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ABSTRACT

Two methods of multiple-feedback filter synthesis are in-
troduced. The first method employs second-order resonators, a
summing amplifier and a feedback circuit of resistors. It is
shown that in the case of bandpass and band-reject filters, it
is possible to obtain a general design using identical resoni-
tors, with the feedback network dependent only on the type of
filter (Chebyshev, Butterworth, etc.).

The second method is a modification of the Sallen and Key
cascaded structure, and is applied to the general synthesis of
low-pass and high-pass filters. The design combines the bare
minimum number of elements of the Sallen and Key structure with

the advantages of the multiple-feedback network.
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CHAPTER [

INTRODUCTION

A. Active Filter Synthesis.

Active filter synthesis is the development of an RC active

network which realizes a prescribed rational transfer function

\Y
_ N(s) _ _out
H(s) = D(s) VI;— (L.1)

The conventional method of synthesis, until quite recently,

has been as follows. See for example the work by Tow {1 7.

(a) The overall transfer function 'I(s) is factored into

biquadratic functions of the form

2
a,5 + b.s + c,
i

o (s) = —— L, (-2
d.s +e,s + f,
i i i
so that, with the order of H(s) being 2n, we have
n Y
H(s) = 7 Hi(s) (l.3)

i=1

In the case of odd-ordered transfer functions, a bilinear

factor is also required.

(b) Subnetworks, or resonators, are developed, using




resistors, capacitors, and operational amplifiers (op amps),

to realize cach function Hi(s).

(c) The resonators are connected in cascade to realize the
overall transfer function H(s) in accordance with (1.3). Pro-
per isolation of the subnetworks to permit cascading is pro-

vided by the op amps.

An obvious advantage of the cascade approach is its simpli-
city of synthesizing a complicated function H(s) by synthesizing
a number of relatively simple functions Hi(s), i=1, 2,3, ...,
n. A disadvantage of the method is that all the resonators are

different and hence the manufacturing process is complicated.

A more serious disadvantage of the cascaded structure, and
one which has led many writers in recent yecars to seek alter-
nate methods of synthesis, is its sensitivity properties. For
example, the sensitivity of H(s) with respect to a resonator
function Hi(s) is given [ 2] by

H H,
5y, = L1 ol (1.4)

Hi H OH.
i
which by (1.3) is

S = 1; i =1,2,...,n. (1.5)




That is, a relative change in Hi yields exactly the same rela-
tive change in H. This disadvantage of the¢ cascaded method
can be overcome by the use of other structures, for example,
multiple feedback configurations such as those considered by

Laker and Ghausi { 3 | and by Szentirmai L4 .

Our objective in this dissertation is to develop two methods
of synthesizing multiple feedback active filters. The first
method, considered in Chapters 2 and 3, synthesizes bandpass
and band-re ject filters by employing a structure made up of a
number of identical second-order resonators and a feedback
network, along the lines suggested by Hurtig [ 5 ]. The
resonators are connected as in cascade except that their indi-
vidual outputs are fed back and, with the filter input, summed

to form the input of the first resonator,

The second method of synthesis, which is considered in
Chapters IV and V, wuses a variation of the cascaded con-
nection of Sallen and Key resonators | 6 1. The feedback
elements are connected to the output of the filter instcad of
to the output of each resonator. This gives a4 multiple-feed-
back filter of the same type as the cascaded structure (that is
low-pass, high-pass, etc.) and retains the bare minimum
number of elements of the Sallen and Key contiguration. This
method is applied to the synthesis of low-pass and high-pass

tilters.




B. Filter Types and Transformations.

A normal ized low-pass filter (passband 0 < ®m < 1) with transfcer

function

Vout K (l1.6)

vin s + b.S + ... +b S +b

may be used as a prototype for obtaining other filter types,
such as denormalized low-pass, high-pass, bandpass, and band-
reject filters., The filter described by (1.6) is of the
all-pole type and, depending on the coefficients bi' may be

a Butterworth filter, Chebyshev filtexr, etc.

Equation (1.6) can be transformed to a denormalized low-pass
filter transfer function, with cu:-off frequency w by the
transformation

S = s/w (1.7)
c

which is effected by dividing the capacitances of the normalized
low-pass filter by @ [ 7 ]. The low-pass to high-pass trans-
tormation is given by

S = w /s (1.8)
C

which is etfected by replacing, in the low-pass prototype, the




conductances by capacitances and the capacitances by conductances
of equal value, and subsequently dividing the capacitances by
wc [ 2 ]. Transfer functions of bandpass and band-reject filters

are obtained by using (1.6) and making the substitutions

2 2
s + W
s ) (1.9)
Bs
and
S = 2Bs >
s+ w (1.10)
o
respectively [ 7 ]. In both cases w is the center frequency

and B is the bandwidth of the band passed in the case of band-
pass filters and of the band eliminated in the case of band-
reject filters. Instead of B and wo’ one may specify Q and
w , where
o

Q:fg (1.11)

B

is the quality factor of the filter. Evidently a high Q implies
a relatively narrow band which is passed (or eliminated). A

normalized bandpass function (wo = 1) with a specified Q is

obtained from (1.6) by the transformation

g -2(s +1 (1.12)




and a normalized band-reject function ensures if

§ = —> (1.13)

2
Q (s +1)
C. Resonators.
The resonators, or subnetworks, which we consider are those
with normalized transfer functions with quadratic denominators,

having the form in the low-pass case,

H(s) = ——=F (1.14)

s +as + b

in the high-pass case,

2
H(s) = ——2—55—— (1.15)

s +as + b

in the bandpass case,

H(s) = T‘-‘-S———— , a = 1/q (1.16)
s +qas + 1

and in the band-reject case,

2
H(s) = K (87 + 1)
8 +as +1

,» a=1/Q (1.17)

In every case H(s) = Vout/Vin




The locw-pass Sallen and Key resonator L6 ] which we shall
modify to obtain multiple feedback low-pass filters is shown in

Fig. 1.1. It may be used to realize (l.14) if we have

K = N R

Rl RZCCI

1 1 1

a=—— (l-u) +— + —

R2C1 R1C R2C (1.18)
b=_1

RIRZCCI

where

=14+ RQ/R3 (1.19)

J_C

,.____.Vout

3

Fig. 1.1. A low-pass Sallen and Key resonator.

Interchanging the resistances and capacitances in an appropriate

manner results in a Sallen and Key high-pass resonator.




The combination of the op amp and resistors R3 and Ra of

Fig. 1.1 constitutes a voltage-controlled voltage source (VCVS).

