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ABSTRACT

A new approach to the design of active RC filters that simulate
doubly terminated IC ladder filters is developed in this thesis. The
approach is based on the Linear Transformation of the conventional port
variable vectors [Vi Ii:]T of two-port subnetworks into which an LC
ladder filter is decomposed. In their simplest form these subnetworks
are taken to be the series and shunt arms of the LC ladder filter.

Their transformation is then effected from the V-I description into a
X~y domain where direct active RC implementation and interconnection
is possible. The active RC filters so derived are referred to as the
Linear Transformation Active (LTA) filters., The theoretical development
as well as the cffective implementation of the entire approach ara
analytically presented in such a manner to serve as a powerful =~ active
RC filter design tool. The flexibility of the new approach is such that
new filter structures can be obtained having desirable features such as
the R-Self-Dual LTA method and in addition many well known ladder simu~-
lation methods are interpreted as special cases of the general LTA
method. The LTA approach is applied, both in its general form and also

in its constrained forms, to several filter design problems to illustrate
not only its flexibility but also its effectiveness in producing practical

RC active filter simulations of doubly terminated LC ladder filters.
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CHAPTER 1

—i
Tl

ACTIVE-RC FILTERS : A SURVEY

1.1 SOME INTRODUCTORY COMMENTS ON FILTERS

Any communication system,by virtue of its very nature, involves
signal processing operations and employs several filters at the various
stages within its structure,  These filters may be classified according

to the following criteria:

(i) Frequency range of operation (audio, radio
and microwave filters
- (ii) Band selectivity (lowpass, highpass, bandpass,

band-reject, all-pass).

(iii) Kind of elements employed (LC, distributed

' components, electromechanical, piezoelecuric,

ﬁagnetostrictive resonators). .

(iv) Filter topology (ladder, lattice)

(v) External power requirements (passive, active).

1

The initial information given to the filter designer refers to
the fifst two criteria (i.e. the freguency range of operation and the

band selectivity) in the form of typical filter specifications.
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These filter specifications define the limits which the response of the
filter must not exceed. Typical specifications of a bandpass filter

are shown in Fig. 1.{,where T(jw) is the transfer function of the filter
defined as T(s) =-§%§% . X(s) and Y(s) are the Laplace transforms of

the input signal x(t) and y(t) respectively.

T(j:i NM

\\\\\ <
NN

|
l
|
I
|
|
I

= .
—

Lower 2 Passband f3 f4 Upper
Stopband tover Upper Stoggand

Transition Transition
Fig. 1.1

The dotted line represents the ideal filter response to which the -
designer must approximate within the realistic specification margins.
The approximation process consists of finding a function T(s) which
satisfies the specifications,i.e. the plot of |T(jw)|lies in that
region in Fig. 1.1 which is not cross-~hatched. The appro:imation
problem warrants and has received extensive treatment [1][2][3].

Nevertheless it is important to point out that the steepness in the
A

transition region of the required filter (a measure of which is T jf
A 2 71

Er%%; for the upper transition
L3 -ﬂféf

ion) as well as the sclectivity of the filter (i——=2 ) greatl

region) as well as the selectivity o e -1, g ¥

for the lower transition region and

affect the order of the transfer function T{s} and its pole-Q values,
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in the sense that very steep and selective filters require high order
functions with large pole Q values [4] .

Once a transfer function T(s) has been determined that meets
the specifications, a syntiesis procedure is then implicated for. which
fhe type of the filter, according to criteria (iii), (iv) and (v), must
have been predetermined. .This is done according to the capacity of
each type of filter fo provide the maximum pole-Q for the given transfer
function at the required frequencies. 'This is discussed in detail in
references [4]ana [GJ from which we have the plot of Q versus frequency

of Fig., 1.2 above., The mechanical, ceramic and crystal filters are
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not within the scope of this thesis where we are entirely concerned
with active RC filters and particularly with a special class of such
filters, defined in this thesis, that simulate passive LC networks.
Our attention will be,therefore, focused on the IC filters and active .
RC filter case of Fig. 1.2.

The weakness of the LC passive filters to operate at very low
frequencies, even with very low pole-Q values, is due , among other
reasons , to the fact that at these frequencies the inductors become very
bulky and their inductive behaviour is dominated by the resistive beha-

viour due to their loss resistance R, shown in Fig. 1.3 as a series loss

1
resistance. lZIT
n_JV\—,Km_—o
Rl L
LS g Rl ”’
/
Z , 4
,/
w

Fig. 1.3

Any attempt to reduce the value of R ncreases the cost of the induc-

1 i
tors and contributes rather_negatively to the reduction of their size.

The case for active RC filters use,becomes immediately apparent
from the above discussion and also from Fig. 1.2, in such a way that
for low-to-medium pole-Q s at low-to-very-low frequencies appear without
alternatives in the analogue domain. Moreover, within the voice frequency
band, where in communication systems the demand on filter complexity may
be considerable, thé active RC filters are eminenltly suitable due to’

their being microelectronically realizable. In general, active RC °

filters can replace effectively LC passive filters for frequencies up
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to 100 kHz with pole~Q requirements of up to several hundreds, whilst
at higher frequencies, where inductors are less bulky, LC filters are
less objectionable.

