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ABSTRACT

An engineering approach to integrated active RC filter design
is described. Complex filter networks are broken down into a
small famlly of cascadable second order filter bullding blocks
conslsting of tantalum thin film RC networks and semiconductor
integrated operational amplifiers. The same buillding blocks
are used for any desired fllter configuration such as low-,

, high-, or bandpass fllters, notch filters, etc. They therefore

' " possess the uniformity necessary for hlgh production quantities,

' batch processing and the economical advantages that go with
‘these methods.

A serles of three memoranda will descrilbe the filter design
method in detall. In the present memorandum (Part I), the
“eircult design conslderations leadlng to the second order build-
1 1ng blocks are discussed, and theilr hybrid integrated implemen-
i tatlon briefly descrilbed. In Part II the sensitivity and
;"’h\' - stabllity characteristics of the networks will be analyzed and
predicted performance compared with measurements made on some
. laboratory models. Some practical filter design examples.
wlll also be descrlbed in detall., PFinally, in Part III the
development of the ceramlc substrates presently being prepared,
that combine the tantalum thin fllm reslstors and capacitors
with semlconductor integrated operational amplifiers will be

? dlscussed.
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| . . MEMORANDUM FOR FILE

i : I.  INTRODUCTION

,“ . - Transmlission fllters have always occupled a
relatively large proportion of the overall equipment voluhe

in communication systems. The main reasbn for the 1arge slze
of these filters 1s the size of the inductors; Inductor

size (and cost) increases with decreasing frequency which

is one reason for the excessive space occupled byrfilters

'in low frequency and volceband communication'systems. As

more and more of the remaining circuitry, in particular the
digital circuitfy, in ﬁhese systems 1s being micrdminiaturizéd
using sémiconductor integrated devices, the discrepancy betweéh
filter size and overall equipment size 1s becoming increas-
ingly apparenﬁ. Because thls dlscrepancy is‘wideépread in

communication systems today, much effort 1is presently belng

devoted to fllter size reduction. The seemingly obvious

approach to attalning this obJective would be to microminia-

turize inductors. Unfortunately, thils cannot be done for a

variety of technologiéal.reasons [1,2,3]. The bnly alternative
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is to build inductorless filters. This is possible by com-
é < bining passive RC components with active devices such as
feedback amplifiers, negative impedance cqnvertefs, gyrators

and the like.

-_Engineering‘has been defined as the application of
ecientific principles and knowledge te produce an economic
solution to problems. Thus the subject dlscussed in this
memorandum may be considered as an attempted engineering

_ approach to integrated filter design. That such an approach,

| whether it be the one discussed nere or another, is called
fer at the present time is evident from the'disbarity between‘
the abundance of literature on active RC filter designs for

t

ﬁiCrominiaturization and the almost total absence of any

commercial implementations One reason for this is that

active RC fillters are generally designed individually for |

the wide variety of applications, such as exists in the com-

munications fileld. The individual production'quantities

are therefore invariably £00 1on to absorb the high tooling

and handling costs that go with integrated circuit production [4].
_(",- Thus integrated active filter networks have remained far too

costly for commercial use.

V To overcome the problemvef economical feasibility,
we have taken the same approach with integrated linear cir-

(F\ cuits that has proven to be highly successful with integrated
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_Qigital circuits.. It consiSts of reducing the number of
filter varieties by breaking complex fllter networks up into
; ‘r‘i a small family of basic second-order building.blooks. If'
these building blocks can be designed to be sufficiently
versatile to cover a large range of low-runner applications,

then they will be required in large enough quantities as to

‘F\\_ | justify the high costs involved in integrated circuit pro-
| duction; This concept of circuit standardization is vital
é . - to the economical success of any type of integrated circ@it
| and introducés design guidelines that differ fundamentally
from those pertaining to conventional circuit design [5].
Thﬁs integrated circults designed with the fewest numbqr.of
components to satisfy a particular requirement may bervery
much less economical than a more complex design that covers
a larger Qariety of applications, théreby increasing the
total production volume.
| it has been shown recently [6] that hybrid active

networks, consisting of tantalum thin film passive networks

and semiconduétor integrated active networks are ideally
i ‘r- suited for the design of low sensitivity active RC filters.
| Also the buillding block design apprdach, besides being economi-
cal, is particularly suitable for low sensitivity networks.
This is because network sensitivity increases rapidly with
( , the order of the network. Since sensitivity is a particu—

larly eritical parameter in RC active networks, 1t becomes
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impractical to design high Q networks with more than one

palr of conjugate complex poles per actlive section.* Higher

_order networks then result as a composite combination of

the separate activc sections, i.e., building blocks, each
realizing one pair of conjugate complex'polcs and the re-
quired transmission zeros. For ease of impiementation it

is desirable to have building blocks possessing inherent
isolating characteristics so that there is negligible inter-
action between them. In this way the transmission poles

and zeros can be individually realized by the corresponding
separate sectiOns. |

This memorandum describes the design of second-

orderT.hybrid integrated filter sections consisting of ‘tanta-

1um thin film RC networks and semiconductor integrated

opérational amplifiers. The sections display excellent iso-

“lating properties and thus lend themselves particularly well

to cascade design. Other configurations, such as parallel
connections of the single building blocks are also practicable.

The same bullding blocks are used for any desired filter

Negative real poles may be added without detrimental
effects on the sensitivity, as they can be realized by
passive RC networks.

The network ordér here féfers to the number of conjugate
-complex poles.
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configuration such as low-, high-, or bandpass filters,

notch filters, ete. They therefofe possess the uniformity
necessary for high production quantities, batch processing

and the écbnomicalladvantages that go with these methods.

" Amongst other things the filter design apprdach described '

here 1s a result of making full use ofrthe design features
afforded by operational amplifiers such as ideal summing'
points (i.e., virtual ground), very high input and Very low
output impedances. Operational amplifiers.in themselves

are attractive economically since thelr versatility ensures

“them a very wide field of applications outside that of active

filters. - ' ' - e

In the filter deSign method'deécribed'here, the

- required second-order network is decomposed into two sepa-

rate sections in cascade. The first consists of a passive

" RC approximation of the desired transfer characteristic.
| It provides the asymptotic response of the desired filter
transfer function. . The second 1s an active RC correcting.

“network, cdnsisting eSsentially of an RC null network and

two operational amplifiers. This is required to provide é |

frequency emphasizing response in the vicinity of the natural

- frequencies of the preceding passive RC network. Connected

in téndem the two sections provide the initial filter char-

acteristic accurately.

DATE FILE
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‘ The big advantage of this scheme 1is that all basic
second-order networks can be obtained by simple variations
of the passive RC configuration only. But for ohanges in
‘r‘? ‘ Vthe RC time constant of the null network, the active RC
| .correcting network following remains essentlally the samel
for éll‘filter applications. .As,will be shown, even these
circult changes can be minimized by fully utilizing the cir—v
q’l | ‘ cuit peculiarities inherent in thin film circuit technology
It should'be emphasized again here that it was precisely
~with a view to this circuit standerdiiation at the cost,
perhaps; of circuit simplicity, that.the filter design method
described here evolved Thus, for example, a medium damped
':second order 1ow—pass filter could certainly be designed '
”fusing a simpler active RC network than is suggested here.
“On the other hand, however, that same simpler circuit could
not be used to obtain.a high Q second-order bandpass network .
“For convenience to fhe reader, this memorandum
‘has been broken up into three parts. In Part I the circult
'design considerations 1eading to the second order filter
- building blocks are discussed. The hybrid 1ntegrated imple—
‘rh mentation of these networks is also briefly described. Inr '
Part Ii the sensitivity and stahility characteristics of the |
networks Willvbe-analyzed and predicted performance com-
pared with measurements made on laboratory models. Practi-

r ~cal filter design examples will also be described 1in detail.
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Finally, in Part III the ceramic substrates presently being_

prepared that combine tantalum thin film resistbrs and capadié
" tors with semiconductor integrated operational amplifiers

‘will be discussed in detail
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II. PRINCIPLE OF ACTIVE RC FILTER DESIGN USING FREQUENCY
EMPHASIZING NETWORKS "

1. becompbsition of Nth Order Networks

| | The transmission‘function of an Nth order Linear,
Lumped—Parametér, Finite (LLF) Network can always be obtained
 as;the ratio of two polynomials with'real'coefficieﬁﬁs in

the variable s, namely:

. T0<S).= %“= = n-1 . (1)

where: X = 1input signal
y = output signal

n>m

and the.roots of the numerator and dénominétbr polynomials
are either real orioccur in conjugate complex pairs.

| | In the active RC realizatio.a of this type of.func—
tion it has invariably been found 1mpréctica1 to desigﬁ
higher than second-order netwofks at a time. This is pri-
marily due to the relatively high transmission sensltivity
ﬁo'component variations of éctive iinearrnetworks andvté

the fact that this sensltivity lncreases rapidlvaith the

. order of the network. Another reason is that active lilnear
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networks are potentially unstable lnasmuch as their trans-

missioh poles are not inherently constrained from crossing

the jw-axis into the right-half plane. Therefore networks

of higher order are also moré difficult to stabilize. Thus

 ,.1t has become common practice in active filter design'to

realize any given Nth order transmission function by a cas-

cade of first and second-order networks. The corresponding

second-order transmission functions are obtained by factor-

ing the given Nth order chéracteristic into simple and

DATE FILE

biquadratic terms each having real coefficients. The trans-

mission function then has the form:

- m/2 :
H <52 + 20_ S +w2>
' 2y oz,

i=1 i

T,(s) - K

, o s + 20 8 + w

for m and n even, and

(s-2) II‘<32 + 20, 5 + wg >_'
T A 1 %/
o kg
: o n= v
i(s;p)‘ Hi <52 + Eopjs +‘w23>
v =1 .

n/2 ' . (2) .
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for m and n odd. Because the coefficients of each term are
real, the corresponding roots are either real or conjugate

cbmplex.

»2. .Decompositioh of Second—Ofder.Nétworks :

'. "Ffom the foregoing remarks it follows that induc-
.torléss filter design generally conéists-of_designing
_caScadable active RC networks to realize transmission func-

tions ﬁhoSé most general form 1s given by:

w .
82+-5-Z-s+w§
T(s) =K Z ' W
SE + P 8 + w2 - _ o .
: qp P_ :
'-ﬁhere.
v o ]
Q.='§'5 , , v (5)

q.is called the inverse damping factor and the'subscripts,

- DATE FILE

z and'p stand for "zero" and "pole" respectively. In general,

‘EQuatidn (4) defines a pair of cohjugate complex zeros and
boles as shown in Figure 1.

It 1s in the design of active RC equivalents to
thé basic second-order networks generally required, that

avallable active synthesis methods differ. In general,
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different active RC configurations are used for each basic
network. In the method to be described here, the required
Q-\ second-order network 1is decdmposed into two separate sections
in cascade. The first proﬁides a passive RC approximation
of the desired transfer characteristic. ‘The second 1s an
active RC correcting network such that the two sections in
‘-\ "'tandem'provide the initial characteristic accurately.r By
| ’foliowing this approach, basic second-order networks éan be
obtained-by simple variations of the passive RC configura-
tion only. PFurthermore, the active RC correCting neﬁWork
prbvides isolation between séction pairs so that complex
-fiiter configurations cah'bé obtained by cascading seéqnd—
order stages without thé‘need for buffer amplifiers.
We first consider the passive RC apprpximation
of Equation (4). Theoretically the RC realization of the
- numerator is not‘restricted in any way,'i;e,, the roots of
this polynomial may be 1ocated anywhere-in the complei fre- -
quency plane. If we donfiné_ourselves ﬁo three terminal
RC networks,’however,vthen'the.zeros of Equation (4) are
r exéiuded fr-omft;he positive réal- axis. It 1is in the realiza-
'4tion of the denominator that the major limitation imposed
by passive RC networks becomes apparent; The roots of the
denominator are the natural frequencies or ﬁhe transmission
_-‘r~ poles of the network. They are therefore restricfed to

'the;negative real axis of the complex frequency plane
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(including the origin and infinity) and they must be simple,

1.e., of first order.

The roots of the denominator of Equation (4) are'

defined by an equation of the form:

s~ + % 8§ +® =0 - - iy' _a. (6)_

Figure 2 shows the locus of the roots of Equation (6) for
q varying ffom zero to Infinity. As g 1é increased from

zero, the two poles approach each other on the negative real

axis starting at zZero and minus infinity, respectively ’The

~two poles coincide at
®1,2 7~ % S -
where

q=q, =05 | - (8)

cr

: For 9 > 0.5 the two poles become conjugate complex and lie

on a semicircle of radius w. For 1nfinit1y high g the two

"poles finally end up on the jw-axis at a distance of *w

from the'origin.

From the foregolng discussion, it follows that

Equation (4) can only be realized accurately by a passive

RC network so 1ong as qp i1s smaller than 0.5. In general,

DATE FILE
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the specified inverse damping facton nill_ekceed thisilimiting _
value, 1.e., the required transmigsion poles will be conjugate
,’.7 ' complex; This is the case to be oonsidered here, since from
a practical point of view 1t is the starting polnt for active
RC network synthesis |
| _ For the general case that qp 1s larger than 0.5
¢,I. Equation (4) can be approximated by selecting a new param—
| eter dg in the denominator such that 1t is realizable by a

,passive RC network. _Therefore,
9R <05 . o (9)

and the correspondling passive RC transmission function ‘is

given by:

o
o 8 + EE 8 + mg _
i Tp(s) = Ky ——= - (10)
‘ s+ s +o -
dg D

.Where KR is a scaling:faotor determined by the.impedanoe
level of the RC network. The pole-zero_diagram of Tp(s)
is shown in Figure 3a. ‘

- To obtaln the- characteristic originally specified
by Equation (4) TR(s) must now be multiplied by a correct-

ing function T,(s) such that:

qR may not equal 0.5 since the negative real poles of an

RC network must be simple.