The VCVS may be symbolized as shown in Fig. 1.2, where

L=0, V,=npy (1.20)

v, ] v,

Fig. 1.2. A voltage-controlled voltage source.

Another resonator, which is excellent for realizing
bandpass filters with high Q requirements, is obtained by con-
sidering the bandpass function

Vout 1 (1.21)

Vin s2 + 0 s +1

where the center frequency is wo =1, and Q = 1/a. Rewriting

(1.21) we have

1
vout s +o+ s] - l(1 vin

Defining V. and v2 by

1

out (1.22)




we have

2 1 in 1 (1.23)

A signal flow graph of (1.22) and (1.23) is shown in
Fig. 1.3, from which we obtain the resonator of Fig. 1.4,

which realizes (1.21). Note that the units in all figures are

ohms and farads.

Fig. 1.3. A signal flow graph of a bandpass resonator.

[ 1/0¢
A M
|
] L
l/K'
Y, V., W

g-

LA
+ rﬁ\\\\_A oVout
(3

1
]
LA
‘ 41///44 AA-
N
\

Fig. 1.4. A bandpass resonator.




CHAPTER II

BANDPASS FILTERS USING IDENTICAL RESONATORS

A, The Multiple Feedback Structure

To obtain the multiple feedback circuit which we shall use to

synthesize bandpass and band-reject filters, we consider the

signal flow graph of Fig. 2.1. Applying Mason's rule yields

~a HH ...H
vout ol?2 n

v T 1+ aH +
in 1 a, 1 a2H1H2 + a3HlH2H3 + ..+ anH H_...H

12 n

(2.1)

vn ’,: Vou!

Figure 2.1. The signal flow graph of the filter,

A circuit which realizes (2.1) may be =een from Fig. 2.1 to

be a cascade of resonators N i=1, 2,..., n, having transfer

i’
functions Hi = vi+1/vi' Each of the output voltages Vi+1 is fed

back and a weighted sum formed, which is equal to signal Vl’
given by
Vl = -(ao Vin + alV2 + a2V3 + ...+ a1 Vn + a Vout)
(2.2)

10




11

R| 82 %1 Rn
[T I G B D SO ‘ Vout
N‘ vz N2 v3 v" Nn
i 1L L
Figure 2.2. The multiple feedback filter
The summing process can be accomplished by a summing amplifier,
as shown in Fig. 2.2, from which it may be seen that
vin v2 V3 vn vggt
= — == + - .o +
V1" RG * R R, T ¥R R )
1 2 n-1 n
Therefore, comparing this result with (2.2) we see that if
Rf
a, = g o i=0,1, 2, ..., n (2.3)
i

then the circuit shown in Fig. 2.2 realizes (2.1).
The filter of Fig. 2.2 is the same type as its resonators.
That is, if all the resonators are bandpass sections, then the
structure is a bandpass structure. Similar statements hold for
low-pass, high-pass, and band-reject filters. As we shall see, in
the case of bandpass and band-reject sections, it is possible to

have identical resonators.
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B. Bandpass Filters .

The network of Fig. 2.2 becomes a bandpass filter when the
resonators are bandpass resonators, It is also possible, in this
case, to have identical resonators, which is highly desirable
from a manufacturing standpoint. To see this, consider the case
where each H, 18 the bandpass function

i
K.s

H = _2_1_____ (2.4)
s +tas + 1
of a normalized bandpass resonator with center frequency w = 1
and quality factor Ql = 1/% A resonator which realizes (2.4)
was given previously in Fig. 1l.4.

Consider next the transfer function of the normalized

low-pass filter given previously by (1.6). Applying the

low-pass to bandpass transformation

2
S = .QSE__E_ll (2.5)
yields
Vout - Ksnzgn 2.6
\' D (2.6)
in 1
where
b b
D. = (2 + 1)+ Lg@e?+ )™+ 252,24 )n?
1 Q qQ?
b
+ ... + L s,“'l(,s2 +1) +-2 g" (2.7)
Qn-l Qn

Equation (2.6) represents a 2n-th order bandpass filter with

center frequency 1 rad/sec and a specified Q. A network realizing
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(2.6) may be transformed to one with any center frequency w, = 2nf0
by proper impedance and frequency scaling.

Substituting (2.4) into (2.,1) ylelds

¢ -a K? Sn
Vou - oD (2.8)
in 2
where
D, = (52+0(s+l)n+aKs(82+as+l)n-l
2 11
22, 2 n-2 n-1 n-1
+
+ azkls (s + as + 1) + ... an—lKl g
(s® + as + 1) + anx‘l‘s“ (2.9)

Matching coefficients of like powers in (2.5) and (2.8)

leads to n + 1 equations in the n + 3 unknowns, ags 815 cees B,

a, and Kl. Therefore, two unknowns may be assigned arbitrarily

1’ b2’

ceny bn’ which characterize the type of filter (Butterworth,

and the others obtained for a given set of the parameters b

Chebyshev, etc.), K, and Q. This will be considered in the
following section.

We shall see that the feedback resistors in the realized net-
work depend only on the type ot filter desired, that is, on the

bi of (1.6).

C. Determination of the Feedback Circuit .

The feedback circuit of Fig. 2.2., for a given set of
resonators, is determined by calculating the values of the

resistors Ro’ Rf, R R required to match the coefficients
n

1,-..,




of (2.6) and (2.8). The work is facilitated somewhat by apply-

ing the binomial theorem to D, in (2.9), resulting in

2

n

n 2 -i i
D,= 3 (D G+ DV () +
i=0
n-1 n-1 n-1-1i i
akK;s ¥ (.) (s +1) () +
171 ) i
i=0
n-2 .
axis’ 5 O e D" P et e
1
i=0
n-1 n-1 n-1 n-1 nn
an-1K1 s (s + 1) + a K1 s (as) + anKIS

Equating coefficients of Sk(s2 + l)n‘k, k =0,1,2,...,n, in D2

and D1 given by (2.7), we have

k=0: 1=1

b
- n n-1, _ "1
k 1 (l)a + alKl ( 0 ) Q
c=20 Matak (et axd (Y -2 2
2 11 Yy 31 o) = 2 (2.10)
Q
. n , n-1 .2 n-2 n-1
k n: « + dlKla + azl\1 "l + ..+ an-lKl a
b
+ anKT = -1
n
Q

with the general case being

n k i n-i k-1
+ .
o RS R

1

[l

14

bk
)a = o k=1,2,...,n (2.11)
Q
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In addition, we must match the numerators of (2.6)

and (2.8), resulting in

= -ak (2.12)

One approach in solving (2.11) and (2.12) is to make the
assignments

= 1 -
Kl Q ° a

(2.13)

Vel )

where B is to be assigned, if possible, to make the ay nonnegative.

