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BELL TELEPHONE LABORATORIES 
INCORPORATED 

• SUBJECT, Realization of FEN RC Input Networks 
Case 38763-17 

MEMORANDUM FOR FILE 

Introduction 

DATE: May 15 , 1967 

FROM: D. G. Marsh 
MM 67-5316-3 

In a building block technique of" designing active 

RC :filters, G. S. Moschytz (MM 67-5316-1, Active RC Filter 

Building Blocks Using Frequency Emphasizing Networks, Part I) 

has suggested breaking down complex :filter networks into a 

small group of" cascaded second order RC active networks. 

Identical building blocks are to be used :for any desired 

:filter conf"iguration, and the building block consists· of a 

second order RC approximation of" the desired second order 

network cascaded with a frequency emphasizing network. 

Various RC networks have been suggested by Moschytz 

for the particular type of filter desired, and in this memo-

randum, the realization of these RC networks for the low-pass, 

band-pass, "high-pass, and resonator cases are discussed. 

Table 1 gives the general form of the transfer admittance, 

the RC network, and the parameters for each of these four 

cases. Curves have been obtained by use of the computer to 

simplify design of the filters. 

For the frequency emphasizing network· (FEN), there 

are two cases, medium selectivity FEN (MSFEN), and· high 
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s&lectivity FEN (HSFEN). The initial part of this discussion 

' * 
will be concerned with the MSFEN (qp < 10), while the HSPEN, 

which in general will be used only for band-pass. fil terE? ~ will 

be discussed later. 

Medium Selectivity FEN 

For the building block shown in Figure 1, assume 

that the desired transfer function has a denominator of the 

CD 

form s 2 + _n s + m~, that it is desired that the transmission 
qp 

zeros of the PEN cancel with the transmission poles or the RC 
CD 

network (which has a denominator of the form s 2 + ~ s + CD~), 

and that the poles or the PDl are to be the poles of the 

desired tra~sfer f'uncti.on. Since the FEN transfer function 

is of the form 

(1) 

Moschytz shows that 1f 

1 
RC ~~ =ro 

' p 
= CD , n 

.1--L = qN = qR, 
2 l+p 

and q· 
F = qp, 

* The terminology used here is the same as that used in the 

above mentioned memorandum by Moschytz. 
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then those above assumptions are obtained. Figure 1 shows 

that R, C, and p are the parameters of the twin-T of the FEN, 

and in the case of a symmetrical twin-T, p = 1. Moschytz 

suggests that the case of the symmetrical twin-T seems to be 

the best, and therefore, throughout this memorandum it will 

1 
be assumed that p = 1 and thus that qN = qR = 4· 

A. Low-Pass Filter (LPF) 

The known parameters for the LPF will, in general, 

be qp' fn' and the feedback resistor RF' of the inverting 

operational amplifier of the FEN. One must then find the 

resistor RQ of the FEN and the values of the five elements 

of the input RC network in order to obtain the desired LPF 

characteristics. 

Given qp and RF' RQ can readily be found from 

Figure 3, and the parallel combination of RF and RQ' which 

is an equivalent resistor KA' is found from Figure 4. 

Because space is at a premium and because thin 

film technology places definite limits on capacitance per 

u~ substrate, it is desirable to use RC networks which have 
1\r:,·t ·'>: 

u~ 

minimum capacitance. Use of equal capacitors will satisfy 

this constraint, and their value should be selected by the 

designer. With this equal capacitors constraint, the LPF 

equations of Table 1 have been solved and plotted in 

Figures 5 through 7. 
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Using Figure 5, for the given frequency, fn' and 

the given capacitor, e, one obtains rune. Then for that 

rune, any sum of the three resistors, R1 + R2 + R3 , above 

the Realizability Limit (RL) will yield real positive values 

for R1 , R2 , and R3. The circuit designer may choose any 

value of the sum above the RL for his rune' but for space 

conservation, it is suggested that the value not be much 

above that RL. 

Using Figure 6, for the given ronC, one obtains R2 • 

This value deviates by less than one percent per decade 

change in R1 + R2 + R3
, and has therefore been plotted as if 

it were independent of that sum. 

Using Figure 7; for the given mnC and the selected 

R1 + R2 + R3, one obtains R1 (or R3
, because the network is 

symmetrical). Then the third resistor, R3 
(or R1 ), is easily 

obtained. Unless the source impedance to the building block 

is high, the larger of R1 or R3 should be used at the input 

to the FEN to minimize the loading of the FEN operational 

amplifier, a loading effect which may be significant at high 

frequencies due to reduction by frequency compensation of the 

open loop gain. 