ﬁ SR TA,(S_) - TR(s) Kp - - 2 (11)

. whére
P
S Ky = - (12)
| L o A KR S o
_and’by'definitioni

:~Since the inverse damping factor in the denominator of this
'_efunction is larger than 0.5, 1t can only be realized by an -
"active RC network when inductors are not to be used.

| 7‘At_this point it 1s of interest to examine the
‘ active:oorrecting function TA(S) more cloSely; Since we
are reetﬁicting ourselves tO’second-order networks the ex-
'pression given by Equation (11) 1s the most general to occur.
r\ | By definition, the zeros of T, (s) are negative real, the -
| ' poles conjugate complex. They are geometrically related as

'shown by the_corresponding pole-zero diagram 1n PFilgure 3b.

1 L_eIntrOGuoing_thevnormalized angular frequency ' S

f . o=z - (14)

p
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the amplitude response of the correcting function is given

"by:
-, o ST 1/2
(4-0) * R
® ' B-0) +3
9%
= .
Q_faro» 1
1T (30) [, - x, (16)
~and fOr'O = 0:
| (m)lm—KA (x7)

 Thué the response approaches the .constant value KA at high ’
and low frequencies and is symmetrical to the normalized
’ \ ‘ A -angu1ar frequenecy N = 1.' The peak response occurs at this

- frequency and 1is givenlby

| By =1 Ty (30) | oy *,;ﬁ Ky RET:)




‘two frequenciles 1s

E-1328 (11-63) T I | N

As a result of the expressions given by Equatlons (13), (16),
(17), and (18), it is clear that the correctionvfunction TA(S)

defines a frequency emphaslizing characteristic as shown quall-

-.ﬁatively by the plot of Equation (15) in Figure 4. Thus
' frequency emphasis 1s required of the active correctiﬁg net-

wefk in the vicinity of the_undamped ﬁatural frequency o ef

p
Equation (4). 1In effect 1t simulates the resonance or energy’

storage properties common to LC,_but unobtalnable with passive
RC networks. R | - :

The frequency selectlvity of a Frequency Ehﬁhasizing
Network (hereafter referred to as an FEN) can be defined in
the conventional way namely by the quality factor Q (see |
Appendix A). .This 1s the ratio'ef the normalized»centef fre-

quency (Q = 1) and. the bandwldth corresponding to the two

f_3 db frequencies. _Referring to Flgure 4,_the 1ower‘of these

-

. ;& _
where
: d

1 1 -

: +1 - = _ (19)
S obay o Ea T

9%

AA' - /4& - eq.Rz | | (20)

DATE FILE
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Since the two -3 db frequencies are gedmetricaliy symmetrical

to the center frequency Q = 1, the higher frequency results

1 f’\ as

‘=5 o _»,(211).
'ﬂ\ and
| | QFEN = %ioﬂ .= A5 =‘/‘ qg - 2q§ : , (22)

The proposed method of active network design can

) . now be summarized as follows:
] : ¢ . g t

1) A given nth-order transmission function To(s) 1s

partitioned into a product of second-order charac-

teristics with real coefficlents:

.~ n/2 T
"ToéﬂTi(s) . ':'__(23)

i=1
,If n 1s odd a first-order factor will be present in
this product.
2) Each second—order'term Ti(s) is in turn decomposed
into the product of two second-order functlons. The

. first 1s reallized by a passgive RC 2-terminal network
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that determines the basiec, i.e,, the asymptotic
filter characteristics of T (s) The second is a
| ﬁ | universal active RC FEN that 1s independent of the

filter type specified by T (s) and provides fre-

quency emphasls or LC resonance properties in the

vicinity of the undamped natural frequencies of

' T, (s). .
o These two steps are represented symbolically in :

Figure 5._ By following this procedure we shalllsee later how
| ‘ _ active filteres can be realized by a family of general-purpose
integrated circuits. They can be obtained by simple modlifi-
_cations of a single universal filter building biock First, ;A

¢

' however, the decomposition of some representative second-

;

order networks 1is illustrated : n; i
. . ’ S

l

!
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'III. ILLUSTRATIVE EXAMPLES OF SECOND-ORDER NETWORK DESIGN

It may already be clear to the reader,' at this
polnt, that the only netwbrk synthesis involved in the pro-
' eedure described here 1s the passglve RC realization'ef the
transfer function TR(s). Since we are initially restricting
'ourselves to second—ordef networks, this 1s not a very for-
- midable problem. It becomes 8t1]11 less so if TR(s) can be

selected as a transfer immltance, In this case, the passive
.RC networks can be syntheslized without having to consider
'_their driVing—point properties. As can be seen from Fig-
1 ure 6, this 1s possible, if for example,“the input impedance
to the FEN 1s negligibly small. In this case, <

TR(s) =2

W -

- - Iyl (24)
EO=O '

1

If this expression.is valid, a paésiye RC 2-port must be
“desighed'to realize a specified short circult transfer_ad-
mittence. Numerous synthesisvtechniques exist for this
purpose [7,8,9]. RC ladder networks are obtalned for trans— 
~mission iefos on the negative real axls including zero and |

'ihfinity. When imaginary transmlssion zeros are required,

‘balahced networks wlth more than one transmlssion path between

1hput and output invariably result [10,11]. Applylng some

DATE FILE
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”ef the circult configuretiens'resulting from these syhthesis
methods, in particular'thqse‘suggested by Balabanian and
, Q’\i | ‘Cinkilie [12],*.the short ¢ircult transfer admittances of
| ' a number ef fepresentative second-order RC networks were calcu-
vlated in Appendix B. .The results are complled in Table 1.

To obtain a specified voltage transfer function

; q ‘ T(s), the transfer functlon of the active correcting network
. to be cascaded with the'passive RC 2-port, characterized by

"Equation (24), results as:

td""
O

A(s)- = 0Zy ], . (25)
. 1I,=0 : - '
where the designations refer to Figure 6. _
The decomposition wlll now be- illustrated by some
P - . -examples. Equatlions (24) and (25) have been assumed to apply.
| We first conslder a second-order low-pass filter whose vol—

-htage transfer function is given by:

e
0

s

These configuratione were derived using the synthesis method
advanced by Hakiml and Seshu. A
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where

and

The amplitude résponse.défined by this tranéfér funqtidﬁ
depends on the parameter qp as shown.by the plptted.curves
in Flgure T7a. |

‘ The decompositioh into two sections first consisté
of finding the corresﬁonding passlive RC network to approxi-
mate the response specified by Equationv(26).' Any‘one oq
the three networks_under (1).in Table 1 can be used. Wlth

the configuration (lc) and assuming p = 1 we obtain:

(s) -mp2 1 - )
Ta(8) = [y5,15 = . ' (27
_ R - gl 3 R 4= + 2.66wps + wg

i

where Qg = 0.375. The amplitude response for this value of

dg i1s shown in Figure Ta.

- The response of the FEN results as:

_m(s) _ R 8° + 2.66w 5 + W
Ta(s) = [25]y = ‘T"R';f'sly - TR £ (28)

DATE FILE
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The amplitude response of TA(s) ¢an be obtained
' from Figure Ta by substracting the curve for qR = 0.375'from
t ' the curve for the particular value of qp required and sub-
sequently scaling 1t to obtain a peak value of 8qu/m§.
Cascading the RC network with an appropriate FEN, the second-
order low-pass filter specified by Equation (26) can thus be
' réalized by the low-pass conflguration shown in Table 2.
' The other examples ghown in Table 2 were derived
by using Table 1 and following precisely the same procedure
‘as described above. The normalized characteristics of the
first four are shown 1n Flgures 7a'to 7d for a limited range

of the parameter q

p’ , }
The poles of the RC networks were chosen arbltrarily .
in these examples. The consliderations determining thelr
choice will be discussed later. Amongst other things 1t
wlll be shown that for simpliclty of FEN design, they should |

always be chosen with the same inverse damping factor dg.

Iv. THE DESIGN OF FREQUENCY EMPHASIZING NETWORKS

" ( In this section the deslign of the active correcting
/ network whose response Vis gpecified by Equation (11) will
: be discussed_. As was pointed out earliler, this response 1s
invariably that of a Frequency Einphasizing Network (FEN).
r Depending on the application in questlon, the main differencé
y

v between FENs, beside the particular frequency of operation,
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1s in the degree of'frequency emp(hasis required‘. Highly
" selectlive networks, such as high Q fbandpass sectibris, will
“\ require ver& much more frequency emphésis at the "resonant"
frequency ﬁhan say s criticaliy damped low-pass network.
FEN design w;lll therefore be consldered separately for these
two dilfferent types of applications. Iﬁ will be shown later,
? however, that the deslign of the one 1s very similar to that
| of the other - so that both configurations can be simply
derived from one and the same network.
| The analysis 1n thls sectlon.ls made aésuming
ldeallzed active devices and passlve comﬁonents. It is in- -
tended pri‘marily' to show the circult desi»gn pfinciples with
~whilch the FEN‘s_c:an? be obtalned. . A detalled analysils ,willl
follow in the sectlons on FEN sensitivity and stabllity, in
Part II of this mexﬁorandum. ' ' |

1. Medium Selectivity FENs (MSFENEs)

Conslder the block dlagram shown in Figure 8. It
consists of a"n 1nve\.r-t’ing Voltage Cdntrolled Voltage Source
(VCVS) i, a noninverting VCVS B, and a feedback network
t TNV(s). The transmis'siﬁh function of this netwdrk is given

by

. ' o ‘
Tple) =g (8) = - 1+uB‘-L".'rN(s7 : (29)
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If TN(S) 1s the transfer response of an infinite null network

as given by

TN(é) = Ky - . - (30)

2 .
(s) . e
8) = K 31
F F o O 2 (
n

where

Kp = - T;ﬁBK; | (32)

~and

It is shown in Appendix D that a passive RC Twin-T

ﬁetwork has the voltage transfer fesponse given by;Equa—

“tion (30). For the potentially symmetrical Twin-T shown 1in

Figuré 9, we then get

- DATE FILE
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1 . -
oy = RC | o . N . (34)
- =z S (39)
and )
Ky=1 | R (36)

The factor_p glves a measure of the Twin-T symmetry. For
values of-p between zero-and infinity,'qN~varies between
zero and 0.5. The upper 11mit,.of course, coinCides with
the constraint on q for passlve RC networks as expressed by
Equation (6). Furthérmore; 1t 18 clear from Equations (30)
and (33) thatVWhen~uﬂ 1s larger than zero, dp willl be lafger
than qﬁ, Thus, as discussed in Sectioh II, the tranémission

function given by Equation (31) 1s fhat of a Frequency Empha-

slzing Network.

S'etting Equation (31) equal to the desired correc-

tion function given by Equation (11) we require that

ay = 9z ' (372)
QG = 9 © (37p)
® =0 | (37¢)

DATE FILE
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‘and
¢ - K =KA- B - (374)

The require‘d overall loop-gain of the FEN in terms

of the specified correcting function TA(S) then follows from

| P | Equations (33), (36), and (37), namely:-
q ' o
. e =R -1, o (38)
: qR o — _ '

It will be shown later that as a feedbaek‘network
the FEN:must be stabllized by:frequency compensation net-
works to avold parasitic osCillations. Thls process can be

_greatly gsimplified 1f the gain of the amplifier B in the
»feedback loop does not exceed unity. This 1eaves the forwerd
gain u.(see Figure 8) to satisfy Equation (38). This eque-‘
- tion 1ndicates that dg should be chosen as closely to 1its
upper limit value 0.5 as possibie,td eeonomize on the,ref
f | quired gain p. Equation (35) shows that ag can'be made ﬁo
| r apj)roach 0.5 by using_an asymmetrical Twin-T for the notch
fiiter TN(s) in which p 1s much larger than 1. Thie, however,
brings both a technological and a circult problem with 1t..
In ahy avallable microminiaturization'technique,fhigh resistor

3 ( values are difficul't to produce with any prEcision. When
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1n_the Twin—T_is a factor of two, since qN Increases from

27 -

using tantalum thin fi1lm resistors, for instance, 1t becomes

" increasingly difficult to realize values in the order of

250 Kf)or higher for reasons of resistor stabllity and re-

quired surface space. Furthermore, we have implied by our

“derivation of Equation (31) that the noninverting VCVS B 1in

Figure 8 does not load down the precedihg notch filter TN(S).

This 1s desirable so as to'be.independent of variatlons of

~the lnput lmpedance of B; It 1s only true, however, as long

as the series resistor R(1+p) (see Figure 9) is negligibly -
small éompéred to the i1nput impedance of B. This, of coufse,
limits the maximum permissible'value of pQ In-any event,
the_most that can be achleved by going to extreme asymmetry

t

0.25vt6 0.5 as p 1s 1increased from unify to infinity. 1If

" we conslder the maximum gain that can be obtalned from the

forward amplifier W, with say, no more than 1 percent drift

in gain, 1t willl be typically in the order of 40 db. Thus,

from Equation (38), the maximum obtainable value of a4 would

only be increased from 25 to 50 by golng to very‘large values

of p. This 1s still much too low for most high selectivity

applications. We shall gee in the next gectlon that there

is a much more effective way of Ilncreasing the maximum
avallable value of qp than to use an asymmetrical Twin-T.
This method, incidentally, will actually require the Twin-T

to be symmetrical, i.e., p = 1.
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From the above discussion, 1t follows that the
circult configuration shown in Figure 8 1s only suitable for
f!\ ~ medium values of qp. In this class of applications the
grounded unity gaiﬂ VCVS B can be realized by an emltter-
follower or a Darlington pair. The forward galn stage K -
» v_should have a summing point at whiéh.the input and feedback
| ,’\ | signéls can be added independently.A Its gain should be well
controlled and easily adjustable and 1t should invert the
incoming signal. These reQuirements can be satisfiled close
to 1deally by an operational amplifier in the 1nver£1ng mode.
The practical FEN circuitlis therefpre reallzable by the

. configuration shown 1in Figure 10. 'The'corresponding trans-

mission function i1s given by

Rp 2 % 2

. b 8 +—8 +® , .
TA(E) =T Ry 5 © - (39)
: o l4 g o8+ EB'S +'mp
Q P

» where"v'_‘ A _ : ‘ o o
Ko A - I (3

From Equations (18), (39), and (40) the transmission at the

bpéak frequency s :_Jwb 1s given by
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Ty (J0)

S

L )