We note from (2.12) that this choice of K. yields

1

a, = -K (2.14)
and hence we must have K<0. That is, the filter must have an
inverting gain.

Substituting (2.13) into (2.11), simplifying, and solving

for a, in terms of al, 82’ cres ak—l’ results in

a, = bl -n8B
a, = b~ (" i @D a8 k=2,3, ..., 0 (2.15)
i=1
Thus, for a chosen value of B, we may obtain successively al,
@ys eees A Also we may solve (2.15) explicitly for the ak in
cerms of B, n, k, and the bi' The pattern that emerges as each

successive 3 is obtained is given by

k
a - LY 1 (-1

=9

boniyy b, » k= 1,2, ..., n (2.16)




16

where we note that bo = 1. That (2.16) is the solution of
(2.15) may be readily shown by substitution and verifying that
the coefficients of the various powers of g vanish,

The range of B for nonnegative a depends on the low-pass
prototype coefficlents bi' It is interesting to note from (2.16)
that

a = PA-B) (2.17)

where

n n-1
= +
g;s) s + bls + ... + bn—l s bn

is the denominator of the transfer function of the low-pass
prototype filter, given by (1.6). Since g#s) is
strictly Hurwitz, all its zeros occur in the left half of the
s-plane. Also ﬂ§0)>0. Therefore, denoting the real zero of
§§3) which 18 nearest the origin by - 0(0>0), we note that any
value of B on 0<B<0 results in an>0. 0f course, by the first of
(2.15), a; is nonnegative if
0 <8 :blln (2.18)

Other bounds on B are obtained, for the various cases, by
considering the other equations of (2.15).

The gain Ho of a bandpass filter is defined to be the value
of the transfer function H(s) at the center frequency W, By

(2.6) and (2.7) we see that the gain is given by

- vOUt (jl) - _E (2 19)
o Vip D b
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Therefore specifying the gain, for a given filter type, determines
K. The gain, as we have noted, must be negative.

As an example, suppose we want a 6th order normalized
Butterworth bandpass filter for a given gain Ho and Q.
This requires a 3rd order low-pass Butterworth prototype,
for which b, = b, = 2 and b_ = 1. By (2.19) we have

1 2 3
K = Ho, and by (2.14) we have a = -H_- By (2.16) we have

a = 2 - 38
32 = 2 - 48 + 382 (2.20)
a3 = 1 - 28 + 282 - 83
All the a, are nonnegative if we have 0<B<2/3. Therefore,if we
choose B = 1/3, we have a = a, = 1 and a, = 14/27, and by

(2.13), we have a= 1/3Q and Kl = 1/Q. These values determine the
resonator of Fig. 1.4, and we may then construct the pbandpass

filter of Fig. 2.2 with three such resonatcrs, and a feedback

3° These latter values are

determined by (2.3) for a selected value of Rf-

network of Ro’ Rf, Rl’ R2, and R

Choosing R = 1, we have Ro = —1/H°, R, = R2 = 1, and R, = 27/14.

1 3
We note that the foregoing design results in a normalized
bandpass filter (w0 = 1). If we wish a filter with a given
center frequency fo, we select standard values C of the
capacitors in the resonators, and multiply the normalized values

of the resistances of both the feedback circuit and the resonators

by 1/2nf C. The result is a bandpass Butterworth filter with center
- [¢]
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frequency fo Hz, a gain Ho, and a quality factor Q.

We observe that in the above example, a = 1/3Q, which
by (1.21) is equivalent to 1/3Q = l/Ql’ or Q = Q,/3, where
Q1 1s the quality factor of the resonator. Thus Q of the filter
is less than Q of the resonator, as is always the case when
B<l, since in general Q = BQl. Therefore, for a high Q filter
we must have resonators capable of producing very high Q. The
resonator of Fig. 1.4 was chosen for that reason. .

As a final note, if B is chosen so that one of the a, is
zero, then this eliminates one of the feedback resistors. For
example, if B = blln, we see from (2.15)  that a, = 0
and hence Rl is infinite (open circuit). For the eighth order
Butterworth and chebyshev (various dB ripples) bandpass filters,
we chose B such that R1 became infinite. The results for Rf =

l.and a gain of Ho are shown in table 1.

Type Ro R2 R3 R4

Butterworth l.OOO/Ho 1,172 2.613 | 4.911

Chebyshev (1/2 dB) 2.639/H0 0.848 4.722 | 4.951

Chebyshev (1 dB) 3.623/H0 0.898 6.315 5.819
Chebyshev (2 dB) A.RSA/HO 0.940 8.831 | 6.639
Chebyshev (3 dB) 5.650/H° 0.959 |11.121 | 7.067

Table 1. Feedback Circuit Values
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D. Sensitivity of the Multiple Feedback Filter.

As observed in Section A of the first chapter, the
sensitivity of the transfer function H(s) of a cascaded structure
with respect to a resonator function Hi(s) is given by

SH =

Hy

- =1 (2.21)

This means, as indicated previously, that a relative change in

Hi ylelds exactly the same relative change in H.

The sensitivity S: of the multiple feedback filter may
b
be obtained from (2.1) . To facilitate the work we write (2.1) in

the form
N
H = D
where
n
N = -ao ill Hi (2.22)
and
n i
D = 1+ z a, " Hj (2.23)
i=1 i=1

We also define the quantity

D, = l+aH +aHH +.. +a HH ... H_

k 11 212
k p
= 1+ I a, ™ Hj s k=1,2,...,n+l (2.24)
1=1 3=1

from which we note that D = D .
nt+l
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Applying (1.4) to H we have

H DN - N(a,H H_...H, + ... +aHH ..,H)
1 n n

H i 12 i 12
Sap W ?
i HiD
or
, D
B { (2.25)
H D
i
Thus for i = n, we have Sg = 1, as in the case of the cascaded
i
structurc. However, for 0 - i - n, Eq. (2.25) is complex for

general values of s, and meaningful comparisons cannot be made
tnless we restrict s to real values or else modify the definition
of sensitivity., This may be done by considering absolute values
of S” or by comparing some real quantity associated with Sg.
with ;ts counterpart in the cascaded structure, as is done in

| 4 J. It is not our purpose here to consider sensitivity in
depth, but it should be clear from (2.25) that for i - n, Di has
fewer terms than D, and it is plausible that by some suitable

definition of sensitivity, the multiple feedback filter should

compare favorably with the cascaded filter.