The pole--Q and frequency limitations in active RC filters are
mainly due to the active cemponents available., The use, for instance,
of commercial integrated operational amplifiers with a gain-bandwidth
product 1 MHz does not allow satisfactory operation of the active RC
filter at frequencies beyond 100 kilz approximately. However, many
filtering applications are well within this frequency range. Active RC
filters provide a very powerful, elegant and practicaly desirable solu-
tion to many of these filtering problems whilst the development of new
design methods and the continuous improvement of active components could

conceivably extend the frequency limits to much higher levels.
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1.2 ACTIVE FILTER DESIGN - TRANSFER FUNCTION SIMULATION

Once the decision on the use of an active RC realization of
the transfer function T(s) has been made, a synthesis procedure must be
followed. The transfer function T(s) has,of course, been derived through
some approximation procedure to satisfy the design specifications. This

approximation procedure leads to a transfer function of the form:

m M=
(s) ¥(s) ) bms + bm_1s + o o o & * b1s + bo nen
X(s) ast+a s e, ... +as5+a TS
n n-1 1 o

which may be written as the product of second order functions as

follows:
n/2 n/2 ) )
(s-z.,)(s-2z.
- _ J1 j2

where 25 are the zeroes of the transfer function (roots of the noﬁinator)
and Py p} are the conjugate pole pairs of T(s) (i.e. the roots of the
denominato£). 0dd polynomials, of course, have at lecast single negative
real root. in addition to the conjugate pole pairs Pj’ p;. |

The above procedure is known as the decomposition of the
transfer function T(s) into the second order subfunctions Tj(s) which
now can be realized individually by single-input-single-output second
order active RC networks [6][:8]:27_]which,when cascaded, form T(s).

This synthesis procedure is known as the transfer function
simulation by cascading second order active RC building vlocks. Several
methods such as those presented in references [6][7][8] and [9], are
concerned with the grouping of the poles and zeroes of T(s) so that the
resulting cascade sfructure is optimized with respect to sensitivity,
dynamic'range and distortion. With the cascade structure.as a starting
network, severél feedback paths may be added intending to reduce the

sensitivity of the resulting structure. Such a modification, of course,
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. will change the overall transfer fuﬁction. The new transfer function
may be re-adjusted and identified with the desirablé T(s) and new element
values are then determined so that the cascade structure with the addi-
tional feedback paths represents a realization of the initial T(s).
farious active structures of this kind have appeared in the literature,
of which the most successful hitherto have been the Follow-the-Leader
structure [’IO] ) [’I'I] and the Shifted-Companion-Form structure El2:] .

A second approach to the synthesis problem is to use the analogue
computer concept which involves solving the differential equation defined
by the transfer function T(s) [8_].

The use of Negative Impedance Converters (NIC s) for the synthe-
sis of transfer impedances originated by Linvill ﬁj], was of great inte-
rest in the eérly days of active RC filter design (1950 ~ 1965) and many
active RC filter synthesis methods using NICs have been proposed during
that time.Ell-El . EIB] , EI6] R EI'?] . Considerable research has been done on
the NIC active RC filters concerning- their stability 1§[19 and sensiti-
vity [2@ [21] [2@ . However, the NIC active RC filters based on transfer
function simulation are no longer of potential practical significance due
mainly to their large sensitivities with respect to element variations
and alsoc due to the excesive number of RC components needed for their
realization [:8:].

In conclusion it must be said that active RC filters derivable
through transfer function simulation, =re not of minimum sensitivity and,
as a rule, they are more sensitive than active RC structures obtainable

through any ladder simulation method, as it will be scen in the following

section[27]567].
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1.3 ACTIVE FILTER DESIGN - THE LADDER SIMULATION PRINCIPLE

A transfer function T(s) fhat meets the filter specifications,
can be determined using the very familiar and systemgtic passive network
synthesis techniques [1][2][3](41]. The familiarity of the majority of
filter designers with those methods as well as the availability Sf 1c
filter design tables and catalogues[4][28] can be beneficially used for
the design of active RC filters. Moreover, as it will be discussed later,
active filters derived from passive LC networks by some form of simulation
technique, present low sensitivity which is of vital importance in any
filter structure.

The most general type of passive network is the lattice network
which presents certain disadvantages over the most widely used passive
filter circuit configuration, the ladder form. The most severe dis~
advantage of the lattice filter realization is that transmission zeroes
are formed when a very sensitive bridge-balance condition is satisfied
[23] . This leads to high sensitivity and poor performance in the stop-
band, a fact, among others, which makes ladder filters more desirable
since in this case a transmission zero occurs only if either a series
admittance or a shunt impedance becomes zerot23l This transmission
zero condition is easily satisfied and,therefore, the transmission zero
sensitivities appear lower than in the lattice filter case,

Taking into account that the active RC simulation of passive
filters is employed for it ' transfers desirablevproperties of the passive
original to the active RG structure to copy its operation, the low sensi-
tivity and satisfactory performance of the ILC ladder in the stopband
makes th;s kind of filter highly suitable for active RC simulation,

The sensitivity of a passive filter within the passband is

extremely low since it appears to be pronnrtional to the reflection



-18-

coefficient p which -assumes very low values within the passband D3L .
Therefore, reactive.ladders designed between two.resistive terminations
as to match them at certain frequencies (p=0, maximum power transfer
points) will present zero sensitivity with respect to the reactive
elemen£s at these frequencies. This is known as the Orchard's Princi-
ple and states that the first order differential sensitivity of the
transfer function of a passive LC doubly terminated network with respect
to the reactive components assumes zero value at those frequencies for
which the reactive ladder matches the source resistance to the load
thereby allowing maximum power transfer to occur (p=0)[4). A very
elegant proof of this statement is given in references[§]and3. These
sensitivity zeroes at the maximum power transfer points keep the sensi-
tivity low within the entire passband.

Therefore, doubly terminated ladder LC filters with maximum
power itransfer points (referred to as well-designed doubly terminated
IC ladder filters) can be used as a design vehicle for active RC filters
for the following reasons :

(i) Their sensitivity performance within the passband

is extremely low R3] 24] QS] [_26] -

(ii) Their sensitivity in the stopband is lower than that
of the corresponding lattice networks3].
{iii) They are readily obtainable from design catalogues
‘ and tables| 4][28][29.