W= _
D=

The response at high and low frequencies is'given by ‘Equa-

“tions (16) and (17) respectively, and equals

Talae) |

T, (J)

w=0

The approximation in Equation (42) 1s valid when Rp >> Ry
A noninverting unity gain operational amplifier
represents a closer approximation to an ideal grounded VCVS
than a Darlington palr.
tance and output impedance made in the'above derivatlionsg are
satisfied more accurately for this case and the galn 1s
~¢loser to unity. The corresponding circuit configuration
: is shown in Figure 11. The same transmisslon functlons as
| those derived above hold for this circuit, in fact the approxi—
‘mations made in them are.satisfied more accurately.
There are some important advantages lnherent in
the FEN configurations shown in Figures 10 and 11 when using
operational amplifiers. Due to the virtual ground at the
input to the inverting amplifier in the forward transmission

path, the signals from the passive RC network and from the

:

TR

The assumptions of zero input admit—,'
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feedback path can be added independently of each other. Be-
cause of this and the 1solation afforded by the voltage

amplifier in the feedback path, the baslc parameters of the

.network can be adjuétéd for very simply and independently of

one another. This followsrdirectly’from the transmission
functions of the nétwOrk Equation (40) shows that the in-
verse damping factor qp which determines the selectivity of
the FEN can be adjusted for by varying the resistor RQ |
Nelther the frequency nor the peak forward gain of the net-
work are thereby effected. Similarly the peak galn is inde-
pendentiy determined by the resistor Ry {see Equation (41)]

and the peak frequency by the RC product of the notch filter

that this latter parameter wlll be adjusted for by selecting

the corresponding capacitors so that the resistors and with»,.

them the dc operatlon of the network can be maintained in-

- variant. Due to the very low output impedance of operational

amplifiers, another advantage obtalned with the FENs shown
in Figures 10 and 11 1s that the 2-section circuits shown in
Figures 5b and 6 can be cascaded with essentially no 1nter-
action between individual circuits. _ 7

~In the sections on FEN stability and sensitivity
1t will be useful to know the root locus of the FEN trans-

mission functlon given by Equation 39. This 1s particularly

DATE FILE

‘in the feedback loop [see Equation (34)].  We shall see later :
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slmple to obtain. We recall first the geometric interdepen-
dence of the zercos and poles of the FEN, which was illuetrated
_i‘ﬂ\x in Figure 3b. By inspection of Equation (30) ﬁe find the i;%
o samebinterdependence between the zeros and poles of the notch |
ﬂ‘; . filter TN(s) We recall that the poles of TN(s) are the open
| loop poles of the FEN at which the root locus must begin
j".\ (1.e., for p = O)_end that the zeros of TN(B) are the open
loop zeros of the FEN at which the root locus must end (1.e.,
for B = o), It 1is easy to see-then that the root. locus
xlEtarts‘at the negative feal transmission zeros of the FEN
»and thenvfollows the semicircle with radius wp about.the
oﬁigin. The root locus is shown 1in Figure 12 and as 18 to
bevekpected, corresponds exactly -to the construction shown

in Figure 3b.

2. High Seiectivity FENs (HSFENglI | _
o  As a resuit of the expression given by Equation (38)
| the fequifediloop gain W of the circuit shewn in Figure 8 is
propertional to the specified value of qp and inversely pro—
poptional to qR; Since qR is the inverse damping factor of
(’\ a passive RC hetwork, 1t 18 restricted to values between ” ES
70,25 and the‘ﬁpper 1imit 0.5. Thus typically the required

, 1Y
high Q bandpass networks WP may therefore be required to take

1ooprgain B 1s approkimately three to four times q... For

(’\ on very high values. It was pointed out in the previous o
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section thét this résults in stébility problems with the
FEN. One way of alleviating the stability problem 1s to
'[;3 réstrict the gain of the amplifier in the feedback loop to
unity. This in turn introduces sensitivity problems, because
all the géin required for high gelectlvity must be obtalned
frbm the forward amplifier M. The'larger L is chosen, the
] €[ : less 1t can be desensitiéed to -ambient variatibns by feed-
| back and the more the gain will drift.
A solution to this problem that avolds critical
gstability is to use an actlve null,network for_TN(s) in
Equation (29) whose.inverse damping factor qN caﬁ be chosen -
arbitrarily but whose forward gaih is unity. In effecq, this
means adding a second feedback loop in the configuration of
- Figure 8 without altering the loop conditions of the origl-
nal feedback network. Instead of looking at the new conflgu-
ration as a double feedbaqk loop, however, it is simpler to
COhsider it as a single feedback loop with an active‘unity
"gain null network in the feedback loop. ‘
The active null network 1s shown in Figure 13a.
‘.}  From Appendix E, Equations (Ef12), (E—31), (E-32), and (E-33)
we obtaln the followiné transmission function for this

network:
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2 2
E 8- +w _
1 out _
’ 8 + E—-— B + w
Na
- Where:
R
- 1 L
-_KNa T 14r (1+p)R+RL (L44)
e, = s o (45)
q = 1 p(l+l") v (46)
Na ~ 2 {I-B)-(1+p) ¥ op , (
and
= (1+p) Ri‘; o (47)
For the cése‘that B=1{(1l.e., unity-gain vditage'amplifiér),

iz - (48)

r

q =
Na B=1

ol

V'.Expression (48) is plotted as a function of r in Figure 14,
- Clearly for large values of qN , T must be made as small as
possible, - From' Equation (47) 1t follows then that R; should be

made as large as possible.  However, similar conslderations

- to those restricting the maximum value of P 1n the preceding
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section (see discussion of Equation (35)) impose an upper

ﬂ 1imit on RL here. The 1npu§ impeda_nce of the voltage amplil- |
fier foliowing the passive RC null network 1s in parallel
with R;. To be sure that the ratiovr 1s deﬁermined by passive
resistors only; RL mus t remain very ﬁuch smaller than this
e » input. 1mpedanc‘e. Furthermore, when realized as a semico‘nduc,—
tor or thin film integrated resistor, the maximum value of
Ry,
contrary to the case of the passive 1nf1nite null network

1s limited in value to abqut 250 K. On the other hand,

used 1n the preceding section [see Equation(35)]nothing

1s to be galned in this caée by making p larger than uqity.
In fact, the required RL for a glven dyg C2n be decreased
5y»actually making p smaller than unity. (See Figure 47.)
To accommodate both the passive and the active infinite null-
network cases,bit'therefore bedbmesrpfacticai tb use a
symmetrical Twin-T network in the FEN with p = 1. With

values of r <<»1

- . N . . -" 1 . : . ’ . )
. ‘ q ~ 5= . (49)
Referring to the network in Figure 8, but substi-

tuﬁing the transfer function of the passive null network TN(s)

. r . by the active network TNa(s) (see Figure 13b), we obtain the

new closed loop transfer funetion:
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E,

Tra(s) = &, (2) =~ T T, (8) (50

Substituting Equations (43) to (47) into Equation (50) we

obtain:
L
- 82'+ s+ a)2
' Eo | Ayg n
TFa(s) T E, (s) = Kpa ) (51)
. 1 2 n 2
' g8 4 —— 8 + W
pg n
where:
Kgg ]f:%jﬁi {52)
: " 1+ :
dpg (1 + 1+r Iya (53)
With (46), Equation (53) can be written as:
_ P, 14+r+up » '_ .
ps =2 TITR)(I4p) * pF - (58)
For B = 1 this simplifies to:
_ lirip
QFa 6:1 - 2r ) (55)

DATE FILE
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With r << 1 and p >> 1 this becomes:

"~ A, = . (56)
_ S Fa B=1 2r |
whereby r =" when the Twin-T 1s symmetrilcal.
L T

,!. : With a unity gain noninverting operational amplifier
(B = 1) and a symmetrical Twin-T (p = 1) we obtain the
‘configuration shown in Figure 15. For thils case the coeffi?
clents of the transmission function given by Equation (51)

»*
become:

) (14r) « SE
- - L :
Kpa = = - R, | (57)
l + r + N
Q . . .
R
l+r+ ﬁE _
_ Q
: qFa - - O o » - (58)
(. where
| 2R ' o
TSR . - (59)
| % | ‘
: "~ Strictly speaking Figure 8 is not the accurate equivalent ,
' diagram for the network shown in Flgure 15 because 1n Flgure 8

the forward gain p is entirely within the feedback loop. Thus
Equations 2573 and 258; can only be derived directly from
Equations (52) and (53) if p is assumed to represent the

forward gain of the network and the symbol "up" represents 1ts
loop gain. Thus by inspection of Figure 15 u = R./R, and
uB = B. Rp/RqQ. The same comments apply to Figure 8 with
respect to Figures 1O and 11. _
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~ and qy, is given by Equation (48). Since in general:

. - R :
0 | R O E>»1
] _ : , o Q

| B ~ and - S
L T

Equations (57) and (58) can be simplified as follows:

R T
~ - -9 :
Kpa = = R - (60)
and ¢
o R = S
1 F ' :
UQpg = 27" R, : (61)
' Q
 For this case qy, 1s given by Equation (49).
i B - | The peak transmission ocecurs at the frequency
. g = Jw, and equals: |
T =K. et _ ﬁE | (62)

At high and low fréquencies the response approaches the

: fl\! constant valug KFa,_i.e.f
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' (]_ + 2R EE :
ﬁ | | Rp/ Rg g
A ' ) ' TF(J(D) = TF(JU)) = R (63)
' w—0 woe gL 2R + _F
_ _ . R
Q
In general this value 1s approximately equal to ﬁg .
- G
_1 . , At this point 1t is instructive to consider the

S root locus of the FEN with an active null network 1ln the
| feedback loop. It can 5e derived from the transfer function
given.by Equation (50). The root locus stﬁrtsat the openv
'loop.poles and ends at the open loop zeros, which in this
. case are identical to the poles and zeros respectively(of
TNa(s);» The zeros of TNa(S) result directly from the
numerator of Equation (43).  The poles depend only on the
~resistor ratio r when, as assumed here, B =1. The root
locus for ﬁhis particular case was derived-iﬁ Appendix E
-and shoWniin Figure E.2. The zeros and poles of TNa(B) for
a speciflc value of r can therefore be assumed as in Fig-
'F\ . ure l6a. The root locus of the.poles of TFa(s) (see Eqﬁa—
| tion 50) as a function of p (since B = 1) then lies between
'these two pairs of critical frequencies as aisbtshown in.
Figure 16a. A typical pole pair for TFa(é)'for a given value
r of r and p 1s shown in Figure 16b. The zero pair, which

coincides with the poles of TNa(s) 1s also shown.
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From Equation (53) it follows that
T

Therefore the expression given for TFa(s) [see Equation (51)]

and the corresponding pole-zero disgram shown in Figure 16b

define the frequency characteristic of an FEN as required.
The next stép therefore 1s to equate TFa(s) with the requlred
active correcting network T, (s) given by Equation (11). To

do so we should 1list a set of four requlred identitlies such

.. as those glven by Equétions(37a‘ to d)._ However, in this

case ohly three are possible, namely:

14

gy =9, - (658)
o =@y o (esn)

and | | |
Kpa = Ka | | - (65¢)

" The fourth, namely that'qNa = dp is, df course, not possible

since we have generated conjugate compiex FEN zeros (i.e.,
conjugate complex opeﬁ 1oop.poles) With the active null net-
work. These cannot accurately candel'dut.the negative real
poles introduced by the approximating RC network preceding

the FEN. Therefore, when cascading an RC network whose general

short circuit transfer admittance 1s of the form gilven by

DATE FILE
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Equation (10), with a high selectivity FEN characterized by
ﬁ | - Equation (51) an error in the overall response 1g introduced

of the form:

Cn -
82 + 2 5 + m2 o
'3 9Na p
C TE(S) = m - (66)
t .2 2
P ' » 8°+-=L s + o
. - - 9y p

o ASince Qy, 18 larger than qR; Tg () defines a Frequency "

: Attenﬁ_ating Network of medium selectivity. Its response

approac.he_s unity at high and low frequencies and is symmetrical

to the normalized frequency O = 1. [SeerEquat‘ion (1.] Minimum

fransmission occurs at this frequency, namely: -
il

B = 175000) 5oy - & . (e

Ass‘umihg Qg = 0.25 and the unity gain 'amplifier in the:feedback

P loop (i.e., B = 1) the maximum transmission error can be
: r expressed with Equation (48) as:
I | | 5 =3 T - (68)

Pl

A qualitative _plot. of the frequency response defined by»TE(s),
r is shown in Figure 17.
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The frequency selectivlty of a Frequency Attenuating
Network (hereafter referred to as an FAN) can be defined in

the same way as for an FEN (see Appendix A). Referring to

Figure 17 we find the same exbreésions for the -3 db_frequencies

" as those glven by Equations (19) and (21) excebt that here:

: - Qpd |
q=aqp = 2R He - (69)
v %Na 2qg
Therefore:
. 1 . agdy S '
B ool P ~ (70)
- Oy SS%- D3 S
' S v Na 9R

In many'highlj selective filtering applications,

'in particular those involving singlé high-Q bandpass sections

only, the error TE(s) can be ignored.: Generally such applica-

: tions reduire the flltering of a particular frequency or group

bf frequencies (e.g., "tone pickoff filters") or the exclusion

of others_and are not concerned with the detailed shape of the

_frequéncy response, In_those_céses, howevef, where an‘accufaﬁe‘
| &mplitude or phase fespOnse 1s required’ahd‘sbécified by a '
 .particular transfer function, then the addition-of what might

‘be ter@ed the parasitic zero-polé.pair defined,by Equation (66)

' jwill.be_unacceptable. It must theh be compensated for by
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cascading an MSFEN of the type described under IV.l. The

response of the MSFEN will, of course, be the 1lnverse of

that given by Equation (66). An example of a high Q bandpass

netwbrk whose response 18 accurately given by:

T(s) = K —" - (1)
82 + -2 5 + o2 R
qp p
 where
ap >> 0.5

. -

18 shown in Figure 18. As shown in Appendix A; Equatiqn (A.41)
" the Q correspondingltorthis transmission function 1is equal ﬁo

’qp. Without the compenéating MSFEN network the Q is a more

1 o complicated expression and is given by Equation (A.84) in

prpendix A, 1f we let:

44 = qp
.-qE'quNa

and
3= 9
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Assuming gliven values of ag and qNa the requlred value qp