CHAPTER I11

BAND-RETECT FILTERS USING IDENTICAL RESONATORS

A. The Resonator.

It was noted in Section A of Chapter II that the multiple
fecedback filter of Fig. 2.2 may be designed with identical resona-
tors in the case of bandpass and band-reject filterse. This was
shown in the bandpass case in the previous chapter, and we shall
show it also to be the case for band-reject filters in this
chapter. First, however, we consider a band-reject resonator
which may be used.

The resonator we need is a second-order band-reject filter
whose transfer function is given generally, by {(1.6) and
(1.10). For n = 2, we have
K (s2 + wi)

out

(3.1)

\Y 82 + B s + w2
in o

The center frequency of the rejected band is w_and B = wo/Q
is the width of the rejected band. The quantity Q, as in the
bandpass filter, is the quality factor which characterizes the

narrowness of the rejecting band of the filter.

21




S g N

L +

Fig. 3.1 A second-order bandreject resonator.

One resonator which realizes {3.1) is due to Huelsman
(8], and is shown in Fig. 3.1. Analysis of the circuit yields,

for

Ry R, = 2 R, Rg (3.2)

the center frequency and bandwidth

e (3.3)
R4C R1 R2
B = 2/R,C
and an inverting gain
H, = -R6/R3 (3.4)

The gain is defined as H = H(0), which is given by K in
(3.1).
In the normalized case, w, = 1and B = 1/Q, in which case

(3.1) becomes

22




v Kl (82 + 1)

out

= 3 (3.5)
| 8 +as +1
in

where o = 1/Q1 and Ky and Q, are the gain and quality factor of

the resonator.

B. The Feedback Circuit.

To develop a 2n-th order multiple feedback band-re ject filter
of the type shown in Fig. 2.2, we shall use n identical second-
order resonators Ni’ having transfer functions given by (3.5).

The overall filter function, by Eq. (2.1), then will be

n 2 n
v - akK, (s +1)
out ) ol (3.6)
Vin Dl
where
D, - (s> +as + D™ + aIKI(sz +1)(s% +as + DL 4
2, 2 2, 2 n-2 n-1
ale(s + 1) (s” +as + 1) + ... + “n-1K1
2+ 1) Y% 1 s + 1) + anK?(sz + D?
or
n n-1
n n-1i, 2 i 2
D, = E () (as) (s“ + 1) + alKl(s + 1) i§o
i-1 2 i 2 2 2 W2 o
C )™ 2+t a6t + s (Y
i 21 =0 i

@s)* 1 26?4yt 1 4 anx‘l‘(s2 + )" (3.7)
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This result will be matched with the general band-reject

transfer function given in Section B of Chapter I by

out ) K
n n-1 n-2
Vin S + bls + bZS +...+ bn-ls + bn
S
S =
Q(32+ 1)
or
v kQ™(s% + 1)®
out
= (3.8)
Vin D2
where
D2 = sn + b]‘Q(sz+1)sn-1 + b2Q2(sz+1)2 sn-2 +... +
n, 2 n
an (s7 + 1) (3.9)

Equation (3.8) represents a band-reject filter with center fre-
quency = 1 and quality factor Q. Matching the numergtors of
(3.6) and (3.8) results in

n_ _.n

-a K7 = kQ (3.10)

and equating coefficients of sn—k(s2 + l)k, k =0,1,..., n in

(3.7) and (3.9)yields
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n-1

PI) +ak (MhT = b

2 n n-1 2 n -2 2
() +ak (1) +a,k (D] =
(3.11)
n-kr n 2,n-2 k n-k k
1 + a K k2 + K' = b "
a] |+ a2 ] ce. F a_K, n)

One way to proceed is to assign Kl the value

K1 = BQ (3.12)
where B>0 is an arbitrary constant, resulting in
a_ = -K/g" (3.13)

o
Therefore, as in the bandpass case of the previous chapter, the

gain of the filter must be an inverting gain. Also by (3.11) we

have

(3.14)

and

k
@ + 228N D) = b Q% k= 1,2,..., n (3.15)

The latter represents n equations in the n+l unknowns a,, a,, ooy
a , B and may be solved quite readily for a1y @nyeeer AL in that

order, in terms of 8. Hopefully B can be assigned so that the a;

Are nonnegative.




The pattern that emcrges as each consecutive a; is found in

terms of ., Q, and the bj from (3.15) 1is given by

1 ki Yy bl k=1,2,...n (3.16)
ak " Tk z k-1 i
g 1=0

This may be proved quite readily by substituting a, from (3.16)

k
into (3.15) and observing the vanishing of the coefficients of
Qd, 3 =1,2,..., k.

We note from (3.16) that a, is given by

al. - (le - n)/BQ

and hence is nonnegative if

Q = n/b; (3.17)

A lower bound on Q may be found, for specific cases of n, by
considering (3.17) and the other equations of (3.16), for k =

2,3,..., n. It is interesting to note from the case k = n,

that

n
a =P (-1/Q)/p (3.18)

where Pn(s) is the denominator of the transfer function of the
lowpass prototype. Therefore by an argument identical to that
given in Section C of Chapter [1 for the bandpass filter, there
is always a positive lower bound on Q for which a =2 0.

We may also obtain by differentiating (3.16),
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k _ 1 ; k=2,3,..., n
k k +1
dQ B Q
(3.19)

da1 )

— = n/fQ

dQ

da
Therefore, if a; 20, then 56_ >0, and we should expect to

find, for some Q>0, a nonnegative a,. The argument may be re-

a,, etc., and as we have seen, is certainly valid

peated for a3, 4

for a
n

C. The Band-reject IFilter.

By the previous sections of this chapter we have seen that a
band-re ject filter of order 2n, of the type shown in Fig. 2.2
may be designed with realizable (nonnegative) feedback resis-
tances. For the normalized case (wo = 1), the resonators are
all identical and have transfer functions given by (3.5)

Jhere ¢ = 1/Q,, and K, and Q, are the gain and quality factor
1 1 Y

1
of each resonator. By (3.12), (3.13), and (3.14), we have

=
B

,.
o
1]

-x/p" (3.20)
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where Q is the desired quality factor of the band-reject filter,
and K is the numerator of the low-pass prototype tunction. Since
the gain HO of the band-reject filter is its trangfer function

at s = 0, we have from (3.8) and (3.9),

Ho = K/bn (3.21)

By (3.20) we scc that each resonator must have a noninverting
gain of BQ and a quality factor of Q1 =1 (@ =1/Q =1). The
resonator of Fig. 3.1 has an inverting gain and therefore if it
is to be used we must invert its output. Adding an inverter
to the output and adjusting the elements to obtain a center
frequency w = 1, a gain of PQ, and a quality factor of 1, we

obtain the result shown in Fig. 3.2. The transfer function is

given by
\Y BQ(s2 + 1)
out
= 5 (3.22)
\ s +s +1
in
1 Ba
S W,V N
1
r.__JV\.__. X
.J:T
2
1 1 ~ A | 1
g4 }_ I A W,V Vou
' +

