VO] . ‘ , (3.51)

Since A 1 we can substitute (3.51) in (3.48) to obtain

1+A

Vo, ' 2aQwos
Vi1 3 195 2 By 6.2 | 2 (3-52)
g S +11+(2q+ HDEE'S +[—a'+ B - 2Baw ls* w
3 Ra//Rf : Ra .Ra//Ri R

a

~

i f £

The pole location changes when a nonideal Op-Amp is used. This change-is

reflected into the new pole-w and pole-Q. The denominator D of (3.55).

can be written in the form

2
S w
= (<2 O .. 2yl L o ;
D= (s +~67as gl )(GB S -+ '2) . | (3.53)
o

Following the same procedure as in section 3.1.2.1, we have

41
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(3.54)

-0 _ A0, wo .
5' =g "o ° (2q* B 16 .

For Q' < gE-which is usually the case it follows that §' < §.
o :

These values are satisfactory and thus the filter is suitable for high Q,
high frequency realizations. The feasibility of this circuit is verified
by experimental results for cascade realizations. of fourth order high-Q

BP filters at medium and high frequencies, which will be presented in

the next section.

3.3 Experimental results

In this section experimental results are given for two fourth order
band pass filters realized by the circuits in Figs. 3.10 and 3.13 as well
as a secoﬁd drdei band péss filter realized by the circuit in Fig. 3.14.
‘The specifications for these filters are

A - Fourth order BP: Center frequency = 5 kHz

1]

Bandwidth 250 Hz

Pass band ripple.= 3 dB maximally flat

B - Fourth order BP: Uenter frequency = 5

-Bandwidth 100 Hz

Pass-band ripple = 3 dB maximally flat

. C - Second order BP: Resonance frequency = 100 kHz

Quality factor = 10.
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.In cascade realization of a fourth order BP filter, two second order

sections have the following w and Q [1] .

: Q .
. LP 4 4 [ Z I 7 .
Q =Q, =Qp=—/1+5+ (1+ )" - 5 z*ﬁ;. (3.55)
V2 -8 8 5$°Q
LP
Wi BP (6QBP)2 _4 ]
ol,2 2 QLP QLP
1 ) BW :
where QLP = — for maximally flat response, § = o and.mm is the center

V2 , m

frequency. The overall gain at the center frequency is

I‘11‘2
2 7
QBP s

(3.56)

where K1 and Kz'are the gains of each section.

3.3.1 RC-NIC filter
Filter A was realized by the circuit in Fig. 3.10, and subjected to the laborat= -
ory’test:With thé values of,fm = § kHz and -~ BW = 250 Hz we can calculate

‘6”QBP’ and f01 9

§ = Eﬂ.g 250 Hz _ 1 _ .05 : (3.57)

fan 5.0z 20
Q,p = 28.28
’ = +
£1.2 = E,[1%.018].

For the center frequency of 4.961 kiz, the resonance frequencies of two
sections hecome

f01

and fO2

i

5.052 XHz
(3.58)

4.871 kliz.



Assuming C = .01 uF, then from (3.,25)..we obtain

R, = 3.267 k9, R, = 3.150 k2, R = 115 Q and R = 111 Q.
1 2T Sy s,

The actual values chosen were

- - L - - = =
Ra—‘Rb——Ra—R]')—R—le.i.OOSkQandC—QJnFi.OSnF,

R

1

2 1

3.25 K2 £ .05 kQ, R; = 3:37 kQ ¥ .05 k2, R_ = 118 Q(including the 50 ©

source resistam’:e)y and RS = 110 Q. Figure 3.15 shows the resulting circuit

2. ,
for this filter. MC1741C Op-Amps were used throughout..

R

- . : - R~1 .
+°’—'—W*"'"' k . ‘JWVT +
i e | c I

; R —
R .

=
At
)

Fizg.;;; 3.15" Fourth order band pass filter |

‘As cal‘cﬁlated'by (3.56), the overall gain becomes

Ay =22 - 1600 or 64 aB : (3.59)

R R
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'.Asvshown in Fig. 3.16 the experimental results closely support the; theoretical

predictioﬁ; the small discrepancy between the two is due to the noise at the

input.

3.3.2 Q-multiplier filter

Two realizations are given for the circuit of Fig. 3.13. One is a

fourth order BP*withtthe+5pecification§'givenhin-B'and.the~other“a%second;

order BP with specifications given in C.

Let us first consider the fourth order BP realization.

center frequency for-this filter is 5kHz and bandwidth 100 Hz

s . BW _ 100 _1

and f01,2 f [1 % .007]
which gives
= 5 kHz.
fOl 5.035 kKHz
».foz = 4.965 kHz

‘Q1,= Q2.=.70.7.
Since w_ = L
: o 2qRC
If we.choose g =5, then
o~ 7> To00 T -
o

From: (3.47) we have

SQ - _Sg = -(22—: 7., S
2 1 ‘q a f

=.0

, we may obtain désired”wovby changing q.

Since the

(3.60)

(3.61)

(3.62)

(3.63)



For the first section, with C =.10nF, R.l = 330 &2 and a gain of 5 we obtain

Assuming R, = 1 kQ then

R. = 133 kQ and R. = 50 kQ.
i f

For the second section with the same C, R, and Ra’ we obtain

1

R, = 31.14 k@, R.. = 50.8 kQ and R, = 137 kQ.