% corresponding to a specifiled frequency-selectivitva is
' 1 gsolved for in Equation (A.86).  This expression 1s plotted

in the Appendix in Figures A.7 and A.8.
In general, a double FEN section will only be

required for the dominant poles of a high selectlvity,

!!. precision filter; In some cases 1t might even be possible
to utilize the parasitic pole-pair defined by Equation (66)
to realize part of a desired frequenoy response in which
case no double FENs would be necessary.k |

The same advantages of 1ndependent network
parameter adjustment that are obtainable with the MSFEN cdn—r
figurations shown 1n Figures 10 and 11 apply to the HSFEN
oonfiguration of Filgure 15. In fact, as a comparison of the
~ two network types shows, the only difference 1n the HSFEN
configuration is the added feedback loop and the RC network.
loading the Twin-T. Beslde usling RQ for independent FEN ;
~gelectivity adJustment;_we now also have the varlable r for
( thils purpose. The cholce of thevse'two variables for a given
valué of»qp will bo discussed in the soctions on FEN sensi-:
‘tivity and stability in Part II of this memorandnm.-
V. FREQUENCY REJECTION NETWORKS (FRNs)

? | ' Pheoretically there 1s no Justification for picking

~ out second order Frequency Rejection Networks (hereafter
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f o referred to as FRﬁs) frdm the family of networks realizable
| by cascading an RC network with an FEN, As was éhown under

Qﬁiﬁ 'Séction III in Tables 1 aﬁd 2 they can be realized in

- precisely the same way as any of.the other second order
hétworks listed there. Practically,'howevér, there 1s an
important reason for doing so. FRNs fequire transmission
Zeros as ciose to the Jw axis as possible. The RC appfoxi-
imating networks that wiil supply'these conjugate complex
zeros are invarilably nétworks with more fhan one transmission
path betweeniinput and output terminals. The Twin-T is an
example bf such a network. Transmissilon zeros are obtéined
by critically:balancing the two parallel signal paths for
zero transmission at the desired frequency. This entails-
high precision trimming of the network compohents - generally
qf the resistors. Methods of efficlently performing this
tuning process are'avaiiablé [13,14]. Neverfheless, due to
the high degfee of precision required thevprocedure_is always

% : - relatively time consuﬁing and therefore expensive in production.*

‘ : It 1s, theréfore, desirable to restriect this type of balanced

nétwork to a minimum.

Unless very high quantities (yearly business in excess of

' ) one million dollars) Justify full automation, the tuning
process 18 a manual one priced at approximately 20 cents -~ .
per minute, h ' S
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Since a precision tuned Twin-T 1s already incor-
porated in the FEN, the question naturally arises whether it

! g ! alone could not be used to realize the general transmission
function of an FRN, which has the form:

. . . : n :
_ 4 ' - 82 +___§ s + w2 o

instead of cascading a second Twin-T with an FEN as shown for

instance in Example (4) of Table 2. Fortunately this 1s
indeed possible with the active null network used in thet
.HSFEN as shown in the following.

FRN With Active HSFEN Null Network
"~ a. Voltage Amplifier With Gain Larger than Unity

A We conslider here a network configuration that 1s

more general than that discussed in Section IV.2 (see Fig-

‘ﬁre 13a). It 1s shown in Figure 19. The difference between

ﬁhe two networks is that here: . - o
P | | - r#ec - (73)
and |

B> O ",' . (74)
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From Appendix E we can readlly find the network parameters
‘required for a specified transmission function of the type

‘given by Equation (72). From Equations (E. 20) and (E. 21)

~we find:
o o (15)
1
® \° o _
Tre =(w 2) | - (76)

From Equation (E. 30) the necessary gain B is given by

| . . |
) n n )
B=».1+%3%5 (1+c) (5—3) %(;—2-) +c¢ - 1} (77)

- If a nonlnverting operatlonal amplifier is to be used to

provide the galn B, then one of the followlng two lnequallties

must be satisfiled:
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q 1 - <_..g> +.._.r1g

P “ny wnl
c > —=: T (79)
' “n “n .

94 (zrg> +1|- 5=

| ™ _ ny

These constraints guarantee the required value of B to be

larger or equal to unity.

The modificatlons required of the active null
network used in the HSFEN to provilde thé general FRN trans-

fer functlon glven by Equation'(72) are not very extensive.

The fact that the resistor ratio r and the capacitor ratlo c

need not be equal does not affect the circuit configurat1on

but only the actual resistor and'capacitorAvalues. A siight

.change in conflguration 1s necessary when B 1s requilred to

be larger than unity (assuming that one of the lnequalitiles
glven by Equations (78) and (79) 1s satisfled), since the

HSFEN 1s deslgned with B equal to unity for stability reasons.

Referring to the HSFEN network shown‘in Filgure 15, the gailn

of the noninverting operational amplifier designated An can

be increased from unlity by adding an appropriate resistor

from the inverting input terminal to ground. Since this may
effect the dc offset voltage of‘An, some adJustment of the -

feedback resistor may subsequently be necessary.

DATE FILE
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It is shown next that 1f a unity galn amplifier
18 used so as to retain the HSFEN active null network exactly,
the realizable transmission functions will be limited.

b. Voltage Amplifier With Unity Gain

Setting B = 1 1n the network shown in Figure 19
does not affect Equations (75) and (76). From Appendix E,
[see Equation (E. 34)] the inverse damping factor however

now becomes:

i
2

r(1+r)(1+q)] : eA,» ” '(80)

q"
p= .1

r+c

R

i.e., 1t depends only on the resistance ratio r and on the

ecapacitance ratio e¢. Furthermore ;rom Equations (E. 35) and

(E.36) of the Appendix, these ratios are no 1onger 1ndependent

’ but related by the two requirements that-

(&)
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_and
w 2 ®,
q 1 - _._g +_..._.g
P w w
A v | n,/ _ ny R
c = ~ = : - (82)
o )
qp + 1]- o
V™M J ™M ;

- For physical realizability, r and ¢ must remain positive.

As can be readily derived from the results giVen in Appen-

aix E this limits the range of realizable frequency ratios

" w_ /o_ as a function of q_, as follows:
n2 ny : P

2 [ /JiZ 4 } 2 __1._{ /52 1+ }
= {\/ 4qp +1 -1 < “’nl,,< Z v qu + 1+ 1p (83)

~These limits"are'plotted'oﬁ'semilogafithmie paper in Figure 20.. - - .. .
Ciearly the range of obtainable frequency ratios decreases
rapidly with 1n¢reasing qp. Thus the configuraﬁion shown in
Filgure 19 with B = i 18 only of general use in realizingA. '  "§
transfer functions of theAtype given by Equation (72) when |

low values of q, are required.
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VI. HYBRID INTEGRATED CIRCUIT TECHNIQUES

In the preceding sections, the circult techniques
with which to realize the proposed method of active RC filter

'design have been dlscussed. We willl now consider the device

techniques at our disposal with which to reallze these net-
works in microminiaturlzed form.

The two most important conslderations that deter-

,mine the cholce of a particular 1ntegrated circult technique

are the cost of production and the required degree of clrcuilt

insensitivity to ambient variations. For sufficlently high

production quantlties, however, préduction costs will not

differ appreclably with-the Integrated cireult technique'
appllied. In this case the circult sensitivity requirements
- declde the approach to take. This 1s particularly true in

the fleld of active linear networks which often have to com-

pete in performance with the low transmission sensitivity of

high quality passive LC networks. It has been shown [see

Referenée 6] that hybrid integrated circuits, in which semi-s-
conductor integrated actlve devices are combined with tantalum
thin film reslistors and capacitors, are very weil éuited for
the microminiaturizéd 1mp1ementation of linear}active networks,
provided that cilrcult characteristics can be made to depend

almost exclusively on the tantalum thin film components.
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Highly stable circuits then result, due to the high quality
.g-‘ " of presently availlable tantalum thin film components (see
\,é v Tab1e>3). In faet if indeed 1t 1s possible to design networks
o whose characteristics are determined by the thin flilm charac-
'teristics, then the resulting network may actually exhibit
less sensitivity to ambient temperature varlations than 18
"“\_ obtainable with hilgh quality passive LC networks. This 1is
evident from Tabie 4 in which the frequency drift wilth |
respect to temperature of tantalum thin‘film RC.netmorks is
Vcompared with that of standard and high quality LC netmorks.
Due to the capability of matching thin filmbresistor and.
;capacitor temperature coefficients, the maximum frequency
drift of a second order network will not drift by more than
0.15 percent over e temperature range of 50°C. Furthermore,i
‘again assuming that pole gtabllity is determined by the
thin film components only, the Q of a second'order.network
will remain essentially constant with temperatufe varietions.
o - The method of desensitizing active RC networks that
A(" “ affords the most versatility in network design is to minimize
separately the actlive and passive sensitivity'coefficients
making up the pole sensitivity of a second order network
| [see Reference 6, Section III.2]. In the present context
¢r§ this gspecifically means stabilizing the active devices of the
FEN individually_with high precision thin film-feedback

networks to the extent that the closed loop gain is determined
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by these networks‘only. For thles to be possible high open

ioop gain devices are required. Fortunately, they are also

: '-\; ’available and at reasonable cost in the form of semiconductor
| Vintegrated operational amplifiers. As was pointed out
Aearlier the use of operational amplifiers also provides the
isolation w_it-hin the FEN to provide independent parameter
| P | ad.justability' and, between bullding-block stages, to provide
independent cascadability. - o
) An important advantage of tantalum thin. film resis-v
8 tors is that they can be very accurately adjusted after deposi-
tion by trimvanodization [15]. This provides a one-way
'-resistor-vernier'adjustment by converting the top layer of
‘the mEtal'(e.g., tantalum nitride) resistor £f1lm into an
'insﬁlating £41m of tantalum oxlde. Thus; individual.resistors
that determine_eitner'the frequency;ﬁgain or Q of a network
~can be adjnsted while it}is'in its normal mode of operation [16].
This process of resistor adjustment is limited to within
'approximately 50 percent of the initial resistance value. To
| provide initial coarse resistor adjustments, scratchpad
<'k techniques are used. for this purpose the resistor is tapped
.at giﬁenvintervals by a short cilrculting shunt‘path.' The
resistor can then be increased to the desired amount by
'-'scribing open a particular shunt path. The taps on the resis-

(rsf ' tor can for instance be distributed to give a binary series of

pesistor values (see Figure 21).
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The poésibility of scribing open thin film con-
’ duqtion paths can be further utilized to increase the
ﬁ versatility of thin film networks. Multiple conducting
" paths corresponding to a varlety of circult configuratidhs
can_be initially deposlted on a ceramic substrate. Sub-
sequently, all paths excluding those fequired for a particular

appiication can be scribed open_and thus made inoperative.

This approach is used extenslvely in the design of the'hybfid
active fllter networks'described here. |

In developing the hybrid integrated TOUCH-TONE

Generator the "piggyback" circuit construction, using separate
resistor and capacltor substrates, was found to offer a useful
.»Bélution to.two technélogical problems [17]. The first is
the fact that tantalum thin film’capacitors require some
" degree of protection as they are sensitive tq humidity and
‘cannot withstand physiCél abraslon. Therefofe,,with the
."piggyback" construction the capacitors are deposited on one
s ,i : sﬁbstrate and a prdtective substrate placed on top of it
f'\ . “with a .003 to .006 inch gap between the two.  This gap 1is
filled with a polyethylene-polybutene compéﬁnd by a vacuum
" impregnation process whilch has been shown to improve the -
, ﬁumidity sensitivity of the capacitors appreclably. The thin
!r\ ' £ilm resistors are then deposited on the exposed surfaée of

the upper substrate onto which the semlconductorintegrated
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active devices are also elther bonded or beamrleaded; This
leaves the resistors accessible for final precision adjust—
| ‘[“, ment by trim anodization. It also simultaneously alleviates
f. ’ the second problem, namely that the fabrilcation of thin fllm
esistors requires a processing sequence that 1s different
' from that required by thin film capacitors. By depositing
“15._ tne capacitors‘on a separate substrate a high yield of
' esistors and capacitors can thus be maintalned. |
For the same reasons as those mentioned above, the
piggyback" construction 1s belng adopted for the development
1_ of the_hybrid active filter networks. ‘At the same time, how—
7 ‘ever, tnis'approach lends an added degree of versatlllity to
their design. Since the'FEN circuit is essentially a dc—coupled
jf“ ' feedback network, it is desirable to maintain essentially the
| "same de resistance level in it for all applications. This is
,A also desirable to insure minimum. offset voltages due to the

‘operational amplifiers. By using a separate capacitor sub—

R AR R e e e

strate, the RC products determining the frequency of operation
E ‘[' | can be varied by gselecting an appropriate capacitor substrate |
without affecting_the dc operation of the network. Thls does
_,not, hoWever, involve manufacturing a completely new,capacitor.
subStrate‘for each required frequency. This can be seen byr
‘7 considering tne physical configuration of a thin film capacitor

as shown in Figure 22a. The narrower of the two capaciltor
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electrodes determines its capacitance. Thus the range of
capacitor values required for a given frequency range can be
covered by making the lower (larger) electrode 1afge enough
to produce the largest required‘capaqitor value. All the
remaining (smaller) capacitors are then obtained by appro-

priately narrowing the upper electrode. Thus only a varlety

of ubper—electrode production masks are required to cover:

a given frequency range. For a glven application requiring

s limited number of operating frequencles the corresponding
‘capacitors can be obtained in a very much simpler way. This
is‘;llustraped in Figure 22b. The upper electrode consists

of as many interconnected sections as the number of freAuencies
required. By scribing open,.i.e., discqnnecting spegific
sections, the capacltors can be coarse adjusted to the»fre—

quency of operation. Filne adjustments are then obtained as

before by trim anodization of thé corresponding resistors.