Fig. 3.2 A resonator with noninverting gain.
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In summary, suppose we want a 2n-th order band-reject filter, of
a certain type (Butterworth or Chebyshev), with a center frequency
fo (Hz), an inverting gain ot HO (negative), and a quality factor Q.
We first obtain a normalized filter (center frequency w = 1
rad/s), noting that the typc of filter desired determines the co-
efficients bl’ b2""’bn' The n identical resonators will be of

the type shown in Fig. 3.2. By (3.20) and (3.21) we have

_ n

a_ = anO/B (3.23)
and the remaining feedback constants a k =1,2,3,...,n, are de-
termined by (3.16). The feedback network resistors are then ob-

tained from

R, = , 1 =0,1,..., n (3.24)

The quantities R_ and B are arbitrary positive numbers and may be

f
chosen for convenience. We should note that the given Q must be
sufficiently large for all the ai to be nonnegative.

Finally the filter is obtained from the normalized circuit
by replacing the 1 F capacitors by convenient standard value C
and multiplying all the resistances by the scale factor K =
1/2nf C.

O

The advantages of the method are that HO, Q, and fo may all
be specified, the resonators are 111 identical, and the arbitrari-
ness of Rf and B allows us to have come control over the range of
values of the resistances. This is importunt from a sensitivity

standpoint.

A< an cxample, suppose we want a 6th order Butterworth band-
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reject filter with wo = 1, Q = 10, and Ho = -10. Then we have
b1 = b2 = 2, and b3 =1. By (3.23) we have
a_ = 10/83
o

and by (3.16) we have

[y
it

L= (22 - 3)/8Q

(2% - 4q + 3)/8%Q°

Y
1]

2
ay = (Q3 - 2Q2 + 2Q - 1)/E53Q'j
Lvidently - n/bl = 3/2 results in positive a, and tor Q = 10,
we have
a, = 1.7/8, a, = 1.63/k%, a = 0.819/8° (3.25)

We then have, for the resistances,

R =R 83/10,
o f
Rl = RfB/l.7
R, = R 82/1 63
2 f :
3
Ry = RfB /1.63

where B and R, are arbitrary positive numbers.

f




CHAPTER IV

AN ALTERNATE METHOD OF MULTIPLE-FEEDBACK SYNTHESIS

A. Low-pass Filters using a Variation of Sallen and Key Resonators.

In a brief discussion in Chapter I, the usc of Sallen and
Key resonators in synthesizing filters was discussed. The
resonator network was shown in Fig. 1.1, and its transfer
function was described by (1.14) and (1.18).

In this chapter, we consider the synthesis of all-pole
low-pass filters using a variation of the Sallen and Key resonators
in the following manner. The filter is simply a cascaded
connection of low-pass Sallen and Key resonators with the
exception that the feedback elements are connected to the output
of the filter rather tham the output of each resonator. Fig. 4.1
shows a general configuration of a network of this kind which
realizes a low-pass filter of even order. In the case where the
order of the filter is odd, a first-order RC section is cascaded
at the input port of the network. An example showing this latter
case is the network of Fig. 4.2, where the order of the transfer

function is n = 3.

Fig. 4.1. A low-pass filter of order 2n.
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Some features of this approach to synthesis are worth noting.
(a) The network retains the bare minimum number of elements of
the Sallen and Key cascaded configuration.
(b) All the values of the capacitances in the circuit can be
preselected, using standard values. In the work to follow we

shall have C = C however, in some cases of high gain, we may

l;
take C1 = 2C to keep the resistances within a proper range.
(¢) The synthesis is exact with respect to the gain, contrary
to the cascaded connection, where a change in the prescribed
goin 1s necessary in many cases for obtaining a stable output.

The analysis shows that the transfer function related to

Fig. 4.1 is of the form

VZ Hvo
v = a | (4.1)
1 s + A s + ... +As + A
n-1 1 o
where, with the capacitor values preselected , Ho is the
product of the gains of the amplifiers and Ai’ i=20,1,...,

n-1, is a function of conductances and gains of the amplifiers

in the network.

B. Low-pass Filter Transfer Functiomns.

The synthesis of all-pole lcw-pass filters (such as Butterworth,
Chebyshev, etc.) using this methcd will be discussed in Chapter V.
There we shall nced the transfer function of (4.1) with
specified order. For this reason the transfer functions for

n = 3 through n = 8 ol Fig. 4.1, where the values of all




capacitances are one farad (normalized casc), are tabulated

with the respective networks, which are shown

through 4./,

in Figures 4.2

R




FIGsa 2 INbe OWDER LOWPASS NETWORK

V2/VI=HO®AD /(A &S+ &JHAZKSHES24A1 &5+4A()

WHERE ThE COEFFICIENTS ARE

HO=U1

AN=G1%G2%G2
Al=(G242e*%C2-L1*G3)%(GC14G2)+G2%G3-G2%%2
A2=Gl429%C2 424 *%G3-U1*C?

A3=1e
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FIGea 3 4THe ORCER LOWPASS NETWORK

V2/VI=HO*AQ/(AQES R ¥4 +A%RSEETHLA2%SHEE AL XS HAQ)

WHERE THE COEFFICIENTS ARE

HO=U1l *U2

A2=Gl*G2*%G2*C4a

Al=Gl*C2* (CI42¢#%G4~UZEXGA) +GI%GA%(G142¢%8G2)
-Ul*U28G2*G I*G4

A2=Cl %C24GI#GA+(Gl1425%G2)*(G3+2%GA-L2%GA)

AZ=Cl42e%C24C342a%GA-UCZEGA

AQ= 1,
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FICGaa,4 SThs VikDEK LOWPASS NETWORK

VE/VIZHORAC/ASH G4 S ¢AQSSH K4 +A2X 42T 4A2SRE24A1 $S+AL)

WHERE THE CCEFFICIENTS AQE

Hy=U1%U2

AN=G1¥C28C3 4G4 %GS5

Al GARGCHS +ARC-GC2¢G2%G4*GS5~-C2+52%G3%C
~Ul*U22C 26 GCA*GCSE(Gi14G2)