The various active RC simulation methods are briefly described in the

rest of this section,

1.3.1 Inductance Simulation Method

" A doubly terminated ILC ladder filter consists of resistors.
capacitors and inductors (RLC network). It is the presence of the

inductor, as explained earlier, that makes these filters very problematic
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at certain frequencies and very objectionable indeed at others.
Therefore,if the inductive behaviour (i.e. a terminal relationship of
the form V = sLx=I) can be performed by an active RC section, this simu-
lated inductance can replace directly the inductors in the RLC ladder,
turning it into an active RC ladder filter leaving the ladder topology
unaltered. Several active RC simulated inductance circuits have been
proposed [31][32] but the gyration concept is backed by a very sound theory.
A gyrator is an actively realizable twa—port device that is ca-
pable of converting a capacitive load into a simulated inductance at ité
input terminals. TIts schematic representation fogether with its Z-matrix
is shown in Fig. 1.4a where port 2 is terminated in the perallel combi-
nation of a resistance Rl apd a capacitance Cl producing the equivalent

circuit as shown.

1
1
1
1
1
1
|
!
1
1
]

! 2

! ‘R R/R,
1o - S

| 2 1

1D RS T S ®ey
Mo 1 2 ‘ [ (a)

)

|

E 0 -R

2=k 0

L e e 1
> — 1 —> ° —NW——
1 R R 2 2

D (| re == |D ( = F/RORC
1 : 2
> - o -
Fig., 1.4 -

It is observed that when Rl =00 , the input impedance of the terminated
gyrator becomes purely inductive. The simulation of a floating inductor
is more complicated requiring two gyrators in a back-to-back arrangement
as shown in Fig, 1.4b, Several cirsuits for the active realization of

the gyrator have been proposed in references [ 8][3(G[31].
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1.3.2 The Impedance Scaling Method

On dividing all impedances of an LC doubly terminated ladder

filter by a function of the complex frequency X(s), the transfer function

T(s) =

—0 T Yo

T S —— [ Vo
Z 4] Zn
ey 7, % [zg X(s) 7,
X(s) X(s) X(s)
e |
Fig. 1.5

This almost self evident statement , which revolutionized active filter
design,was first presented , proved and applied to the simulation of

LC ladder filters by L. Bruton [33], for X(s) = ks and has been general-
ized in reference[34]. Fig. 1.6 gives the scaled ladder impedances for
X(s) =ks. The element with impedance of the form '1/s2 is referred to as

supercapacitor or, rather missleadingly,as Frequency Dependent Negative

Resistance (FDNR).

The realization of the earthed supercapacitor is shown in Fig.

1.6b for which .we have:
2,720
7. =122
in Rth

Therefore, by making any two of the elements Z1, ZB'Z5 capacitive and
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Fig. 1.6

the rest fesistive,a supercapacitive behaviour is obtained. For minimum
sensitivity, it has been proved that the cﬂoice Z1=Z3=1/SCD, Z5=R2=R4

is oppropriate(35. The floating supercapacitor that emerges from a’
floating inductor, requires two circuits similar to that of Fig. 1.6b
conmnected in a back~to-back configuration[B](BB]. It must be noted that
the circuit of Fig. 1.6b is a General Impedance Converter (GIC) and can
be used for the realization of a simulated inductance as well as for the
realization of other complex impedances by a proper choice of its impe-=
dances.

Some modifications of the impedance scaling method have been
proposed in refersnces[36j[37]([38]and [39]to enable practical simulation
of narrowband bandpass filters at high frequencies, as well as to minimize
the number of'qapacitors and supercapacitors involved in the active RC

structures.
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1.4 LINEAR TRANSFORMATION ACTIVE (LTA) FILTERS - A NEW APPROACH TO THE
ACTIVE RC SIMULATION OF PASSIVE LADDER FILTERS [52][53].

In this thesis a new approach 1is presented for the design of
active RC filters from doubly terminated IC ladder networks. The new
approach is based on linearly transforming the port-variable vectors of
a two-port network from the V-I domain to a new x~y domain, in which the
two-port is then realized actively. By examining the ladder filter as a
cascade connection of two-port subnetworks we obtain the Linearly Trans-
formed active structure for each of these subnetworks and then intercon-~
nect them in an appropriate way to derive the Linear Transformation (LTA)
filter simulating the original doubly terminated LC filter. The element-
by-element linear transformation of the ladder filter ensures the low
sensitivity of the derived structurés due to the correspondence that
exists between a ladder arm and the Linearly Transformed equivalent
version of it., The new approach is systemétically presented so as to
yield a powerful active RC filter design technique which with the theo-
retical background provided can be very useful to active filter designers.

The structure of this thesis is as follows :

In chapter 2 the fundamentals of the Linear Transformation theory
as applied to the simulation of two port networks are presented.The neces-
sary and sufficient conditions for the existence of the Linearly Trans-
formed structures that correspond to a given two-port network are given
explicitly, Moreover,analytical formulae for the Active realization
of the corresponding LT structures for the constituen: two-port subnetworks
of a ladder filter (i.e. series and shunt arméj are given,

The interconnection problem of the so derived LT active RC stru-
ctures is examined in chapter 3 énd the necessary and sufficient condi-

tions for the existence of such interconnection are given in terms of
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the elements of the adjacent transformation matrices. In addition,
the input and the output termination constraints are studied in this
chapter and some simplifications are made concerning the number of
active elements required for the realization of the LT terminations.

Some rules for the efficient use of the LT concept in the si-
mulation of passive ladder filters are given in chapter 4 concer#ing
the complexity of th I structures and the existence of a convenient
output node which represents the output of the original ladder filter,
Moreover, the minimum complexity interconnection is defined and it is
proved that it can be used without any loss of generality. The above
principles are practically applied in two design examples,

In chapter 5 the linear transformation procedures that can be
derived from the general case are classified according to the relation-
shops imposed between the individual transformation pairs which are used
for the LT simuiation of a passive ladder filter, Moreover, some well-
known ladder simulation techniques like the Wave Active Filters and the
Leapfrog Synthesis, are interpreted as special cases of the general LTA
approach.