VII. ALL PURPOSE FEN/FRN BUILDING BLOCKS

By affectively utilizing the above mentloned hybrid
integrated circult techniques, basic second-order circults
_can now be obtained wlth one and the same reslistor-capacitor
subétrate pair. A multipurpose RC ladder network can be
realized by the configuration shown in Figure 23. The con-

ducting paths corresponding to the various filter options

required are initially deposited on the upper of the two
substrates. Subsequently to-obtain,a speclific filter charac-

teristic, the approprilate paths are openéd as indlcated.
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The multipurpose network shown covers only the
first four transfer admittances listed in Table 1. By
adding two resistors and 6he capacitor together with the
corresponding conducting path options, the remalning trans-
fer admittances listed under 5).and 6):o£ Tab1e-1 can also
befobtained‘as shown 1n Figure 23b. To prevent a substrate

from beéoming too crowded with conducting path options, two

: basic‘substrate palrs designated Types I and II respectively

are foreseen, which cover the applications 1 to 4 and 5 and 6

listed in Table 1, separately,

In Figure 24a the combination of the multipurpose

'_Rclnetwork with the actiVe correcting network ap deposited
' 'on ﬁ single substrate pairvis_shdwn, Again, all conduqtihg}
.paths are depdsited allowing for_the.various filter options _:

..mentioned earlier. Also, although not shown in the figure,

the conducting paths leading to the noninverfing»VCVS B are
arranged»in Such avﬁay.that either én operatioha1>amplifier
or a beam-leaded Darlingtén transistor palr can'be directly
bonded onto the filter substrate. The terminal connectlons
required for the vafious filter‘dptionéfand thé methods of

ngugting the parameters of the network which ﬁere discussed

- under Section IV are summarized in Table 5.
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_ The RC notch filter incorporated'in the FEN/FRN
18 shown in Figure.24b. As discussed in conjunction with
Equation 48, the Twin-T used 1s symmetrical. This choice

. constitutes a compromise between the requirements of the

’ MSFEN and the HSFEN. As a result the inverse damping ratio

corresponding to the RC notch filter [see Equation (35)] is
equal to 0.25. As a direct consequence [see Equation (37a) ]
the inverse damping factor of the RC networks TR(s) mus t

have the same value, thus in all cases..

Gy = ag = 0.25 (s

{

Operational amplifiers have very low output

_”impedances._ This means that when used as an FEN, 4in which

. case the terminals are connected as shown in Figure 24&,

_~'Similarly, when applied as an FRN with the terminals con-
" nected as shown, we againvhave an operational amplifier at

.‘_; the output of the network and the output lmpedance 1s very

low.  In both cases there 1s essentially no interaction

',between’a cascade of filter bullding blocks. Due to these

' isolating properties, complex filters can be built by cascad-v

- DATE FILE

~the output impedance of the total building block 1is very 1ow.”'“

ing appropriate bullding blocks. Typical filter configurations

might thus look like those shown inﬁFigure 25. The network
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, configuration of a sixth order maximally flat low-pass
ﬂ g!\ filter with a single rejection frequency is shown in
| Figure 25a., It conselsts of‘an RC ladder network Inter- _
spefsed with two FENs and an FRN to give the rejection fre-
quency. Similarly a typlcal fourth drder equiripple bandpass
q’. ‘filter would also conslst of ah RC ladder network with two;
FENs as shown in Flgure 255. In Part II of this memorandum

some practical design examples of complex filter configurations

are given in detail. , Czi fS Q \
Wﬂv&'\,\
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APPENDIX A

DEFINITION OF Q

_ _ Some confuslon exists wlth respect to the definltion

"of the gquality factor Q of a network. Thils is reflected by the.
numerous dlscusslons that haﬁe been pﬁblished on the subject

recently [A.1-A.6]. It 1s even more evideht‘from the fact

Q" that the definitions vary qulte widely in textbooks on network
analysis and synthesls. There may be some Justification for
ambiguity in the fleld of conventional LCR networks; since a

’ aifferentiation must be made betwéeh the quality factor of |
reactive components and the quallty factor of, Say, a tuned
LCR-tank. In the field of inductorless active networks however,
it seéms unnecessary. | | | |

Let us consider the second order bahdpaés network .

whose transmission function 1s given by

s ) '8

. g) = . = l

TBP( ) Kgp (5+p ) (5+D,) Kpp s + 208 + a°
. L o o

« . aw

" The corresponding pole-zero dlagram 1s shown in Figure A.1l, the

frequency response in Flgure A.2Q Referring to these two
figures, Q has been defined by wb/Qo, wn/éo which is identilcal
,.‘(’ with 1/2f, and wp/(wh-mz). Only when o is very small, i.e.,

when the poles are very close to the Jjw axls, are'these terms




E-1328 (11-63) : _ o '
Appendix A - 2 v _ o DATE FILE

approximately equal. waever'in RC active cireuit deslgn, where
passive RC networks are often considered by themselves, the
,7 expressions above can vary significantly.
| Q’k | It seems sufficlent to distinguish between two
different terms for the characterization of actlve RC networks,
A namely the inverse damping factor g and the frequency'selec—
tivity Q. They are related to one another but are only
r" - 1dentlcal i1n speclal cases, - |
. The inverse damping factor 1s a theeretical term
r | that determines the location of a particular pole. It is.

given by:‘

__.a___l_ . ‘
97356 7 2T . L (2.2)

where w, is the undamped natural frequency, o 1s the dlstance
of the pole from the Jwéaxis and £ 1s the cosine of theiangle~
beﬁween the pole and thevnegative real axils,

| The frequency selectivity Q 1s a practical, easily

measurable term defined as:

‘r" o ' -
‘ | Q= 5o A.3
5l (8-3)

' wb 18 the frequency at which the steady state transmission 1is
| maximum and (wh—wz) 1s the bandwidth between the two frequencies
‘r- . bat ﬁhichvthe maximum transmitted signal power 1s halved or
the signal level reduced by 3 db. The high and low half-power
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frequencies are the geometrlic mean of the peak frequency,

 namely:

- - | 2 e ey (A.4)

(Dp = (Dh'mz

The theoretical term g 1s quite general and can be
applied to any second order network for which 1t specifies the
| ,.‘ A 1ocation of thé corresponding conjugate complex pole pair.(see
footnote on Page L4 of main text). On the other hand, by nature
of 1ts practical definition the froquency selectivity Q is only
applicablé sensibly to symmetricalibandpass and bandstop .‘

networks.

t

' "A.1 Second Order Bandpass Networks 7
| The inverse damplng factor q results directly from.
the locatlon of the poles of the.specified transmission func-
tlon and requires no further elaboration. As we shall see |
further on, 1ts use cén be expanded to oharacferize the zero
location of a network. In both cases g lncreases as the pole
or zero approaches the Jo-axis. | | v
(’" ' The frequency selectlvity Q has,so far only been
defined 1n physlcal terms and 1t remalns to be shown that it
is d;rectly related to the 1lnverse damping factor. To do so
we must first find an.expression for the frequéncy of peak
3 (f- transmission in terms of thé»transmission poles.
| | Let us conslder the pole-zero dlagram of the trans-

mission function given by Equation (A.l) which 1s redrawn in
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~Flgure A.3, The corresponding frequency response can be
~A'expressed in terms of the vectors shown in Figure A.3 as

follows:

BP 'ﬁi%E ! o | (A.5)

| T(Jw) | =K
The area A of the trlangle formed by the three
polints P15P5 and s = Jw can be expressed by:
A= %uluegin o | (a.6)
and also by:

A = 3(2w,0) (A.7)

But for a constant scaling factor, this 1s the frequency
response of a second order lowpass filter expressed as a
functlon of the angle @. The peak value KLP/Ewa ocecurs

when @ = 90°, The corresponding peak frequency-[mp]LP

occurs at the intersection between the jw-axls and the circle
whose dlameter 1s the 1line segment between the conjugate com-
J plex pole pailr, (see Figure A.3). Therefore [wp]LP equals

{4
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Referring again to Figufe A.3:
p=a+p (a.9)
@,y EE B
tga = —5 o - (A.lo)_
' (Dc"‘"'V ' O S :
. tep = —% o ~ (A.11)
. from (A.9), (A.10), and (A.11):
5 _ | . _
= St (AA,'12)
w% v2 S o
__7?_
o
Solving (A 12) for v, we obtain ‘
- - - 1/2 o
v o= [w% - 02 + wac-ctg¢] (A.13)
From (A.5), (A.8), and (A.13) we therefore £ind:
| T(Jw) | = a[b+ctgq>]%-sin P -~ (A.14)
whepé
K ‘
2F (a.15)
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and o
a% -'02 T _ :
b =-—éa-)-c—;a——- , , : (A.16)

' "o obtain the angle 9, at which the transmission is maximum

" the derivative of (A.l4) with respect to ¢ 1s taken and we

obtain:

| M_LJ.‘P_U = 2 [_2(b+Ctgcp)cos_ o - sin cp_'l]_ (A 193

do 2 (b+ctge)?
Setting_(A.l?) equal to zero we get:

b+2 sin ¢ cos ¢ + 2 cos2¢ -1=0

Therefore

besin 2¢ + cos 29 = O

With (A.16) this becomes:

tglp = —IL— g o (a.a8)

or

tee, = & (A.19)

Q]
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Substituting this value in (A.13) we find:

V=0 = | o ,-'»_ (A.20)

“The peak frequency of a second order bandpass filter wlth a

".conjugate complex pole pair is thus equal to the undamped

natural freguency Wy . This 1s shown graphically in Figure A. 4

The peak transmission value follows from Equation (A.1) as:

-DATE FILE

f - JBE . _BP .
Igp = %6 = o d IR _(A-Zl)

If the two poles of the transmisSion functlon giVen by

eEquation (A.1) are negative real, the corresponding pole-

zero dlagram is of the type shown in Figure A 5 ' The fre--
guency response, expressed in terms of the vectors shown in .

the figure are _agaln given by Equation-(A 5) Similarly the |

area A of the triangle formed by the points pl, pe, and

= Jw cen be expressed by;

'A;é,%;luésin'w | :. ,- fﬁis(Afﬁ)
}and elso}by; | | |
: A = %(pé-pli?Q_ N . s';(A;2é)

Letting | _ | | |
(pgpy) = ¢ S (a.23)

42
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and equating (A.6) and (A.22) we find:

1 _ 1
- p-lp-a pev

- sin g . - (A.24)

A_Substituting this expression in Equation .(A.S) we get:

- m(s) =%sm 0 | . (A.25)
T(8) can now be expressed in terms of v. Referring to

Figure A.5.

- DATE FILE

S o
tga = —;'-:—L- (A.26)
Py - ’ '
tgp = —= . (D)
and
g=B-a L ~ (A.28)
| V'Thei'eforex
Po-Py . .
1+ 12 . : A
-
Y
' Fi'om_(A.l) we find:
PiPy = O | o (a30)

C\EB
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and with (A.23), Equation (A.29) becomes:

v +(Dn

?8¢-=-'29Lé (a3

Sincez'

| ol o | etng-—fE2— o w3)

Jittg o -

Equation (A.25) becomes: o

DATE FILE

m(s) = _ v_ | (A.33)

1/2 ¥

.[(,,2 . “’ﬁ)g + P2 ?2]

Taking the derivative of (A 33) and setting it equal to zero -
we can again solve for the value of v = Yy for which

Equation (A.33) has a maximum. Thus we find
V_=m =0 - (A.20)

™ This 1s the same result as was found for the case of conjugate
complex poles. The peak transmission value is therefore also
given by Equation (A.21).

| It may be of interest to obtain the peak frequency
o = &n graphically. For the conjugate-complex pole case, 1t

P
is of course simply the distance from either pole to the
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'coorﬁinate origin. In the negative—rea} pole cése it 18 the
. rgrapﬁical solution to Equation (A.30). This is given by the
familiar geometrical construction shown in Figure A.6;
| Having obtalned the peak frequenpy cnp, the half-power
bandwidth ' | ' -

BW = o - ®, ' _ : . (A.3l4) |
remains to be calculated. From Equatlon (A.l) the amplitude

response 1s given by:

| ?(Jo) | = Kgp ° — 72 (8.35)

(- o) vuet] -

'The_half—power frequenclies for this expression can be obtained

A .
by setting it equal to TBP/J'E . From Equations (A.35) and
(A.21) these frequencies are given by the two ‘solutions to the

quadratic equation: _ )

‘,’32

i
O

' 2
+ 200 = @

: ff'(A;36)

which are:

@ = /asle+o§+o. (.A..37)1
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. g o - T _ _ |
f\ | , | wp = / “’n§ + P -0 ' (a.38)
- Forming the product of o and wz-ﬁe get:
, Q." ' O ®Pp = @ - (A39)
whiéh; with Equation (A.20) proves the statement of’geometric
. symmetry expressed by Equationv(A.u). The 3 db bandwidth

follows from Equations (A.37) and (A.38) as:

CBW = o, - oy =20 - (A.%0)

This expression. 1s valid accuratély.whethér the two tfanﬁ-

.mission poles afevconjugate complex or'hegative“real.  In the
i - . latter case however 1t 1s more-conVehient tovéxpress the'band-
width in terms of the real poles Py and p2 than In terms of o.
.From Equation (A 1) we find: T |

Bil = 20 = p; + P, (A1)
Comparing Equations (A.20) (A.30) and (A.41) with Equations (A.2)

‘rk' and (A.3) we find that for second order networks of the general
form given by Equation (A.l): |
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- ® P1D .
: n T1v2 _ .
= Q = e = o - (A.ll-l)
Q’BP _ 20 plfpz I _
‘F‘\ lFufthermore this relation applies accuratély whether the two

transmission poles are conjugate 'complex or negatlve real.

' 'A.II' ' Frequenéy Emphaslzing Networks

The transmission function of an FEN is given by- :

r | | 82 + 20,8 +m$l
, ' ‘ T (8) = K_ ’ Ab2).
' - CF F 8% 4208 + 0° R (, )
- : _P:_ np
. where
o <o ©(A.43)

P Tz

To derive the steady-state fr"equ'ency‘ characteristi_c
of TF(s), it 1s useful to introduce the normallzed angular
frequency - '

o,

ae®

_and the i_nverse ‘da_mping factor gilven by Equation’ (A.2). The
'k ( ~ amplitude response then follows ag: o

10

1.
NN
NOIF—'
§
e
\-/
o
_ +
' -t
|

rpla0) | = Ky (A.45)

-~
&I
H
|-
I
R I~
- wo)
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BERCEORE!