A2=GAXCEXCIBHSC 4A-G2%Gc*C~-G29G2%G3-U1%U2% G3*¥GAEGH

A2zCA*CS40IC+E-G2%G2

AA=C+D

AS=1le

wITH

A=G19G28G24C2%C2*G3
B=GZ*sGI+(CL14G2)%(G2+42e%C3)
C=Ga+2¢*G<S~U2%GS

0=Cl1 428G 242%G3

D




FIGed S 6THe CRLEER LOWPASS NETWORK

VZ2/VI=HO*AQ/(AGXSEXRE+ASESEXS AL AXSE RS
4A3SSHE I L A28ST R LAV RS HAL)

WHERC THE CCEFFICIENTS ARE

HO=U1%U2%U3

AQ=G1l2C2% C3*GA*GS*GO

Al=GCSECERD4CIRG2%GIRCH4B~-U2RUIBCLIXG22GAXG58GH
~Ul *U2FU2EG2ExCIXGAEG5%G6

A2=GSEGO*C+C1%G2%G3*G44+0E%D-L2%U3*GAE®GC5% GO
$(Gl42e2C2)

A2=CSHCO*LPIERC4+C-U2%LI2G48G5%GO

A4G=GS*GH+AXR+C

AS=E+A

Ab=1e

WITH

AZG142e%C24C342¢%GA

BG5S 426 ¥GE~-U3*GH
C=CLl2G24GA%CA+ (Gl 42¢%G2)1%(G3425%G4)
D=GleGZ2%( G342 %G44 ) +G3*GCAX (Gl +2 *G2)
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FIG.4a6 SCVENTH URDER LUW~PALS NLET WK

V27 Vv HOBAQ/ (ATESEBT AL+ A ¢ ,585¢A4% 5K € 4§
+ATAS G F4ALESHEE2+ AL KL ¢AL)

wHiZtdr Tht CUEFFICIENTS ARE

HO=Ll #U2 % 4

A= ClL®G2®R G I*LGSOSEGERG 7

Al -GASCORCORCT*E+G2%G3%x (6 146G 2) *F Ul *U2 *USRC3*Cax

OGSEGLERGTH(GI+G2) -G #G2364 4G5 GO CT-G2%G2%G 3%F

A2 ZCG ¥CO EGH 3G PUHERF +GCOR2C IR (1 G2 )$D-G2¥%C2 4G 3%D—
Uil sU2%0U3*%0C3%Ca%065%G630G7-G2%G % F

AS=G4 *GH GO EGT +BEF +E XD 4L X6 24 (GI+ G2 ) *A-C2 %2 8N -
G2%L2%G 22

AG=F ¢B*DALSA+G2*GCIX( (1 4C2)-G2%G2*A-(G2%G2%G 3

AS=Z0O+B*AYE-G2%G 2

AE=-A+ R

A7=1.

witTH

AZHA42 3G E4GOHHL2.85067-U3 G
B0G1+2e2G2¢ ¢ %G

C=GH 2 3G T7T-UIxG /
N=GO*G74+( G4 +2 (5 )*C +0 e G

L=G28G 34 (G140G2)*(GP+2+14,3)

F =GOHOSGT7%2( G424 #(,H)+GA4%(SEC-U)2%U IKGHEGESGT
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Floedae/ ETOHTH ORUIR LOW-PASS NETwWORK

V2/V1I=HOSAQ/(ABE Sk sB ¢+ A7 ¢ 5%k 7+ ALK LEEOEAS 55X 4 A4 % 6 %4
FPAIESEEIPAKS KR HA]+G+AC)

wHEREL THE COLEFFICIENTS AR-

HO=ULl sU2 *U3 LS

AO=GIEC2¥ GI*GAEGHRGOH MG 7, &

AL=GLl¥L2%CINCARHICS* COHS ( 72GH&f
~UZ *U3XUARGLE G2 3G4 LSRG OERCTRCH
~UIVAXGLRG28G3 *¥GA #Ge +G7xG8 -1

A2=G1852%GAGA*L +GSE COXCI*®GB*D +H¥F
~L2%U3*UA*GA%SS A5 3G 7xGEBX( Cl 42 o362 )-113%UASCOH* L 7% HEF

AL SRGOEC/*GHEE 4G 1 2L 2% CI*GAa*C 4D K H 4L *F
~U2%U3*USLERGa*LHSEG LA T RLH-U S *UASGEHEXGT LB D

A4=518G28G38GA+0LH*¥CORG/ G +8*HTC XF + D SE
—U3sUASGEXG T =01 #8

AS=H+F +BSE+ 7 %N~ 344 2G6HL%, 7% CH

AL=LC+E+BEC

A?=H+C

AR=1,

wilTH

AZCT +2 & OGH-UGLY

BG4+, 80G24(:342, *G4

C=GC 4% GE4 742 ,4G8-La*GY
D=GL13G2+L 32,44 (G142,%CP )R (G425 4)
E=GS% COAG 775G+ (G54 Ze #0L ¢t ) A
FG1eG28(CY02 0G4 )40G30Ca% (Gl e o602)
H=L O 8GB8 *A+ T 4 GHE ( GS 42 « #GH )
PoULEUC U 1814 %02 80 318G EGH*(H68GT *G3
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C. tligh-pass Filter Transfer Functions.

{n this section we consider the analysis of high-pass
filters using a modification of the cascaded connection of the
high-pass Siallen and Key resonators. The low-pass to high-pass
transformation is discussed in Part B of Chapter 1. This
transformation converts the network of Fig. 4.1 to the network of
Fig. 4.8. Obviously the networks are similar with the c¢xception
that the capacitances and the conductances have changed places.

The values of the capacitors in the network are preselected and

are all identical. In this case, as in the case of low-pass filters,

eacl. capacitor is set to be one farad.

vl | C cl| ¢ cl| ¢ c| ¢
) S
G2 G, Gy Gon
- ry -«

Fig. 4.8 A high-pags filter of order 2n

The general form of the transfer function for the network

in Fig. 4.8 is

£ = (4.2)

1 s + A s + ... + A s+ A
1 o

0

where Ho is the product of the gains of the amplifiers, and

Ai' i=0,1, 2, ..., n=1, 1s a {unction of guins and conductances.
High-pass networks for n = 3 through u = 8 are shown in Figs. 4.9
through 4.14, respectively. The transfer function for cuch

networ. 18 tabulated with the respective figure.