It should be pointed out that the shaded areas of 

Pigure 5 and Figure 7 are also realizable. However, in this 

region, R2 begins to depend strongly on the sum, and, as 

seen by the dotted lines of Figure 7, so does R1 and R3 • 
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Finally the net forward gain, g, at de can be 

found by applying 

An example will now be considered. Suppose one 

desires a LPF with a qp = 2, and ~ = 27~, and an fn = 60kHz. 

Figure 3 gives RQ 3.85k0. 

Figure 4 gives KA = 3.35k0. 

Let c = o.o1 ~. 

Figure 5 gives mnC = 38xlo-4 mhos, and 

R1 + R2 + R3 
= 3.35kO(i.e., unity de gain) 

Figure 6 gives R2 = 150n. 

Figure 7 gives R1 = 6500. 

Then R3 = 3350 - 800 = 25500. 

The values obtained for this example are shown in the corre-

spending figures. 

At lower frequencies, one might have to suffer some 

loss or use la~ger, discrete capacitors. 
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B. Band-Pass and High-Pass Filters 

Examination of Table 1 shows that the band-pass 

and high-.pass filters (BPF and HPF) have one component less 

than the LPF, and, therefore, are much more easily analyzed 

than the LPF. Two cases have been considered for both the 

BPP and the HPFz one case with equal capacitors (Pigure 8) 1 

and one case with equal time constants for the two RC products 

(Figure 9). 

The given parameters for both the BPF and the HPP 

are the same as for the LPF (qp, RF, and fn) and therefore 

~ and KA are found from Figures 3 and 4, as before. 

In the case of equal capacitors, we let on• resia~ 

tor be R and the other be pR. Then solving the four sets of 

equations {two sets each, nan and "b: for the BPF and the 

HPF) of Table 1 with qR = ~~ one finds that p = 0.343 for 

the "a" configurations of the Table and that, due to recip­

rocity, the "a" and "b" configurations for each filter are 

actually identical. Per a given frequency and a ~iven capa­

citor, Figure 8 gives tp.e resistor, R. The resultant BPP 

and HPF networks, with the. second resistor, 0.343R 1 are also 

shown in the Figure. The forward gains are 

/..,-., 
' \ 
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1 ~ =--. R 
4../P 

R 
= 0.426 RF , 

and 

where 

1 1 
= 0.586RC 

In :the case of equal time constants, the resistors 

and capacitors of Table 1 are desigpated R, C, pR, and C/p • 

Again the four sets of equations are solved for qR 
1 

=4 , 

and, for the "a" configuration, p 1 Again, due to = 2 . 
reciprocity, the two configurations for each filter are iden­

tical. For a given frequency and capacitor, Figure 9 gives 

the resultant value of R, and the two networks are also 

given. The forward gains for this case are 

2 R • - • 
F R 

and 
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where 

c. Resonator 

Two cases of the :resonator are considered. The 

combination of the two resulting cases covers the frequency 

range or 

The given para.me.ters for the resonator are ~, a,., 
fn! and rz. ~ and KA are found as before from Figures 3 

and 4. 

For case I, the capacitors are set equal, R1 = pR, 

l = R, and R3 = aR and thus CUz = RC and run = · 1 

~RC 
• 

l 
Solving the equations or Table 1 for qR = 4 , one f1nds that 

the case I circuit can be realized if o < fz < 0.27fn. Given 

fz/tn, the dashed curve or ·Figure 10 gives p, and for that 

value of p~ the solid curve gives the corresponding a. Since 

1 2rtz = ire , the BPF and HPF equal time constant curves 

(Figure 9) can be used to find .R for a given capacitor by 

using rz in place of rn. 
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For case II, R1 
= R, R -2 - pR, R3 = aR, c2 = C/p, 

and c = C(l+p+a) where now ooz 1 and (I) 
1 Solving 

1 = RC n 
fo RC 

the equations of Table 1 for qR 
1 one finds that the =4 , 

case II network can be realized for the range 

The ratio fz/fn is used in Figure 11 to find a and p, and 

R and C are again found from the BPF and HPF equal time 

constant curves by using fz in place of fn. 

In both cases, the de gain is 

gRES(O) = ( 1 ) KA l+a+p 1f . 

High Selectivity FEN (HSFEN) 

The band-pass filter is the only case for which the 

HSFEN (qp > 10) given in Figure 2 is important. RC pole -

FEN zero cancellation is not possible in this HSFEN because 

where 

1 (l+rr) qN = 2 > 1 , 
2 

R 2R 
r = (l+p) ~ = ~ 

If 
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for p == 1. Because that cancellation is not obtainable, 

Moschytz suggests a MSFEN with qp = .~ (l;r) and qN = i 
be placed in cascade with the RC-HSFEN combination. 