S O e (859
r R %_0)4_? | .
A o p

.:Multiplying out we obtain |
? (1-{)2)'2 - 02<—12- - -%) =0 ' o '(A,6"o)
- N g . T

With the substitution:
q2q2 ' S i "”, ' - .
9FaN ~ T&;—z - - (a.61) |

“Equation (A.60) takes on the same form as Equation (A.52) and -
all' subsequent results are fofmaily the same except that'qFEN
© “1is substituted by dpaye Therefore, by substituting Equation (A.61)
' _- into Equation (A.56), the frequency selectivity of the FAN result
o CFAN - Opy 2

~ (A.62)
- 2
2qp‘v

remains real.

\ - . Due toA the limitation given by (A.58) this expression always
A
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where

%> o (a.4e)

DATE FILE

'fFor the symmetrical FEN, = @ and Equation (A.45) becomes:

n, — n,
e MR
| _ 1(%—()) +-§g _
| Te(30) | = Kp - — (A.47)
F T | iR
<n 0>+;§ a

As undef Section A.1l, it can be Shown_that the peek value ofv,

(A.47) occurs at 0 = 1 and is given by

The half-power frequencies of Equation (A 47) can be obtained

by setting it equal to TF/V/§ thus-

-3

(a8)

G- _?<-E> _ (490

qp
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This can be simplified to:

(1&()2)2<q§ - 2§§> -0 | © (A.50)

Bywintroducingxr

> 2 2

dFEy = % T 29, (A.51)

Equation (50) can be further simplified as follows:

02+ -1=0 o  (A.52)
: qu . :

This is the normalized version of Equatioﬁ (A.36). Thus,  the

_ two -3 db frequencies in normalized form are glven by:

o . /1 1 s ~
. AFEN - ERN L
| /T 1 | - ~
_ Qp = — ] - —— : (A°54)
AR , 4q§'EN T L - . o
These two frequencles satisfy the condition for geometrical

symmetry, namely

Oy =1 (A.55)
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The frequency selectivity of the FEN results from Equations (A.53)
" and (A.54) as | |

1l ' 3
OrEn = o<y T 9FEN D
Since the FEN 1is charactérized bj condition (A.46) the expres-
sion under the square root cannot, of course, become negative.

A. III Frequenqy Attenuating and ReJection Networks

We start out here wlth the same transmission func=-

tlon as is given by Equations (A 42) and (A. 45) except that

here:
Up > UZ (AOST)
L_‘In terms .of tha Iinverse damping factor:
a, < q, - (A.58)

- A p ’

'=Undar these circumstanoes and considering only the symmetfical

FAN, we get the amplitude response given by Equation (A.47).

This is maxlimum at zero and’véry high frequencles where 1%

- approaches the constant value KF. For this case, thefefore;

the half-power frequencies are obtained by setting Equation (A.4T7)

equal to K././2, namely:

i)o«"
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The frequency selectivity of an FRN (i €., Frequency

Rejection Network) or notch filter is characterized by the
“ka ; special case of Equation (A.42) when o, = 0. Thils corresponds
to Equations (A“AS) and (A.47) when q, = . Thus we can‘derive

| the frequency selectivity of an FRN by letting q, approach

infinity in Equation (A. 62). We obtain:

oty e

-iA.iV Second Order Bandpass Network Inco ‘oratin High
. Selectivity Frequency EﬁpﬁasizinngetworE EHEFEN);
"From the main text (Section‘IV 2) it follows thatva'
high Q second order bandpass network 1is generated by cascading'
an RC ladder network and an HSFEN (High Selectivity Frequency
Emphasizing Network). The corresponding transmission functlon
18 of the form: | | |

.' : , 2+—£s+2 : :

b : . m(8) =K - o - . — (A.64)

i : - : _ ‘ Y~ n_ , .2 2 n 2 ’ ”
8 +-E— g + o 8" +-—=8 + .

d, corresponds to the poles of the RC transfer admlttance and

q3 is determined by the poles of the specified selective net~

4? 'work. Belng a high Q network, q3 is by definition much larger

_‘[ EE— than ql Finally the characteristic of the HSFEN is that its.
| zeros are not restricted to the negative real axis, in other

words ds is larger than qq- vThus:
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ey <ay < dg. - (A.65)

Equation (A.64) can be written as follows:

| o T(8) = Typ(a)eTp(s) . (A.66)
.~ where
o Tpp(s) = Vgp * ——5- - (a.67)
s° + -(—1-3- 8 + o o
W
g 82+(—;BB+0.)121 _
Te(8) = Ky - = ~ (A.68)
n o
8 +aI 8 + (Dn
and‘ '
K = KppeKg 0 (a69)

'TBP(S) ‘15 the actuai transfer functlon desired, 'TE(s)‘ c_oh- :

' stifuteé an error in thé resultihg frequency response,

: ( Obviously 1f, as 1s the case for the _MSPEN- (Medium Selectivity
AFre'quency Emphasizing Network), qé were equal to qi than the Q
of the overall network would be equal to q3. Since thls 1is
not the case here, the Q of the overall network represented by

( | the transmission functilon Equation (A.64) must be calculated

separately.
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The normalized ampllitude response corresponding to

‘Equations (A.64) or (A.66) 1s given by:

g

-, - 1/2
K (‘% >2 L |
S . = - + =
“n 95
1 2 1 (%— - o> + 2
r = -0) + ——2-] 7z
_ ay
q3 J_. -
(A.70)
The peak value occurring for O = 1 is given by
A K ql -~
L S (A.T1)

The'-3 db (1.e., half power) frequencies can now be obtalned

as before. For convenlence we first Introduce the substlitution:

, A o
Setting Equation (A.TO) equal to T/,/2 and making the above .
substitution we find: |

( : ' B 2 W2q§+1 1 | (A:'73)
’ ;2q§ + 1 waqi + 1 ' ’
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This can be multipled out to gilve:

' 2 2 2 :
qy + 495 - 29 . : B
( ? ‘ _ wll- + W2 1 232 21 _ 212 =0 (A.74)

;W1th the new substitutions:

& - | - | | (A.75)

2 .
~- q-q o -
Q5 = 3 | - (4.76)

O
()

i
o
o
no

and v(
2 - L
W = 9195 (ATT)
Equation (74) becomes
22+ L -G =0 (4.78)
1 %
| ( ) The roots of thils equatlion can be found by 1nspection. The

negative root has no physical meaning. Thus we are left with

the solutlon:

o | 1 1 4 1 .

e 2o1 | /iih 3 (4.79)
2 T T 2

‘ | | Q; Q Q@
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From Equations (A.72) and (A.75) this becomes:

»' r S Q___}. - Q) %. —]ﬁ- + —]:2- ‘ (A.Bd)
S : S v 9 9 |

Making the substitution

-

a2 = 2 (n81)
A'Equafion (A.BO).becomeE: ‘ o .; o
| 02 +.39H-F- “1-0 L .(‘A..82‘)

' This equatlion is formally 1dentica1 with Equation (A 52) From
Equations (A.56), (A.76), (A 77) and (A 81) we therefore find for
the Q of the HSFEN: »

o VZ a0,
QusFEN = — - 12
e | 2, 2 2\* 2 . 2 2
| af + a5 - 2a3) + 4aja - (91 + 43 - 29;
(A.83)
0"
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"as written in another form:

| 2 2 o
Q?{S - 2q1q3 ' 1
3 ' PEN =~ 2 2" ,
1 C a + a3 - 295 .~ kqfdh
(A.81)

As to be expected, for the 1imiting case that q; = 95 the

vabove equations glve

q1=q2 >:V ‘

In general qq and do wlll be given and the value of'q3 will be
required that corresponds to a Specified frequency selectivity Q.

Solving Equation (A.84) for a5 we get:

T2 2
Suspen . o(32) -

>
9

+ 1

Using the terminology of the main text (Section IV.2)

we have:

4y = a5 | (A.87a)'

o)
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‘ . % = Ay | .' S (A.87p)
€ : | 93

Let us consider the circult conflguration of Figure 15.

% I (A.87c)

Assuming a symmetrical Twin-T in the HSFEN and a unity gain

‘ !r“ o noninverting amplifier (B = 1) we have:
ap = 0.25 - - (8.88)
and
_ 1 14r i '
where
" %L& N o (A.90)

‘Substituting Equations (A.87) toﬁ(A;QO) in (A.86) wergeti
N2 1/2
r A2 1+r
16 Quopmn * 8(“‘":- ) -1

1

C 9 = sFRN (h.91)

5
16 Qugppy *

A typical value for r 15‘0.1 in which case qNa = 5,5, Sub-
; ‘[. stituting these values into Equation (A.86) we get: |
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1/2
16 QﬁSFEN + 967

16 QESFEN + 1

9, = QuspEN (A.92)

-

Expression (A.91) has been ﬁlotted in Fiéure A.7é and A.7Tb with
the resistor ratio r as parameter. For r values larger than
0,05, the required inverse damping faétor qp is approximately
Q’\\ .' equal t? the specified frequencybselectivity QHSfEN' For:

.smaller r values than 0.05, qp»is requlred to be apprecilably

‘larger than the desired frequency selectivity. ‘This is to make

np-fbr'the effecfive FAN that 1s generated when uslng an
' unc¢mpensated HSFEN to obtaln a second order bandpass fllter

of’thé,type.defihed by Equation (A.1). In Figure A.8 the
ratio of qp to QHSFEN hés been plotted on semilog paper[for

'_diffefent values of the parameter r.
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APPENDIX B
ANALYSIS OF THE SHORT-CIRCUIT TRANSFER ADMITTANCE
OF SECOND ORDER RC NETWORKS
TI. General Network Configurations
A. Flve Element ladder Network
We conslder here the configuration shown in
Figure B.1. By straightforward ladder analysis the short-
" eircult transfer admittance results as:

g =0

21 Eyp

Ey=0 .
Z1 5 3Y1Y2 + Zl(zz+23)Y1‘+ 23(Z )Y + zl + 22 + Z3

I e '."' o (B.1) -

- B. Three Element Ladder Network

This configuration 1s shown in Figure B. 2 The
short circuit transfer admittance results from Equation (B 1)

by setting Y2 and Z3 equal to Zero. Thus'v

_EQ.. ; 1 o (B é)
Ein Z122Y1+Zl+Z2 U
EO=O:

Vo1 T

DATE FILE




_Appendix:B -2

E-1328 (11-63) | ' R  DATEFILE

- or rewritten:

11

“¥o1 = - (B,3)
21 7 247, T T 7 . >)
- where:
Z.Z, R
- 2 S
A (B

'QC;' Six Element, Partially. Bridged Ladder Network

The configuration considered here is shown in -

'Figure B 3. The short-circuit transfer admittance is obtained
- hy. first calculating the y-matrix of the T-network shown in
.Figure B. 4 This 1s given by

L [Yl(y ) -y,
lylr =5 +§'+Y o | |
0 1ty S (B.5)

an Y, (¥y4Y5)]

' Connecting the two-port shown in Fignre B.5 in parallel with
-4,the T-network of Figure B.4, the y-matrix of the resulting

ﬁbridged-T becomes.
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g . — . : ﬁ
; ¥, (Y+Y5) .y RATY v
| f Y, +Y,+Y 4 ¥1+Y2+Y3 4
. [yl = v ' ( ) ) (B.6)
‘ Y Y (Y, +Y
- yaan "W Tt N

1772773 1.72°73

: 4" ~ The three elements of the pl-network shown in Figure B.6 can

be expressed in terms of its short-clrcuit admittance--peremeters

"as follows:

Y1 =911 I B
- N : o A :

= em e . ' B.8
z? Yo . . R (5-8)
14’2 = y22 + Yo1- ' » (B-9)

"fWith these equations the bridged-T network characterized by
the y-matrix gilven in Equation B.6 can be transformed into the

’ pi-hetwork shown in Figure B.6. We find for the corresponding

: network elements:

( J ' : - .
CY.Y _ -
Y o= o - (B.10)
P _ N T YA Y
- . S 172713
- R | ’ Y, +Y +Y
o - = i -2 "3 - (B.11)
( SR A Y, (YL, +Y,) ’
et and

Y, Y

2 Yl+Y2+Y3
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Finally, adding Z, and Y, as shown in Figure B.7, we obtain

2 =2z, - (B.13)
and:'
- =Y B.1l
. 1 b Y1+Y2+Y3 |

The elements Zy and H» remain unchanged and are
given by Equations (B.11) and (B.12) respectively. The
short-circuit transfer admlttance for this network 1is the

same as that for the configuration shown in Figure (B. 2)

which 1s given by Equation (B.2). Therefore, substituting
Equations (B.11) to (B.14) in Equation (B.2) we obtain the

. short-circuit transfer admlttance of the configuration shown -

in Figure (B.3)”as.

| : Y. Y, + Yu(Y1+Y +1,) |
'Vellf'zayl(y )+ (Y1+Y Y )TZa(Y4+ y+ 17 (B.15)

D. Nine Element Partially Brlidged Twin-T Network

We consider here the network configuration shown

in Figure B.OQ. From Appendix D (see Figures D.2c¢, D.3 and

Equations D.9 to D.11) we know the elements of the equivalent

DATE FILE

. the four element ladder network shown in Figure B.8 for which:

T-network of a perfectly nulled Twin-T to be (see Figure B.10):
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(B.17)
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'B,9) as foliows:
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As with the preceding case

".fance Y4 across'the Twin-T

1
.Zl
[yl =

“3

=

shown in Figure B.6 can be obtained from Equations

1 1
ot g

1
Z3

-
Z

1
==+ Y
Zg 4

_Y4

1 3

L.
2

3

1.
Y, = =
177
:u‘ =-J;—

::2 22

%3
2 T Ty,

1
7

ol

1
"7 " U

. ' The y-matrix of the T-network in Flgure B.10 1s gilven by

 ‘(B.19)

under C, ‘the effect of the admit-
can be taken account of by con-
" necting the 2-port shown in Flgure B.5 in parallel with the

T-network shown in Figuré B.10. The resulting y-matrix 1s

e

(3_.'20)‘

" “and the modified T-network 1n terms of the network elements

(B.T to

(B.21)

(B.22)

(B.23)

DATE FILE
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'Substituting Equations (B.16), (B 18), and (B 22) to (B 25)

Appendix B - 7

From here the steps follow exactly those under C., 1i.e.,

'Za and Y, (see Figure B.9) are added to the T-network of.