The actual values of the resistors and capacitors with their tolerances ‘are

bgiven in Table 2.

1 | 2 '
T et IT = = k

9, ZwolRlc 4.789 and hence R2 4q1R1 30.27 k@ .
and
_ a,

Q= 70.7 = —f-———7—-which yields Bl = .02.

1-28,9

The gain of the section is 5 and hence

Ra

§;~- 20Q = 5 and we obtain Ri = 133 Ra.

Table 2 "First Section ; Second Section .j
Element Value Value Tolepgnce
R, sk | 133 kR 5%
R, 1k 1 kD .01 kQ
TRe . 42.33 k0 | 45 kQ * .01 %0
R, 330 @ 1 3308 5%
R, ©28.40 k@ 29.67 kQ t .01 kQ
c ‘ 10.8 nF | 10.8ur £ .05 nF

L e g A a3



The actual capacitances are larger than the nominal.value and consequently-

the value of the resistor'R2 in the two sections is smaller to yield Wy -

‘Smaller R, corresponds to-smaller q and:smaller:f and as a resultfRf

2

decreases. The gain of this

| K.K. KK
A =L

2 _ 12 _ 5x5
wo Q262 2 2
Fig. 3.17 confirms the close
theoretical curves.

The measured gain at an

which closely agrees with

filter at the center frequency is

= 12.5 0r.21.9 dB.

(3.65)

agreement between the experimental and

output of 7 volts peak to‘peék,_is‘21.2.dB

the calculated value.

The limitation on the

maximum output voltage is imposed only by the slew rate of the operational

amplifier and the frequency of the operation. From

wV = SR
max
we have
V= 15.9 volts for SR = 0.5 V/us.
max

(3.66)

With %15 volt power suppiies, the maximum output without distortion was

measured to be 28 volts peak to peak, which confirms (3.66). Thus a good

dynamic range is provided.

The second filter of interest is filter C, which is a second order

band pass filter centered at a frequency of 100 kHz with a Q of 10.

We start the design with the ealculation'ﬁf,wo‘anva;deviation due’to'GBgof

the Op-Amp. From (3.55) and(3.56),we have

w 1. %
. ;ri'z 1+ (29 + aﬂ'ﬁgj

o N

!
(o]

andA

e TR e i



: 1
wo/GB . wO/wo
w Q!
1,70
1+(2q+ agﬁg

Gﬂ =
wio

OO i

We have
: w

w' o= o
-
1.Wo
/1 2ar 9T

(3.67)

For a typical operational amplifier like 741, the gain bandwidth product,

GB is 2w - 106 rad/s, .and hence

e

= 0.1.

2
uﬂo

(3.68)

The minimum value .of 2q +_%-is;2 V2 for q = 1—;andfthUS'the-minimum'd.eviati‘on

factors for

W and Q are

w' -w
O 9% .-§=.12
o .
e O
and
LI
Q QQ'~ ~-.065 ;
respectively.
In order

Q to 112 kHz

"With C = 1.45

il .
1 2qwoC

R, =

and B = ;lj
2q

(3.69) 

(3.70)

to circumvent the above deviations we may preadjust wo.and

"and 10.7, respectively.

nF in (3.48) and (3.49) we calculate

- 680 Q,

R, = 4q2R1 = 1360 9,

Xal

(1- 3) = 0.93.

L

L et ey D i e it

N



R .
2 , we assign Ra = 1 kQ and obtain Rf = 1.075 kQ.

Since B=
Re

For Ri = 9.86 kQ, the:gain becomes .1.4. The slew rate-effect for this

- filter is very important. According to (3.66) the maximum undistorted
output is 0.8 volt.. Since the approximation in (3.52), that Ra<<§f, is

no longer valid then for the desired Q.value of 10 Rf‘becomes“978 Q.

The measured peak frequency with the Q of 10 is 99.8 kHz. The gain is 1.1.
Fig. 3.18 illustrates both the théoretical and eXperiméntal_curves'with-
good agreement.

The following equipments were used for the measurements of the filter

characteristics.

Digital multimeter ‘Tektronix ~ DM502
Oscilloscope ; Hewlett—Packard  . 1220A
‘Function generator Tektronix "FG501
‘Frequency counter | Advance Instruments TCOA

Dual power supply Tektronix | PS503A
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CHAPTER 1V

CONCLUSIONS

Three second order RC-active band pass filters have been presented.

The single amplifier realizétion, which is based on RC-VNIC technique for
transfer function realization is superior to well known Sallen and Key

filter in terms of the lower Q-sensitivities; higher frequency response -and
lower number of components. .The’second‘realization using two operationai
amplifiers has improved Q-sensitivities in comparison to the original RC—NIC
realization. This is achieved by assigning a negative resistance for the
required buffer stage. This scheme contrives for the buffer amplifier to

play double roles. The third realization which is a multiple feed back filter
also uses two operational amplifiers. Reasonable Q-sensitivity, high frequency
response, independent tunability of W, > qQ, Rin’ and gain, are amopg the
prominent featureé that make the high Q, high order band:pass realizaﬁidns
practical. The experimental results are provided to illustrate the feasibility
.of the third filter, for high Q, high order and high center frequeﬁcy band

pass realizations.
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