The Self-Dual LTA filters presented in chapter 6 possess the
self-duality proPerty;as defined there, and the necessary and sufficient
conditions for a transformation to be Self-Dual are established. In
addition, by imposing a linear relationship between the transformed
variables of the self-dual LT structures and by requiring them to
possess the Rotation or R-Property,as defined in chapter 6, we obtain
highly modular, simple zud very insensitive LTA filters.,

The LTA ladder simulation approach is put into practice in
chapter 7, where several ladder filters of various orders and band
selectivities are simulated using either the general acyclic ILTA

procedure or some special LTA cases to derive Acti
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These filters are then constructed and their complexity, sensitivity
and high frequency performance are examined and compared to those of
the original passive ladder and to some conventional active RC structures
so as to show the flexibility of the LTA approach and the importance of
the practical results.

The final conclusions concerning the practicality, efficiency,
flexibility and usefulness of the new approach, are drawn and discussed
in chapter 8 where, in addition, some directions for further research

along the line of the LTA simulation concept are given.
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CHAPTER 2

THE LINEARLY TRANSFORMED TWO-PORT

INTRODUCTION

The principles of Linear Transformations,as applied . to passive
two-ports, are defined and examined in this Chapter. The chain matrix
description of a two-port network is used exclusively but in the slightly

modified form:

11 IZ
ot Linear Passive *
Vi two-port V
Network
o o0
Fig. 2.1

1
The port vectors /\1=[V1 I,IJT and /\2=[V2 12:]1‘, are

-referred to as the left and the right port variable vectors respectively

whilst 'I'n will be referred to as the modified chain or transmission matrix
of the passive two-port Nn' The incorporation of the negative sign of

-12 in B and D without changing the direction of the flow of I2 allows
uniform definiticns of the transformed variable vectors without complicating

the mathematical manipulations invelved in this work.
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The chain matrix déscription of a two-port network is a non-
oriented terminal relationship @d]which describes the nonoriented two-
port network N, in the sense that it does not provide any information as
to which variables are the inputs (causes) and which are the outputs
(effects).

On attempting to determine the input and output variables, the
interdependence of V1 and I1 ( vV, and 12 ) must be taken into account to
ensure that they do not belong jointly to the input set or indeed the

output set. Therefore, for an oriented description of a two-port network,

the set of port variables

x={v1,11,v2,12}
must be so divided into two sets that one set may then serve as the inputs
(i.e. causes) whilst the other set may be taken as the outputs (i.e.
effects). The interdependeﬁce of V1 and I1 (V2 and 12) implies that only
two divisions of the set of port variables of a two-port network Nn into

input and output sets are possible which are:
A ’ !
(1) {v,l,v2 ! I, L}
. E !
and (11) v T, :VZ,I,Ig
In division (i) [Vq,VZS may be taken as the inputs and consequently'{Iq,IZ}

are the outputs or vice versa. Similar implications xxist for division

(ii) above.

2.1 ANATYTICAL CONSIDERATIONS

The left and the right port variable vectors that appear in the
modified chain matriv description of a passive two-port network Nn,[V1 IJT

and.[V2 IEJT , can be linearly transformed as follows
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:Q1 and = O“Z A (2.2)

y1 I y2 I

where the left transformation matrix C11 is defined as

B
(11: with det Q,I #0
LETS

whilst the right transformation matrix is

a B
Q.= ° °| withaet(Q,#0

LET

T , T __
The new port-vectors [x1 qu and EFZ ya] are referred to as the

left and the-right Linearly Transformed port-vectors respectively.

On substituting the port variable vectors in eqn. (2.1) by the new

vectors,as defined by eqn. (2.2),we obtain the result:

x1 B X, a b X
= = 2.3
CI #%1C1 2 ( !
9 T2 ¢ d Ly,
Equation (2.3) constitutes a description of a nonoriented

network N' , the terminal variables of which are X0y %51 V4 and Yoe

This network is referred to as the corresponding Linear Transform
Network of the'ﬁassive two-port N, This network can be represented
schematically as in Fig. 2.2 beclow

Y, Ot 0 Y

NI

. Fig., 2.2
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The matrix description of the Linear-Transform nonoriented

rotwork provides the definition of the Linear —Transform chain matrix:

a b

-1
T = a = C11 Tn(]'a

(o

as it can be seen from eqr. (2.3). This matrix relates the Linearly
Transformed port-variable vectors [ki yiJT , i= 1, 2 in a manner
similar to that achieved through the chain matrix of the normal V -~ I
description of the passive two-port Nn' The elements of the Linear

Transform chain matrix are determined from egn. (2.3) +to be as shown

below:
a =-1— [a,'(aaA - Y,B) + [_3,](620 - v,D )}
) .
b = [aq(aaB - BA )+ B,](aZD - BC )]
2 (2.4)
c =1 [Y1(62A ~ B ) + 61(620 - YD )]
2
4 =1_ [Y'](a.ZB - BA )+ 6, (aD - BC )J
2

It can be found that the determinant of T' is related to the determinants

of C11 and Clg throngh the following equation

d.etQ1=~ A1 £ 0

det (Y, Az

det T' = ad -~ bc = -~

The dimensions of the elements of the Linear-Transform chain
matrix depend on the dimensions of the elements of the transformation
matrices C11 and (],2 as it is apparent from egn. (2.4). The trans—
formation matrices evidently determine the dimensions of the transformed
variables x ahﬁ y. Indeed,the transformed variables can represent any

electrical quantity depending on the dimensions of the elements of
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the transformation matrices . To illustrate this point it may be
assumed that « and y, for example, represent conductances whereas [
and & may be taken to be dimensionless quantities. In such a case
x and y have the dimensions of electrical currents.