Considering just the HSFEN, one finds that it has 

Figure 12 yields R~RQ for given qp and r, and then KA is 

readily determined from 

The RC network and the gain can be found just as in the 

MSFEN case. It is important to note that any passband loss 

due to g(wn) < 1 can be made up by cascading the MSFEN and 

the HSFEN through a resistor Ri and setting 

where RFM is the MSFEN feedback resistor. 

Restrictions 

The present design does have several definite 

frequency restrictions. Above 150kHz, presently available 

operational amplifiers are sufficiently reduced in loop gain 
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that they cannot be assumed to be stable_, "high gainn 

devices. 

A BPF can be designed for unity gain at passband 

down to a few hundred hertz (depending on the value· of 

RF) for MSFEN and even lower for HSFEN if a MSFEN is cas­

caded with it. However, for LPF and HPF the low frequencies 

exhibit a "q-gainn limitation. For example, if q is rela-
p 

RF 
tively large, then KA = 4q _1 might be quite small. Since 

p 

gLPF(O) and gBPF(oo) are directly proportional to the ratio 

of KA to the resistors of the RC network, those resistors 

must also be small in order not to have much (if any) losa. 

However, this requires large capacitors, and thin film 

technology might not allow the required valves. A second 

generation of RC active filters is presently being designed 

which will extend the LPF and HPF filter ranges down to a 

few hundred hertz. 

Realization of the resonator in the vicinity of 

0.27fn = fz and 3.7fn = fz might require excessively large 

or small resistors as one approaches those values. A simi­

lar restriction occurs if one attempts to build a resonator 

Conclusions 

A set of curves have been presented which will 

allow the designer to construct a variety of RC active fil-

ters. These active, two pole devices can be cascaded together 

I) 
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to form almost any transmission characteristics which could 

be obtained with conventional RLC circuits. The major fre­

quency limitation of the present design exists because of the 

limits on capacitor size imposed by thin film technology . 

H0-5316-DGM-CAT 

Att. · 
Tables lr ) 
Figures( 1 - 1.:1) 

J)._)j. M~ 
D. G. MARSH 

.·~ 
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TABLE I ·TRANSFER AOMITTAN 

TRANSFER 
ADMITTANCE 

~ LOW-PASS 
FILTER 

I K • . 
R 2+ WpS+wp2 s q . . 

~ R 

2) HIGH-PASS 
FILTER 

RC NETWORK 

a} Rl Rz. R:; ~ 
-·~V\fv~ 

£1 c1T TCz . c 

0 

E1 . R
1 

·z -
KR. 2 . ~ S + w2 ·~(b) c, 

s +.liR p oc--1 ~---( ..... -

Et 

I 

ORDER --~C TWO PORTS 

PARAMETE.R- COMPONENT RELATIONS 

I . 
KR= Rl Rz R3 Cl Cz ) 

.2 R,+ R2 +R3 
w -

p- Rl RzR3CI C2 

-(R1 Rz R3 (R1 ~· R2. + R3 )(, Cz 
qR · - R1 (R2+R3)c1 + R3 (R1 + R2)c

2 

K I . w2- I C i 
R = q 2 ) P - Rl Rz Ci 2 

1.R,RzCIC2 

qR = R1(c1 + Cz) + RzCz 

. - - . 

. I · 2- I · 
KR= 1?1 J wp - R1 R2C1_C2 ' 

. l RIR2CI C2 . 
QR-=. (R1 + Rz)C1 + R2C2 
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TABLE I 
TRANSFER 

ADMITTANCE 

~BAND-PASS 
FILTER 

RC NETWORK 

(a) · Cz Rz ~ 
~~ 
El c,I . o 

0 

(b) c, 
o--Jl __.__ 

El .. Czt o 

0 

PARAMETER- COMPONENT RELATIONS 

KR= R1Rzc1 j w~= R1 R~C1 c2 i 

fRIR2CtCz 
qR = R1(c1 + C2) +RzCz 

K _ I ; w2 = I . 
R- R1R2c2 P R1R2c1c2 

1 

~ 1RtRzCtCz 
. qR. = (Rl +Hz)C1 -+ RzCz 

4) RES9NATOR (2 (a) . 
I I 2 R1-+Rzt-R3 I 

KR =-R,-R-3(-1 ; Wz= RzCz; Wp = R, RzR3 • CIC2 

stwz 
KR·-? . wp_s+ w2 I E Tc' 

<o>- t qR · P I o 

.• 0 

iR1R2R3(RL +Rz t R3)c 1c2_ 
qR::::: . 

. (R2 t R3)R1C 1 t{Rt +R3)R2C2 

' 
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