Wmt




FI1Go4n9 3RDe CROER HIGHPASS NETWORK

V2/V1IZF0%S323/ (AJCSEEI+A28S5SRH2+AL*S+AG)

WHERE THE CCEFFICIENTS ARE

+ro=u1

AO=G1%*G2*(C3
Al=2e#C2%8C34G1%(G2426%G3-U12%G2)
A2=2¢*(G242:%G2=U1%G2)~-G34G1
A3=1,
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W.*}jif ujii' —— ¥,
% G

Fi1Gasa-1n 4THe ORDER HIGHPASS NETWORK

V2/VI=H{*S*% 4/ (AQ*S¥ X4 +ATRSEE I4A2%SK%24+4A 1S +AD)

WHERE THE CCEFFICIENTS ARE

HO=UL#U2

AQ=G1l*C2#CI*G4
Al=GI*CA%(G1424%G2)4+(C1#C2%(G3+42%G4~-U2%G3)
A2=Cl #C24G3%GA+(G142o%G2 )% (G342e%G4-L2%G3)
A3=G342¢*%CA-U2%G34G1+2,*G2-Ul *L2%G]

Ad=1,
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1 1 1 1 1
v .—-{ —a V,
a, ) 5

FlGedoll 9THe ORDER HIGHPASS NETWORK

V2/VIZH{ ¥ SEXS/ASRSEES54AQKSE SR 4ATIXSHEE J4A2ESHBI2PALRSHAD)

WHERE THE COEFFICIENTS ARE

He=U1%U2

AJ=Gle®C2%GA*GAXGS

Al=20%G28G34GAXCS+Gl *A
A2=20e%A¢G1*%8-GIXG4 XGS
A3=24%B4G1#C~GAXGS~-GI%(26*GE+G4~-U2%CA)
AQx=248C4G1=(20%G54GA-L2%G4¢G3)

Y13 S

WITH

AZCQIGER( G242 2G3) +G2%G3* (2% GS4GA-L22%G4)
B=GA#GS4(C242%G3 )8 ( 2e#GS+GA-U2%G4 )+G2%G3
C=20%GE+GA-U2FGA4G2+2%CI-L1%U22%G2

Cx2e $GS+GA-U2%GAH




:i:. Fija Gs
o HH o v
G‘

FIGed,.12 6THe ORDER HIGHIPASS NETWCRK

V2/VI=HORSHAE/ (ACKSERE +ASESEES AL ESER 44
AJESHAIIAELEK24A1XS+AY)

WHERE THE CCEFF JCIENTS ARE

FI=ULl#*U2%U 2

AD=G1$C2%C2*C4*G5*G6
Al=(Glet2¢#C2)#GCIXGAX(LEEGELGLIxG2%D
AZ=GI*CARCS+GE+(GL142,3C2)%D+G1%C2%C
A3=D4(G14Ze#%G2)%C+G]l *G2=R
AQd=Gl1*GC24C+(2e%G24G1 )=t
AS=E4+G142%(2=-Ul*U2%U2*C1

Ab=1,

WIiThH

A=2y %GE4GE-UIERGS
B=At2¢%G4 4G -U2%U3*(G 3
C=G5%G6+(CI42¢*G4 )*AIG 2204
O=GE*GE*( (I +2e*%GA)+G2%GCA*A



G,

Gy Gg
1 1 1 1 1 1 1
- o, | .
G, S, 4 a
- - -

FIGe4nl3 TTHe ORDER HIGHPASS NE TWORK

V2/VI=HO*SEXT7 /(AT ESEST7 4ACEKRSEREHLASESHRS +AQRESEKE4 ¢
AJESEXJIAC*S EE24ALES+A))

WHERE THE CCEFF ICIENTS ARE

HO=U1*L2*U3

AQ=Gl *G2%GC2A2GARGEXGH*G?
Al=2a%G2%CA2CARGSEGOFGT7 +G 12K
A2=2o¥KAC1IHJ=GIXGASGS*GERXG?
A2z=2¢ 2J4G 1% [~G48GSEGESGTI-G3%E
Aa=24 %[ 4G 1 *H~G3I%D-E

AS=20 *H4+G1*F~D-G3*C
A6=2¢%F+G1=C=G3

A7 =1,

wIiTH

Az24 %¥G74GE~U3%GH
B=G&4 42 ¢*GS
C=U2%U2%G4+A+¢B
D=GA%XGE+CENCT+AXD
E=CO6*GT7*B4GasG5%A
L=C242¢%*G2
F==C+L-U1%U22U3I%G2
H=C+L$C+G29%C3

I=E+D*L 4G2%G3%(C
J=GAsGSAGO*CT+L*E+G2 %G 3
K=G2*GARE4CA¥GERGOERG T *L

+5




46

1 1 1 1 1 1 1 1
vl’—{ @ VZ
G G G G

FIG.4 14 8THe CROUER HIGHPASS NF TWORK

VE/VI=HO*S# 28/ (ABXSE 2B +ATESEET4ACES 2R +ASESKES
ALGESERA+AESHRTIA2RSE%2¢A1 %S4+A7)

WHERE THE CCEFFICIENTS ARE

HO=zU 12U28L33U4

AC=Gl*C28GI3*GA%XGSECHEGT 258

Al=GCl*G28(GE*GERGTHGER(G3+Z2e%CA)+G35GAXE )+
(G142e%5C2)*GIRGAXGS*GOHEGTEGE

A2=GAXGCARCENGOHEGT7EGB+(G1426%G2)* (GSEGHEGT (LR
Gl%G28(GI342¢%GA4)SE+G3I%GAXD
(G342e2GA)4+GISGAXE ) IG1*G28G7*GRBEGSHGEH

A3=2GS SGORCT*CBR(GI 42, *GA)+GARGALEI(G1+2,%G2)2GS5*GH*
G7*C84+(C142e%G2)5(GI420%GA)PE+(C1424%G2)%GI*GA*D+
Gl*C23E4G12G2%GCI%kGASRIG18G28 (3426 ¢G4 )*D

AQ=GS5*GOHEGT 2GB+(G3424%GA )2E+GIEGASDH(G1+42e%G2) #
(E4GIAXCA*B+(GI342e*GA)*D)+G1 G2 (C+( G342, G4 )=
+G12G2%C I*Ga

ASZE+GISGE*E+(G342:%Ga )20 +(G142:%G2)s(D+A+G3%Ga) +
Gl *G2%(C

AG=D4( G342 %GR ) %BIGIEGAL (G142 G2 )%C+G1%G2

A7=C4+G142e%C2~-UlBUIxL 2I8LA4%GI

AR=1e

wIiTH

A=GT +2¢4%G8=-U4SG?