However, in practice the nature,and hence the dimensions of,
the variables x and y is influenced by the active components to be
used in the final implementation of the Linear Transform network.

If operational amplifiers are employed it is reasonable to require

the transformed variables to represent voltages., This implies that

the a,b,c and d parameters of eqn. (2.3) and (2.4) represent voltage
transfer ratios and hence they are dimensionless, This can be achieved
by taking @ and Y in the transformation matrices to be dimensionless
(i.e. pure numbers or voltége transfer ratios) and B, & to have
dimensions of impedances.

The active realization of the LT netwotk requires an oriented
cescription of the network of Fig. 2.2, It should be noted that the
interdependenge of Vq and Iq (V2 and I2) in the V-I domain is transferred
to X, and Y4 (x2 and yz) through the linear transformation, implying
that x, and y, (x2 and y2) can not be taken simultanecusly as inputs or
outputs of the LT network. Therefore, only two divisions of the set of
the transformed variables into input and output sets are possible as

previously, and they are
. |
(l)‘ i.x,] 7x2,: y,] ,y2g
. 1
and (1%) {xq,ya,:yq,xég
These two divisions ,however, theoretically are not independent. It
is apparent that by considering the first division and then interchanging

the rows of Clg we actually obtain the second division, since an inter-

change of x, and Yo is effected thereby. Henceforth, only the first
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division will be considered without any loss of generality. Moreover
in the first division X, and x, are considered to-be the inputs and
Y4 and Yy the outputs and this is by no means restrictive since it can
be observed that the case in which X, and x, are the cutputs of the
LT network for the excitations 4 and Y5 is included by merely inter- |
changing the rows of both C11 and Clz. Therefore,the first division
with X, and X, as inputs can be considered to be a general case,

The description of the oriented LT network according to the

previous discussion,can now be derived from eqn. (2.3) in the following

form

y1 K L pe

-

= (2 -5»)
Y5 M N X

where the four transfer ratios K,L,M and N are given below in terms

of the elements of theALT chain matrix

d
K =5
L = = adb— be
(2-50)
1
M=+
a
N=-—

The mathematical procedure £ollowed so far ensures the existence
of sucﬁ an IT network provided that b # O. The representation of the
oriented LT network described by eqn. (2.5) is showr in Fig. 2.3a. In
this figure the inputs X, and x, are denoted by a small circle, whilst
the outputs Y4 and Y5 are denoted by a small triangle appropriately
oriented, For the active realization , this representation is shown

in Fig. Z.3b where Uhe signal flow graph of egn. (2,5) is drowm,
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<] >

Y1 Y2
(a)

ORIENTED
LT STRUCTURE
o M— S
X, A2
&
T - - = - = = |

!
|
|
(b) : M N
| |
|

The transfer ratios K,L,M and N must be practically realizable
vnder the-technology in mind (e.g. active RC ), while their stability
may or may not be necessary. This fact is not surprising if one were
to re-examine the Impedance Scaling procedure of Bruton Eﬁﬂ Eh] ﬁ?]
where supercapacitors (i.e. one port elements having impedance of the
form 1/k82) are by themselves unstable but within an appropriate ladder

connection are stable gg].
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2.2 LADDER ELEMENT CONSIDERATIONS

Passive LC filters are composed of simple two-port networks
. which may be comnnected in series, in parallel or in cascade. These

simple two-ports are in ladder LC filters of two kinds

(i) Series arms (Fig. 2.43a)

and (ii) Shunt arms (Fig. 2.45)

and are shown in Fig. 2 .4 where also their modified chain matrices are

-1

included. It should he observed that for these elements Tn = Tn .

(a) p——y
C L.“.-‘.J o
ZZ 1 =2
-1
Tz2=1o -1 T
ot —0
(v) Lo} 0
0
- ! = T
YElY oq T Y
O~ o)

Fig., 2.4

This fact and the form of the chain matrix are very important contri-
buting factors towards the simplificatien of thé transform equations
derived so far for the individual series and the shunt cases. Eqgn.

(2.3).which con&tifutes the nonoriented description of the LT network,

gives the following relationships for the tvwo cases taken individually



For the series arm %

x o (B, + v %) + By, - aglayd v By) = Byoy T,
1
= (2.8)
detCl,z
¥4 (85 + ¥52) + 81, = vlopl + Bo) - b, |,
T'or the shunt arm Y
x4 B (oY + vy) + asd, - By(BY + o)) - 0B X,
1
—deto (2.7)
:2 - -
Y, 61(62Y + YZ) + Y162 61(BZY + az) Y1BZ Yo

It can be observed that these equations can be simplified further by
setting one or more of the elements of the transformation matrices
equal to zers. This is discussed in the next chapter which deals not
only with the simplification of the equations but also with the cor-
responding simpiifications of the active realizations of the Linear
Transform structures.

The transfer ratios of eqn. (2.5) can also be simplified by
taking the series and the shunt arm cases separately as follows

For the series arm Z

Y1(a22 + B2) + 61a2

K =
aq(aZZ + 32) + Bqaz

L o

aq(azz + BZ) + Bus

(2.8)

M iF

aq(aZZ + BZ) + B1a2
. aq(Yzz + 62) + 5172

- aq(azz + BE) + B1a2



For the shunt arm Y

. 61(32Y + az) *+ Y48,
Bq(BzY + az) + a162

L = A1
T B (BY +al) + o B )
172 2 172 (2.9)
AP
= - Py vay) v op
BalBoY + ay) + 0B,
‘ 31(62Y + 72) +ab,