Figure B.6 and we obtain the ladder network shown in

Figure B.8 for which:

Z = Za 4 '- | (B.24)
‘Aahd
Lenedk o e

The elements Y, and z, are given by Equations (B.22) and
'(B.23); and the short-circuit transfer admlttance results

as:

ey = 1 . (B.26)

gz,

* in Equation B. 26 we get‘

-
g } 1 s TTs+STRsYlL+RsYh+l
Yo1 = Ze

21T+ sR [Y +Y, + 3;-<; + Il) + 2|+ R (T 47,) + E§-+ 1
8 sl 4R 1/ " Za b LT Za

(B.27)
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II. Some Network Examples

Some examples are given’here of how the precedling

general network configurations were used to derilve the
i ' ~short-c¢ircult transfer admittances of the representatilve
' second order RC networks listed 1n Table 1.

vExamgle 1. We consider here the network shown in Figure B.11l.

- q | It belongs to the category of clrcuits analyzed under I.C.,
é of this appendix. In terms of the elements of the general

network of this kind Shown'in Flgure B.3 we have:

TGO, 7

-

Za =R, (B.28a)
76 = é;- (B.285)
b
Y, = ﬁl? (B.28c) .
-
_»Y24 = ﬁ; (B.284d)
S Y3 = 80y | : (B.28e)

Substituting these values into Expression (B.15) the following

short—circuit transfer admittance is obtalned:

v
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R C+R,C
8%+ S{SPR3C g"é} *REeT
U pU37h L

'_This_case 1s tabulated under
Example 2. Here the clrcuilt
is considered. In terms of ¢

shown in Figure B.9bwe have h

Za =

Y, =

P S D a3 -
2L R . R R
& RC, + R(1 + =+ —t 14+ >
> L 7 Tp R R/3 R
s + 8 +
RthC3Ch RPRqF3Ch
(B.29)
Where:
‘R.R .
12
R, = (B.30a)
P RyiR,
R R, :
. a i
R = (B.30b)
m Ra+Rb .
R, (R, +R,) o
A
R =g . (B.30c)

5a) in Table 1.
configuration shown in Figure B.12
he elemenfétﬁ'its general equivalent

ere:

R, o  (B.31a)
1

= B.31b
& (8.310)

(Cont)

oY
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Ry =R ; | | (B.31c)
R, = p°R SR o - (B.31d)
Ry = iﬁa R - (B.3le)
¢ = ¢ 7 © (B.311)

=2 o (B.31g)

e

- Cg o | (B.3lh)‘

Y, = 8C . g R (3.311)

4

Substituting these values in the expression for the corresponding
ghort-circult admittance matrix as given under I.D. in

'Equation (B.27) we get:

2 a 1 - _ ‘
Y21 TRy 2, o o T B+ 2a(lip) T+ (B.32) -
: .(lﬂ)RC A (1+G)R202
v where:
| C;(1+p) R |
B -r( )[RIRE ]—1  (B.33b)
= R(1+ . B.33b
| PR +R;

DATE FILE
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The network discussed 1n this example 1s tabulated under
5e) in Table 1. In precisely the saxﬁe way all the other
ﬂ . netWor]v:c’s in Table 1 werAe obtalned by using the transfer
admittance expresslons derived for the general configurations

considered under I. of this appendix.
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APPENDIX C

SYMMETRICAL AND POTENTIALLY SYMMETRICAL NETWORKS

Conslder the cascade connection of the‘two networks

shown in Figure 1. By-multiplying out the transmissilon param-
eters of the two networks and converting these to open—circuit

_impedance parameters the overall z-matrix results as:

B o ' |
o | Z11a%11p T 8% Z12a%12b )
e 1 - |
[Z] R et p—a—t————— @
ab . ZppatZinp o -
L | Z21a%21p Z2pa%22p t A% |
- o | o (c.1)

| If the two netwqus N&1 and Nb are ldentlcal ahd' con-
_'4necj:te’d in mirrer;-ixriage symmetry with respect to a vertlcal
'» .center line as .'shown in Figure 2, theh the total network is
said to be structurally and electrically symmetrical The
‘vopen circuit 1mpedance matrix f'or a physically symmetrical

vnetwork. in terms of the z-parameters oi‘ one of the symmetrical

: ( o network halves thus results as: ,

. - o | 2 |

- ] 11 2255 | 2Z,5 . o
o 2 2 : :

; r _ - 221 z__ _ 221

v 1_2222 . 211 §z22 _

e e e
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| Bartlett's theorem. Thls says that

'.Therefore

Z11s = Z%p2s E - (c.3)

for a symmetrical network. If the symmetrica1 network 1s -also

passive, then

%128 T Fp1s v | (0'4)

-~

The open-circult 1mpedan¢éwpaféheters of the network can

- be easily obtained 1n terms of the open- and short-circult im-

pedances of half of the total Symmetrical network by applylng

t

Z11s * Z21s = Zoc o (e3)

‘and

Z11s ~ %218 = Zge R u:(Cf6)

- Thus the z matrix of a symmetrical network can be expressed as

ZoetZs0 Zoe"Zsc | S
2 2 ,
(z], = | - (c.7)
Zoc " %sc ZoctZse
. 2 2 _

DATE FILE
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Substituting the expressions given by (C.2) into (C.5) and (C.6),

we can therefore also write

| (;'
: j

| . : ‘ ' . . Az 1 S
; ' Ce Z -2 e e _ - (c.9)
; _ - - : 11s 21s Zoo Y17 . . |

A potentially symmetrical network can berdefined in
terms of a structurally symmetrical network whose right half
‘has 5een'impedanée scaled by a'constént,factor p. This is shown
in Figure 3. With Equétion (c.1) andlréferring to Figure 3,.thev

' vcorresponaing open-circult impedance métrix then becomes:

2 . ' 27

R W) e L
- 1;» 1+p Zoo 1+p Zoo _
. o 2212 pz _ 2 2212
»_1+p Zso N 1; ‘71+p' z22 N
' ‘[_\ »Utilizihg thé'expressions given by Equétidn.(c.2),.the open-

circult impedance matrix of the potentially‘symmetrical network
can be given in terms of the impédance parameters of the sym-

metrical network, namely:




~

- |

'E-1328 (11-63)
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[Z]ps =

2p
T+p Z21s

|r "
/o-1
Z118 t (%?1)2213

» p[;lls - (%%)ZQM:IJ

1%—% Z21s

DATE FILE

(c.11)’

Fihally,_using Bartlett's theorem, the 1lmpedance

‘matrix in terms of the open- and short-circult impedances of

T P2y +2
P

sC

|5 (70

-Z

SC)

- one half of the symmetr-ical network becomes

T—%—F v(zoc'-Z

Tp (ZoctPZac)

(c.12)
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 APPENDIX D

ANALYSIS OF A TWIN-T INFINITE NULL NETWORK

‘rkﬂ o _ ‘ The voltage transfer function for the general Twin-T

shown in Figure D.1 1s given by

N ne) -2 (s) - x{ParierRer0a 00 0)
Ya - = E Dy(R1sRprR3:C15Cp5 03757

(D.1)

‘where

NN(S) = RyRyR3C1C,C58

14

. ' ’ . o o ,
+ (R2R301C2+R1R30102)s + (R301+R3Q2)s + 1  (D.2)

énd

| o 3
Dy(8) = RyRyRoC1C 058

S+ (RyR0;0 R RCCoHR RaCaCaHR RyCACHR RoC C )87

_+ (R102+R202+R302+R301+R1C3)s + 1

 (D.3)

-In order for TN(s) to represent a null network it must equal

(r; zero at a frequency s = JwN. Thus at thils frequency

*Nn(Rl{R2:R33013021C3:JQN) =0 ' (D'u)

L o N - | 2
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§ From (D.2) and (D.4) we therefore obtain two conditions for ‘a
. perfect null to occur at wy- They are
L ‘ 2 1 1
| o w a (D.5)
- N T KR 0 Cs RSR30102 Lo
and
¢, ¢© R
'Il Ry ﬁ; - SR o
~ where -
¢ = 0102
Cs T T A0,
| O =01+ 0
% RS =-R1 + R.2
» and |
\ -

" Substituting (D.5) and (D.6) into (D.1l) and after some straight-

'forward manipulations, the general voltage tranSf‘er_' function for

' r .~ the Twin-T follows, namely
| 2, 2 o
| | + , |
1y(8) = oy (0.7)
8" + _2_°NS + wy o
r ~_ where wy 1s given by (D.5), and
2 2 11,1 |
’ 2 = o -*R,.C, + = + (D.8)
N T %N"f1v3 07 ~ Bl Roly |

)37
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~ Comparing (D.7) with (D.1), (D.2),'and (D.3) we see that éhe
transfer function of a general Twin~T Is simplified by a pole-
; ‘r‘\ \_ Zero capcellation when 1t satlsfles the two condiﬁions for a
perfect null given by Equatlons (D.5) and (D.6).
‘ It is often useful to knowqfhe general equivalent
mT-network for the Twiln-T. 'This‘oan be simply obtained by
Q" converting each of the two T-networks Into their eduivalent
| m-networks. Thls 1s shown 1n Figure D.2a and b, aséuming
i 7 - slnusoldal input signals. The two resultling m-networks can

then be connected in parallel (as shown in Figure D.2c), and

o wrtcnn s e e e

the resulting impedance directly calculated. With the two
conditions for a perfect null given by Equations (D.5) and
(D.6) we get a simple T-network as shown in Figure D.3. The

‘.corresponding 1mpedances_are glven by

0 1 , o
Z, = —— (1 +==) - (D.9)
_ 14k L
. T-
\ ( | : ] , Zy = ————-—-—TE <1‘+ = | (D.,]_O). |
/ = .o ) . -
, e 1+ = _ o _ : ,
and . o
» - ' - 1 A |
» L) -
r' o Z =R 5% - (p.11)
' ¢ S g1+ L N '
8 ST C
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- where

. 1f1
Ts = RSCS

' .' | T = RpPs = R3Cp
In terms of these 1mpedances the open-circult impedance matrix

for the Twin-T simply follows as

t

Za(zb+zc> .Zazb

1 - | | oy
[Z].—m : , .(D.12)
: ZoZy , ab( g,a+z c )__ :

So fér.we have considered a general Twin-T that'has an Infinite
null at a specifiled fréquency Wy Because the general transfer

function given by (D.T) has the form of a quadratic fraction,

1 - 1t has geometric symmetry around Wy - _ _

| ; ‘ -

L (" ‘The most frequently used Twin-T 1s structurally (and
.electrically) symmetrical. For thls case

Ty = T, = T, =T = RC (D.13)

= R/2 I (D.14)

23
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and
cg=2¢0 . | (D.15)
The 1mpedances of Flgure D.3 then become
za'= Zy = —-<1 + 2 | - (D.16)

and’

1+s7)
2, = on 5T} - an

1+s™ 1

- The open-circult impedance matrix consequently becomes

t

2.2 2.2

1+4s¢+s 1+s°T ,‘
‘ sr(l+sT) ST(1+s7) o ’
] 145%4° 1+LLST+S2 2
_STZT+ST§ - 8T(1l+sT)

The voltage transfer function for the s&mmetrical Twin—T'then

follows as

ZEIS - 3272+1

Z11s 827 +41s+1

i (a) -

Comparing with Equations (D.5), (D.7), (D.8), and (D.13), we

have

by =  (p.20)

(D.19)

)92
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20y  = = | (D;zl)
,ﬁ ‘and the inverse dampiné factor 'defined by.Eg.qation (E.l?;)
e wem o
q!l! - } It can be shoﬁn [b.l; D.2] thaf the seléctivity,

| i.e., fhe Inverse damﬁing factor can be increased by modifying‘

P . the symmetrical Twin-T into a potentiall& symmetrical network

- :(éee'Appendix C). This 1is possible with any structurally |
symmetrical network for which Bartlett's\biSection theorém

1iholds. A symmetrica1 network can 5e converted 1lnto a potgn-

| tiallybsymmetrical networkvby Impedance scaliné one half of the
network by some factor p. Thils 1s shown for the Twin-T in
Figure D.5. We can now utilize the results of Equation (C.il);
Appendix C, in which the z-matrix of a potentially symmetrical

rietwork is expresséd in terms of the z-parameters of a symmetrical

network and the converslion ratlo p. with Equation (D.18) we

e

therefore obtain - B s
2 2 2( 1) | | ]
B T + 1+ 5 8T + 1 1+82T2
R st(1l+sT) ST(1+sT)
— .'R | -

| [z]ps “T+p 2
' , \ 145°1% o '8212 + 2(14p)st + 1
T | sT(T+s7) : T 8T(1+8T) a
1 _

(D.23)

IREais s e

)Ul
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i " The voltage transfer function thus results as

o oz : 2.2 . - S
(F\ : o T _ “2lps _ 8 1+1 (D.24)

NPE - Z13ps 2 2 1
: 8 T + 1+ B-sw + 1

:Ih terms of the.express;on given by Equation (D.7) we find-
IS o) that | .