BG5S 42¢0G64A-UIRUAL 2GS
C=F4G342e%CA-U2%U3*U4GuG2
D=GSRCO+AS((CS42e%GH)I+GTHGB
EZGS*GORALG7¥GHE(GS 424 #G6)




CHAPTER V

SYNTHESIS

A. Synthesis Approach.

Before we begin to synthesize the filters of Chapter 1V, we
notice from Figs. 4.1 and 4.8 and the related transfer functions
that the number ot conductances in the filters is always equal
to n, the order of the transfer function. The following method

is applied in synthesizing low-pass transfer functions of the

form

v " +8 s"l4 . 4ns+n (5.1)
1 n-1 1 o

V2 Kzsn
—_— = (5.2)
- n n-1
V1 s + Bn-ls +... + Bls + B0
Let
B=(8B, B B .,B_ T (5.3)
- o> 17" "n-1""n .

where Bn = K1 of (5.1) in the case of low-pass filters,

and Bn = K2 of (5.2) in the case of high-pass filters.
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Also let

G =16,,C ¢ 17 (h.0)

= 1’72 "> 'n~ :
where Gi’ i 1,2,...,n, are the conductances in the respective
networks. Fimnally, let

A= 1{A ,A ,...,A A]T (5.9)

- 0’71’ *n-1"n :
where A = HA in (4.1) or A = H in (4.2). Since

1 0O 0 n (9]
the element:; of A are functions of G and the gains of the ampli-
fiers in the circuit, we can write

A=A (G,U) (5.6)

where U is a vector whose elements are the gains of the ampli-
fiers in the circuit. The problem is to find the vectors G and

U to satisfy the system ot equations

A-B=A(U) -B=0 (5.7)

The above system can he solved by a variety of methods.
(a) Using any computer search program with constraints on the
elements of G and U to confine them between some boundaries

depending on the specifications. For example,

a, <SG, <b,,i= ".2,... 0 (5.8)

where a, and bi are some positive numbers, and

8




L su,, j=1,2,..., In/2]

where [n/2] is the number of amplifiers in the circuit ;

The npumber [n/2] is the largest inteyer less than or

equal to n/2.

(b) Assigning reasonable practical values to the elements of

U and reducing the problem to a system of n nonlinear

algebraic equations in n unknowns and then solving for G.
fc) A combination of the ahove two approaches.

The method we used is (¢). For Lhe simpler cases (lower
values of n) we assigned values to all the gains Ui except one.
This determined the unassigned gain since the product of the Ui
is the given gain of the filter. Then we applied the Newton-Raphson
method [ 9 ] to the remaining n equations in the n conductances.
We repeated this procedur: for a number of cases (assigning
diftferent values to Ui) and selected the one which gave the best
range of conductance values.

For the more complex cases (higher values of n), we used
the Powell [10] search teclinique, restricting the conductances
to positive values and the gains Ui to numbers greater than
or equal to one. The answers obtained were not sufficiently
accurate, so we used rounded-off values of the Ui obtained
and applied the Newton-Raphson methoed to |ind the conductances,

taking as initjal values thosc obtained with the search program.




The following examples (and many others which are not in:
cluded in this paper) were solved as discussed in the previons
paragraph. The i1csults were excellent as may be seen from the

error columm, Bi - Ai’ in the tables of the following examples.

B. Example 1.

An 8th order low-pass Butterworth is synthesized using the
network of Fig. 4.7 and the transfer function related to it.

The results are incorporated in Table 2.
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Gi Bi Ai Bi - Ai
Conductances Given Coeff. Matching Coeff. Error
G, = 1.7529662 | B, = 1.0 Ay = 99999999 01 x 10°°
G, = .1111362 By = 5.12580013] A, = 5.12608286 | -.02 x 10°%
G, = .8253321 | B, = 13.13710022| A, = 13.13710017 .5 x 10°°
G, = .6701507 | By = 21.84620667| A, = 21.84620660 .7 x 107
Go = .7834489 | B, = 25.68840027| A, = 25.68840022 | . 5 x 107
G, = 1.187908 B, = 21.84620667| A, = 21.84620665 . 2x 10
G, = 1.589579 | B, = 13.13710022| A, = 13.13709531 | .491 x 107
Gg = 6.2732136 | B, = 5.12580013f A, = 5.12580013 0.0
Given overall gain: K= H_ = 10

Gain of amplifiers: U, = 3.8; U, = 1; U3 = 1; U4 = 2.63

Table 2. Results for Example 1.

8th order low-pass Butterworth




C. Lxample 2.

A 5th order high-pass Chebyshev (1 dB ripple) is synihesized

using a gain “o = 10. The results are incorporated in Table 3.
G 3. -

i Bi Ai }i Ai
Conductances Given Coeff. Matching Coeff. Error
G, = 8.39050750 | B, = 8.14155259| 8.14155237 22 % 107°
02 = 0,98575527 Bl = 7.62717003] 7.62701531 L5472 x 10-4
G3 4,79840617 B2 = 13.74958485] 13.74958459 .26 x '”—h
G, - 0.23176788 | B, = 7.93309717| 7.93309712 5« 107
G5 = 0.85,11486 B4 = 4.72644988] 4.72644988 0.0
Overall given gain: K = HO = 10.

Gain of amplifier:

u, =1; U, = 10

1

Table 3.

5th order high-pass Chebyshev

Results for Example 2.




CHAPTER VI

CONCLUS1O0NS

The first method of synthesis described in Chapters 1I and
1II can be used to obtain multiple feedback realizations, using
identical resonators, for bandpass and band-reject filters. The
realizations may be obtained for given values of center frequency,
gain, and Q. This method overcomes the sensitivity difficulties,
discussed in Chapter I, associated with cascaded structures, and
has the further advantages of identical resonators and feedback
resistors which determine, independent of the resonators, the
type of filter desired (Chebyshev, Butterworth, etc.).

It is rather easy to extend the first method to low-pass and
high- pass filters, but analysis of the general case indicates
that the resonators cannot be made identical. For these
two cases we develop the second method, dJescribed
in Chapters IV and V. This second method has the advantages
cf the multiple feedback circuits, and can be used to obtain
realizations using the bare minimum number of elements of the
Sallen and Key cascaded structure. This method could also be
applied to bandpass filters, but the structures would have the
inherently low Q's associated with Sallen and Key networks [2].
However, 1f low Q is specified, such circuits would be very

economical solutions to the filter problem.
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Recommendations for further research to be puxsued are as

follows:

1.

Although the method of Chapter III seems to be a very
efficient way of synthesizing the band-reject filters,
the resonator used as the basic block for this purpose
may not be the best one. Further research may develop

a better band-reject resonator.

In this dissertation we have not concerned ourselves

with sensitivity except in a very specialized sense.

It would be interesting to conduct a thorough sensitivity
study of the multiple-feedback filter as compared with

the cascade structure.




(1]

(2]

L3]

17])

L8]

9]

[10]

M.
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