) B BT + ay) + By

In both cases Ai = aiﬁi - BiYi = det (l i

K,L,M and N are in fact the transfer ratios to be actively realized
within the LT structure to generate the outputs ¥4 and NN from the
inputs X, and xé. Therefore ,as already pointed out, they must be
realizable. This requirement sets some constraint on the choice of

the transformation matrices as it will be discussed elsewhere in this

work.
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2.3 AV ILLUSTRATIVE EXAMPLE

An illustration of the ideas of this chapter is presented
here using as an example the Linear Transformation of an inductance
in the series arm. The nonoriented description of the corresponding
LT network is given in eqn. (2.6). This equation for Z= sL ané. Cl1

and (],q in the form
[4%

“ P a % P
C11 = , o=
0 61 0 62
yields the following expressions:
X, 1 a8, - a1(a2Ls + Ba) - Ba, %,
2 2
Y] 0 - 04% Y2

Considering X, and X5 to be the inputs and ¥4 and Yo the outputs of
the system,as it has been explained in the previous section, the
oriented description of the IT structure for the series inductor under

the linear transformation { (11 , Clg& as defined above, will be

given by eqn.(2.5) as folows

where, according to eqn, (2.8) we have

6,0
K(s)= o 81a2 + & o Ls
: 1Pot Byay +xgany
(s %)

a1B2 + B1a2 + a1aaLs
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M(s)

N(s)

The parameters .y Bi and 6i , 1 =1, 2 may ke, at this juncture,

chosen freely.

Let @, =, = - 1, Bq = 92 = R and 61 = 62 = R , so that

R
K(s) = - o1 —om

R
L) =—i ==

R>O0

R
Me) = <%

R
NGs) = or— 7w

The variables X, and s represent voltages where the parameter R
above has the dimensions of resistance., It can be seen that the
four voltage ratios K,L,M, and N are unstable having a possitive
real pole sp=2R/L. This is not important, however, as . has been
pointed out earlier. The problem in this case is that such voltage
transfer ratios require complex structures for their realization

with cperational amplifiers . This can be avoided by choosing

B,=B,=-R , R>O

in which case the voltage transfer ratios become stable and easily
realizable. Moreover, it can be observed from the above expressions

for the four voltage ratios, that for the new choice:

3

™

K(s) = -M(s)= _._Sﬁ_ﬁ—
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R
and L(s) = -N(s) = —~——>g

vhich yields y, = -y,= K(s)x1 + L(s)x2 .

The ratio K(s) can be realized as shown in Fig. 2 .5a whilst the ratio
1(s) is realized as shown in TFig. 2.5b. For the rcalization of the
output Yy 2 circuit must be constructed to realize y,= K(s)x1 +'L(s)x2
and an inverter musl generate ¥, as -y, as it is showm in Fig. 2 .5c.

The final optimized version of this circuit is shown in Fig. 2 .s5d.

2
I‘LIZR
I
(a) AN~
Xy - —— K(s)x,
oY R IN
(b) L(S)XZ' T /VA ;
2
e Lo
| R?
G — < ER\\ ]
b nL/2R? ‘/ Y
() [
2R R

(a) S
% - -1 >
Y, Ly
Sl R 2
IR== /
2R L 2R




An alternative and better choice of the elements of the
transformation matrices, however, can lead to a different and simpler

IT structure for the series inductor under consideration. For example

when
1 R l'-1 0
= and =
Qi=ly Az o =
we obtain the following voltage transfer ratios
K(s) = L(s) = M(s) = N(s) = -1
1 + sL/R

The LT structure of the series inductor under the above linear trans-
formation can be actively realized using only one operational amplifier

as shown in Fig. 2.6 below,

Y] ’ yz

Fig., 2.6

Therefore, a successful choice of the transformation matrices cannot
only lead to stable and easily realizable voltage transfer ratios .
(Fig. z.s)sbut also to minimﬁm operational amplifier realizations‘like
the one of Fig. 2.6.. The general rules for such a successful choice
are given in chapter 4,

It must be observed, however, that although the LT structures
obtained in this séction do correspoud to the series inductance in the
X-y do@ain, they must not be taken as actual replacements of this
element in the original V-I domain. This will become more apparent

if we consider in the above R = sL, In such a case the voltage ratios
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become

Q

K(s) = L(s) = M(s) = N(s) = - =

and the corresponding LT structure is as shown in Fig. 2.7 where no

capacitors are involved (zero order network)

~< v

&
y1

rz

Fig. 2.7

This reduction of the ordef of the LT structure demonstrates the fact
thet the LT structures are not V-I simulations of the arm from which
they were derivéd through a linear transformation of the original port
variable vectors and they must be taken in the entire context of the

IC filter transformation. (Ip fact the LT structure of Fig. 2.7 will

be part of an ITA filter where its adjacent LT structures compensate for

the reduction of the order in this section.)
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CHAPTER 3

THE LINEARLY TRANSFORMED LADDER NETWORK

INTRODUCTION

In this chapter we examine the manner in which ladder filters
can be transformed., The ladder is examined from its constituent parts,
that is,as being composed of series impedances and shunt admittances
in addition to.the resistive terminations at the input and output.
These constituent parts are individually transformed and examined below.
The general form of a doubly terminated lossless ladder filter
is shown in Fig. 3.1 where the two-port networks Ni’ i=1, n are simple
or composite series or shunt reactive arms connected in cascade to form

the ladder tfilter,

Rs

. — T T S— o "
+
E'v N1 N2 Nn4 Nn Vo RL
Fig, 3.1

In the preyious chapter we dealt with transformations of such
two-port networks and in this chapter the important question of their
interconnection in the transformed domain is examined as in addition
the transformation ogithe passive terminations (i.e. R_ in series with

fe3

the voltage source E, and R, ) are considered so as to enable the



complete formation of the Linear Transform Active (ITA) ladder filter.