1

3 | : . R -aﬁps = RC | | (D.25)
o (ol o | |
2o = 1 (22 | (p.26)
and. i
1 -
~ Yps T ETL-%;)‘ - (pe2D)

p gilves a measure of the Twin-T symmétry. For the extreme
asymmetrical case for which p >> 1, qﬁ takes on its maximum
S - A - Ups

! . value, namely: '

. ‘ Nos 2, : *

N Ande

" This 1s in égreement with the donstraint on paséive RC networks
b'expreSSed by Equation (69). (D.28).aiso indicates that the most
frequenéy seleéfive Twin-T network 1s the extreme‘asymmetricél
one. This 1s a well—knéwn‘fact that was flrst demonstrated by

A. Wolf (see Reference D.2).

142
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APPENDIX E

SALLEN AND KEY INFINITE—NULL NETWORK WITH AMPLIFIER
GAIN LARGER OR EQUAL TO UNITY

.Noninverting operational amplifiers are presently
evailable commercially 1n semlconductor integrated form. Theyv
present an almost ideal equiValent to the grounded voltage |
i qpl} ~ amplifier ds required by Sallen and Key's method.of active
‘filter design [E.1l]. The onlj problem 18 thet Salleniand Key
require gains of less than unlty whereas wilth noninverting.
onerational amplifiers‘only gains of’unity'or‘higher can be-
obteined}_ Design and synthesis metnods have been oeveloped

that expand Sallen and Key's method to include noninverting

voltage amplifiers of galn equal to or larger than unilty [E,2, E.3].
ﬂbwever, these methods do not allow for a simple adjustment of

! _‘ . the 1nverse damping faotor of the network that 1s independent

” | of-the natural frequency. Because this lndependence 1s required-

5 - - for tne synthesls method described here, another modification of

| _ Sallen and Key's method employing noninverting operational

L o amplifiers 'has been ‘developed here. | ' | R

:; r J o : The basic configuration used is shown in Figure E. 1. |

: It consiets of a voltage amplifler B, a three terminel RC net—
:,work T(s) and a two terminal RC network Y(s). Referring to

Figure E l, we can write the following mesh equations

E, = 29I, + 2,1, - (E.1)
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E"\.- .   ;  - I, = -E | -f i  o (ﬁa),'

E =E, + B, (B

32 = 2517 + Zp5I, i | (Ef2)

Q’. - - Eout = E°B | : ‘?‘ S (E.5)

E = E. + Eout

4n = By (E,s)

Soiving these equatlons for the voltage transfer function, we

get

where

Iz | = 291255 = 299757

With alunity galn voltage amplifier, E.7 simplifies

j ‘p. . to ) ,' S | | : o ) .

| 21 |
To(s) = 21T Y] 2 | | (E'B)
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‘A potentially symmetrical Twin-T network 1s used for the three

terminal network T(s). From Appendix D, Equation (D.22), the

4 \ .- .corresponding z matrix 1s given by
82T2 + 2<1 + l>ST + 1 o 0
P 1+s™T
- 8T(1l+s7T) - 8T(1l+sT)
‘ : ) - = —-&— . B—
‘ [23 l+p 2
1+5212 v o | s212 + 2(14p)sT + 1
ST(L+sT) , ' - 8T(l+sT)

((E.9)'_

" where p 1s a measure of the Twin-T symmetry ahd T = RC (see

Figure D.5). From (E.9), we obtain

z n' 2.2 ' _
2L _ itp T - (E.10)
11 2.2 2(1 + %)sr + 1 ~
and | _, S
S\ U
lz] = 2p<2> = o (E.11)

With (E.10) and (E.ll) the voltage transfer function E.7 there-

fore becomes

2. 2
8 +O
ny
2
s+

Ny

T.(s) = K _ (E.12)
0 -Nsamo

2
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'where
SRS o (mas)
o, = o VIF (TR : ' (Elu)
20, = wnl[2(1—5> <1 + %) + (1+P)RY] (E15) |
Ky =P - R | (.E"ls)v..

and the'invefse damping factor

f=]1 + (14+p)RY : | .
pRY - 2P e

In terms of the lnverse damping factor of the passive

potentially symmetrical twin T as given by Equation (D 27) in

‘Appendix D, E. 17 becomes

IEF R (E;.18‘,).,

'1+£%_'_Y'._.B

Equation (E.12) represents the voltage transfer

9y = ps

‘function of an infinite null network as described under II.3

of the main text. Equations (E.13), (E.14), and (E.18) pro-
vide us with sufficient deslgn information to realize this

transfer function with the circuilt configuration of Figure E.1l.

/77
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‘Let us now consider the special case for which Y con-
slsts of a resistor RL and a capacitor CL in parallel, 1.e.
1. o P
T *+ 8Cy, : _ (E.19)

Y

Substituting Equation (E.19) into (E.12) and using a prime on
E"‘\ - the parameters to characterlze thls case, we find that |

(E;205

. 58
[

i

o3

Q

1+c

r';; ’ [l+r]l/2' V(E 21)
L , S o, 1 +-(r+c)qN - B . ,
o : o 20' - 1 ‘ ps . = (E 22)
e ay Tre o  \E.22)
o , . Nyg ]

=
I

where

o) & (e

. and

Co e S . ' S
(14p) & ~ (E.25)

Q
"

i S

)57
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The inverse damping factor is accordlngly

Ry

r : | ’ - [(1+r)('1+c)]§ . E.26
| A T T qusl+(r+c)qN - .( =)
: , ps

_ It is'clear from Equations (E.El) and (E.26) that a given ratilo
: g"x\i of w / can be obtained by an appropriate ratio of (l+r)/(l+c)
and that any specified value of N results from the appropriate

selectlon of the ‘gain 6.

Since we have one degree of freedom too many for the
: realization of Equatlons (E.21) and (E.26), we can use 1t to
make certain that the required gain p willl not be less than
unity. In this way, a noninverting operational amplifier can-

be_used for B. With (E.21), Equation (E.26) can be written as

£l+e)x o t Ry
N S (E.27)
ps. 1 + (r+c)qN =B A .
o Tes

¥y =g

i(,} where N
1 ; re | - | ,

| n, - ST
X == . (E.28)
o S ." e
R
( ' * It can be seen from Equation (E.26) as well as the general

Equations (E.17) and (E.18) that ay is not restricted to any
maximum level. This 1s as 1t should be since Oy is the in-
verse damping factor of an actlve RC network. :
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and

are introduced for convenlence,

-Eliminating r and solving fdf,B, we get

~ For BAZJI we get the following'condition from thils expression

.

-7;;x2(1+c) +c 2,3$ (4c) + 1 - (E.31)

'‘Solving for c We”find that

2y

e > X(1-x

e L : (E.32).
R i

In the same way we find that

CegMESLEx (g3
T y(xt4L) - x I
Withih thé coﬁstraints'established by Equationé (E.32) and
(’“ (E.33) either r‘or ¢ can be chosen arbitrarily, and the oﬁher
then detenmined by Equation (E,QL). _The required B follows
fram Equation (E.30), and 1s guaranteed to be larger or

equal to unity;
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_ For the case that B = 1, i.e., a uhity gain amplifier
\"1a'uSed, the'ihverse damping factor simplifies to

i
2

(EESIEESY ey

v 'ﬁ=1

For this case the inequaiities gi&en'by (E.32) and (E.33) take

r on equal signs, namely
c = yil"x ) + x o © (E.35)
(x +l) - x.
" ‘and
y(x2—1) + X .‘ ot
r o= ¥ e . i Z(E’36):
y(x?+1) - X ‘ |

B The obtalnable freqﬁency ratio x = wéQ/dé and inverse_damping‘
factor y = q' is now limited to that rangé of values for which
3‘7, f-i  r and ¢ remaln 1arger than Zeroy i.e., are realizable by passive
| i:-'resistors and capacltors. This range of permissible values is
"réédily obtainablé. Considering the resistor ratic r first, it

Q ‘[ )v can bé expressed as the ratlo of two functions of two varlables,

" namely

p= N | o (E.37)

§ ‘r~‘ P | o F: | | DAL
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‘For physical realizablllty x and y can only take on positive

values. For r to be positive N and D must both be elther
;,‘r‘* poslitive or negative. The boundaries are readlly obtained by
settling N respectively D equal to zero. For N = O we get

o y = _ - (E.38
- = e
o ’ For D=0

y =—F— O (B.39)
X +1 7 : g : o

Both boundaries are plotted 1n Fligure E.2a and the corresponding
regions within which r is positive are shown, Using the same
_'notation for the capacitor ratlo ¢ the boundary corresponding

to N = 0 1s gilven by

v = L (Ba20)

{'The boundary corresponding to D = 0 is fhe same as that for
; -‘rL1 r'[see‘Equation (E.39)]. These boundaries are-plotted in
Figure E.2b and the regions within which ¢ is'positive are
- shown, Since r and c.must Both be larger or equal to zero the
.attainable range of x and y values must lie 1in the overlapping
( , region shown in Figure E.2c. Furthermore, since any values
| ‘corresponding to y < 0.5 can be obtalned with passive networks,

the reglon of lnterest 1s bounded by the curves corresponding
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5 tor =0, ¢c = O, and y = 0.5.: Thus by ellminating one degree of
fréedom and sefting B = 1, the range of realizable.frequency
ratlios x and inverse dampling factors y 1s 1imited. The boundaries i
r =0 and ¢ = O correspond to the network with only a capacitor
CL or a resistor RL respectively. In these two cases there is
no independence at all between x and y. These two varlables are

| then related according to Equatlons (E.38) and (E.40) respectively.

Qné configuratlion that is often very useful results

when we let r equal c. From Equations (E.24) and (E.25) this

means that

RC =RC : (E.41)
_ .
Ffbm Figure E.2c we see that tﬁis corresponds‘to the case when
the frequency ratilo x equais unity. This 1s the only value of x
.~ for which the range of y values, attainable by varying r in a-
._ configuration in which B = 1, 1s unlimited. The relatlon be-

tween y and r for thls case follows directly from Equation (E.25)
‘or (E.36), namely ' )

B _ l4p . ) -

Vlp=1" %% | - (2.42)

This expression 1s plotted in Figure E.3. With (E.24) it can
be expressed in terms ofvthe actual network resistors R and RL,
‘the inverse damping factor of a potentlally symmetrical Twin-T,
Qypg and the asymmetry coefficlent p, namely

/57
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Ry + (1+p)R
pR

ylﬁ=1=qN

x=1 P8

Finally, using a symmetrical twin T, we get

. R.+2R
7oy = % e (E.41)

O M
L

and

RL+2R

{

For the case that = 1 and r = c; fhe pole location

~of T (s) (see Equation (E.12)) depends on the resistance ratio-

r only. This dependence results directly from the root locus

of To(é). It can be derived very simply from Equation (E.S8)

- which can be written as

-1 (s) = . (E.46
T e

21

~ From Equations (E.19), (E.24), (E.25), and (E.41), we then

find

R lr:q'= ij%yﬁ (I+ST)

(E.43)

= Ry _ ‘-, . _b_ (3.45) .

(B4T)

DATE FILE
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- .and with Equations (E.9) and (E.11)

: » T (8) = S (E.U48)
-~ o T me
25 G o r=¢c 1+ pr-—p5
: - B +Qn
. where ‘ : : - 'vf o _ .  ':
| (g L 3
P “n TT T RC

.The root locus of Equatlon (E.48) results by inspectlon and is
.shown in Figure E.4. Clearly this network conflguration (1.e.,
BP=1and r= ¢) is only practicable for small'values of r as

‘, the transm1831on decreases wlth increasing r and in the.iimit

goes to zero.
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CHARACTERISTICS OF TANTALUM THIN FIIM

PASSIVE COMPONENTS

Temp Coeff. M

-' -70 30 ppm/°C

Routlne Avallable
RESISTORS (TazN)
Range 10 O0-250 KO 1 O—Sv mN
~ Precision 1 0.1% © 0.02%
Aging (20 years) 1% 0.05%

-200 to 1000 ppm/°C

C
* Tunability +20% +0.1% +50% +0.1%
Pracking 5 ppm/°C
CAPACITORS
(Au/NiCr/Ta,0z/Ta) |
- Max C/Substrate 0.05 uf 1 uf
~ Precision 2 - 5% 1%
Stability (Humidity L - _
and Aging) 0.5% 1 0.1%
Temp Coeff. dCC c 200 ppm/°C
Guaranteed Matching ' .
of Temp Coeff. +30 ppm/°C
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4 TABLE 4
COMPARISON OF LCR AND TA THIN FILM FREQUENCY STABILITY
Permalloy
Powder Core je
o ~ : _ Ind
. Property ' Ferrilte Core and
S Ta Thin Fllm Ind - Polystyrene
Resistors and Capacltors and Cap
- | Polystyrene (Hermeti-
Routine Available Cap cally Sealed)
.nductor Precision 3 to 5% 0.1%
Aging < 1.0% 1 0.1%
Temp Coeff +410‘ppm/°C _ 135
| | +45 ppm/°C
‘Capacitor Precision | 2 to 5% 1% 2 to 5% 2 to 5%
Aging 0.5% 0.1% 0.3 to 0.35% | ' 0.1%
- memp Coeff | 200 ppm/°C - -130 -130
- | » +20 ppm/°C +20 ppm/°C -
Resistor Preclsion 0.1% 0.02% .
Aging 1% 0.05%
’ Temp Coeff =70 -200 to
_ +30 ppm/°C 1000 ppm/°C
' Juaranteed Matching AT - ° o
(l_f of Temp Coeff - 30 ppm/°C 3 150 ppm/ C £70 ppm/°C
‘Relative Frequency 0.15% - . 0,38% 0.18%
Drift over 50°C (%1.5 cps per . 1. (3.8 cps (£1.8 cps
1000 cps§g1>@ per 1000 cps) | per 1000 cps)

Temp Range

Axw




TABLE 5

 FEN/FRN PARAMETER ADJUSTEMENTS (See Figure 24).

- FEN FRN
Input/Output Terminals, Type 1 2/3. 11/10
Input/Output Terminéls, Type II 2' /3 11/10
Open between termlnals - 11&10-
Loop Galn (damping factor Q)
determined by RQ,r B,r
Forward Gain determined by RI RQ
Peak Frequency determined by fauil ©F TQ(S) -
Null Frequency determined by - fyu1r ©F Tz(s)
VPole - Zero FreQuency
Ratio determined by - r,c,p
High—Q operation
- Noninverting VCVS Op. Amp. Op. Amp.
- Open between terminals Lgs5 '

4g5

Low-Q operation
- Noninverting VCVS

. - Open between terminals

Darlington Pair
8&9
6&7

Darlington Palr
4&5




TABLE 5

FEN/FRN PARAMETER ADJUSTEMENTS (See Flgure 24).

FEN FRN
Input/Output Terminals, Type 1 2/3 11/10
Input/Output Terminals, Type II 2'/3 11/10
Open between terminals - 11&10
Loop Gain (damping factor Q) )
determlned by RQ,r 8,r
Forward Galn determined by RI RQ
Peak Frequency determined. by fyu1y ©f T,(8) | -
Null Frequency determined by - fNuil of T,(s)
Pole - Zero Fregquency
Ratio determined by - r,c,B
High-Q operation
- Noninvertlng VCVS 4Op. Amp. Op. Amp.
-~ Open between termlnals Lg5 485

Low-Q operatlon
— Noninverting VCVS

| - Open between terminals

Darlington Pailr
- 8&9
6&7

Darlington Pair

hgs