5.1 INTERCONNECTION CONSTRAINTS

The interconnection <{i.e. cascading) of two ladder elements

(e.g. a series arm connected to a shunt arm) involves certain constraints

at the interconnecting ports. The cascade connection of two passive

two-ports in the V-I domain shown in Fig. 3.2 is described by eqn. (3.1)

below
Vs 1 0 (v 13
= L G.1)
I2i 0 -~ I1j
L L8 | R b
L e O - —<—o»0
Vi N Vai Y NJ Vo
O O (1_0
A QO 2]
Fig. 3.2

The linear transformation {(11i’ C121§ is assumed to be applied
to N, whilst the transformation set {a 15 0213 is applied to N..

The question of how the two LT structures so obtained must be inter-

connected in order that their connec*ion represents  the cascade

connection of Ni and Nj is now explained. It is observed that eqn.

(3.1) in conjunction with

Va1 e
(3.2)
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and r
15

J

from the definition of the transformed port-variable vectors, yields

X1j 1 0 X2i
el -1
= 15

h (3.3)
21
Y13 o -1 [yei

Equation (3.3), indicates the manner in which the two LT structures
Ni and Né are to be interconnected so that eqn. (3.1) is satisfied

under the transformation matrices (]‘2i and (}qu. The matrix

(1 0 -1
L= Uy 23 (3.32)
o -1
of eqn. (3.3) is called the interconnection matrix which may be
looked upon as describing the " interconnecting network " between the

IT structures Ni and Né as it is shown in Fig. 3.3 below.

D E—— ——tmo—} o t——— —
A Yai %

O e Qe e Ot —0
X x2i X X2i
Fig, 3.3

The interconnection matrix Iij can be writiten explicitlly in
terms of the elements of the transformation matrices Cl2i and Clqj

as follows:
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%1021 * Pas¥os (e Boy + @pyBys)
€ g] det [12i det ClEi

I A = (3.3b)

J T15821 + 09304 =(v4Bos + Bq400,)

det (5 . | det (Lp; |

Under the above notation eqn. (3.3) can be re-expressed as

%151 & Cl|% ,
= (3030)
Yas1 | J|[Y2s

The role of the interconnecting network is seen from Fig. 3.3 to be that

of generating the inputs qu and X535 from the outputs y1j and Yose

Consequently the system of equations of (3.3c) must be solvable with

respect to the unknowns x,. and x The necessary and sufficient

13 2i°

condition for this is
]l% 0 @ Y 5 + & Y ?é Q0 5 l

in which case eqn. (3.3c) yields

__ € ET
3T T T Ty A G5om)
3. h4a
x =-J—ﬁy -y
2i | 13 M 21
or in matrix form
X151 (¥ Ll 199
= (3.9
I
o1 | Mo LI RES

The condition YﬂjBZi

+ 61jY2i % 0 is the existence condition
for the interconnecting network between two adjacent ports 2i and 1]
under the transformation matrices ClZi and (}4j which afe referred to

as the adjacent transformaticn matrices. The physical meaning of the
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existence condition is that the ocutputs y1j and Yoy are linearly
independent (i.e. there is no k such that y1i=ky2i)' Thig is

violated in fact when Y1j62i + 5 = O since eqn, (3.3c) implies

15721
Vi3 = 9p5e

The existence condition for the interconnectiing network,imposes
a constraint on the choice of the adjacent transformation matrices that
may be used and it can be noticed directly from expression (3.4) that

the following choices violate the existence condition.

Y15 = Yo =9

6.,. =0 0

1] 2i

Il

The interconnecting network under eqn.(3.5) may be interpreted
as a network. generating two linear combinaltions of the two adjacent
outputs yqj and Vo5 to generate each of the two inputs qu and X5; @8
illustrated in Fig., 3.4 below.

® | @
lo—o .

.
| % yzj:
I I
' |
I Vs :
| N} Nj I
' :
Xy T Xy; %23
OFF - Oaj | Quij (L2

Fig. 3.4

The overall LT interconnection of Fig., 3.4 between the ports
indicated by (1) and (2) is described by

x1i 1 0 x2j
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i.e. the above equation represents the LT structure of the cascade

connection of Ni and Nj under the transformation {Clﬂi ’ Clzj% with

as the modified chain matrix of the passive cascade connection of Ni
and Nj'

Eqn. (3.5) can be interpreted in two ways. (i) If the trans-
formation matrices of the adjacent arms are assumed to be given then egn,
(3.5) dictates the manner in which the two LT structureé must be iﬁter-
connected. Moreover this interconnection depends strongly on the adjacent
transformation matrices and hence the interconnection network will be
different for different choices of the transformation matrices. (ii)
Alternatively eqn. (3.5) may be interpreted as defining an interconnecting
network to suit.the design requirements thereby imposing a relationship,

through eqn. (3.3), between the adjacent transformation matrices.
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3.2 INPUT TERMINATION CONSTRAINTS

The resistive input termination of a ladder LC filter imposes
certain constraints to the variables of the left port of the first
reactive two-port of the ladder. The form of these constraints in the
transformed x-y domain as well as their implications to the LT network
of the first reactive arm of the ladder are examined in this sectiom.

The first reactive arm N1 of the doubly terﬁinated lossless
ladder filter of Fig. 3.1 is terminated by the source resistance Rs as

shown in Fig., 3.5a below.

d

E® Vi N1 Vo
A
i

(b)

M
Vi

T T TTTT T

r
I
|
l
I
|
|
|
|
|
!
!
|
|
!
!
|
!
i
|
|
i
|
|

Fir. 3.5

Let N1 be transformed using the linear transformation Z.C]qq, (121§

so that

ad.r ! (3.6)
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Moreover, for the resistive termination we have V11= E - 111Rs or

equivalently
[’] RS] =B

11

so that when this equation is combined with the left transformed

variable vector

we obtain the relationship
-1
= E L]
[ r) Q5 (3.7)

Equation (3.7) is then said to describe the LT resistive termination of

the filter. The explicit form of x_, in terms of E and y,_, of eqn; (3.8)

11

below is more illustrative since it describes the way in which the

input x is expressed in terms of the other variables and in addition

11

it shows the influence of the entries in the transformation matrix.

4

11~ Paq¥a P11 = “44%
11 11's

) a116

OUNECPPIEN FPLR

X

The above relationship is illustrated in Fig. 3.5b from which it can
be seen that the corresponding LT structure of the first reactive arm
of the ladder when taken in conjuction with the source resistance, is
in fact a two-input-one-output system; one of the two inputs being
equal to the source voltage E. The description of this two-input-one-
output LT structure which corresponds to the combination of the first
reactive arm of the ladder and the source resistance can be derived
from eqns (3.6) and (3%.7) by eliminating the left linearly transformed

[

1*. The result is as given below.

vector [x11 Y1)
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[*24 -

{y21

[1 RSJ T’] O.;Z’]

(3.9)

It is worth observing that this relationship depends only on the right

transformation matrix C121'

The corresponding LT structure of the first

reactive arm of the ladder under the above considerations is shown in

Fig. 3.6 and it is denoted by Nioe

Rs >4

AN i

Fig. 3.6

The explicit forms of eqn. (3.9) are given separately below

when N1 is taken to be (i) a series arm of a ladder and (ii) a shunt

arm of the ladder.

(i) For the series arm Z, .
]

BoqYoq = %24924 8oq + (B, + R)
y21 = . E + x21
Boq *+ Gpq(Zy R By + an (2 + R
(ii) For the shunt arm Y1
BoqToq = %2492 ToRg *+ 054 (1 + RY )
= B+ x21
hY

Yor BT LT, B (1 +RY.) a. R +p.{(1 +RTY
21 T Pl Mgl Gy By U KoY

(%.10a)

(3.10b)
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OUTPUT TERMINATION CONSTRAINLS

The last reactive arm Nn of the ladder filter of Fig. 3.1 is

shown in details in Fig. 3.7 together with the resistive termination

which represents the load of the filter,

I
:____;,1_1 kﬂ:
(G) V“] Nn Evzn iyRL
Q1n O—zn:
R
LA | 1
R Ton | :
( b ) : , o :7: gzn:;m EL
l Nn : : n-Jain
o S o ‘
x1n: *2n !

On applying the linear transformation [Q']n’ C}_an to Nn the 1T

S

Fig. 3.7

structure N;1 can be derived described from the relationships

However, since

and moreover,

b

n 2n
= Q.. Q3
n n 2
y,] n yan
VZn
E’] RL =0
IZn
V2n -1 x2n
2n
I" ~r
<] Won J

'(5.11)



from the definition of the right transformed variable vector of Nn’ the

following relationship between Yon and %, can be derived

2n
x2n
[1 ) Q30 =0 (3.12)
yZ%J

In fact eqn. (3.12) represents the IT resistive termination of the

filter and it shows the relationship between x, aund Top? which can

2n
be written explicitly as

BZ - o, R

n on
X, = — y (3.13)
2n 62n YaﬁR 2n

The above relationship is illustrated in fig. 3.7b where Yo is con-
siderad to Be the output of the ITA filter., If Yon is expressed in
terms of the output voltage V2n of the original ladder filter, it can
be shown that '

Yoq = (o - 62nGL)V2n (3.14)

where G, = 1/R_. It should be noted that if Yon is to be taken to
represent the output volt?ge VZn then the factor (Yan—bznGL) must
be frequency independent and ideally equal to unity.

The IT structure for the last reactive ladder arm Nn of the
ladder in conjunction with the resistive termination in Fig. 3.7b
can be considered as a single-input-single-output network in a manner
similar to the input termination case. The description of this network
can be derived by eliminating the right transformed vector [XZn yZAF

between eqn. (3.11) and eqn (3.12). This yields the result

X’ln

[+ R] T Qe | =0 (3.15)
e

n

which equation again involves only one transformation matrix ( C11n )
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However, if this model for the terminated last reactive ladder
arm is employed the Yon output which is directly associated with the

output V., of the original ladder filter is no longer available ex -

2n
plicitly. In such a case the output node of the LTA filter must be

located from equation (3.11) which can be written as

-x1n V2n 1

= G"ln Tn =Q1n Tn V2n (3.16)

Y
1n I2n -G,

with a proper choice for (11n as it will be discussed in the following

chapter.
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3.4 SOME ILLUSTRATIVE EXAMPLES

The series arm inductance of the example of the previous

chapter will again be used with the same transformation matrices as

shown in Fig, 3.8a.

N2
Fig. 3.8

The LT structure of the series.inductance under these transformation

matrices is already known and let us suppose that N! and N! are also

1 5

known under the transformations shown in Fig. 3.8a. Trom these trans-
formation matrices  the intercomnecting network Dbetween N% and Né
1

as well as that between N2 and Né can be derived using eqn. (3.3)

from which we obtain for the first

1 1
121 |” {Xaq

W12) L1 0 LMJ
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or equivalently

Foq T Y2

125921 "2

The above interconnection between N% and Né is shown in Fig. 3.8b

from which it can be observed that it requires at least one active

component for its implementation to perform the operation You 7 Y40

to generate x Egqn. (3.3) will also give the interconnection

12°
between Né and Né as shown below
Yz |V O |2
or equivalently
*13 = Y22
*o02 = Y43

which as it can be observed from Fig. 3.8b it does not require any
extra passive or‘active components.

Let us now suppose that N1 is a shunt capacitor terminated by
the source resistor as shown in Fig. 3.9a. According to egn. 2.7)
the corresponding IT structure can be found and the use of eqn. (3.8)
will give the resistive termination. The LT structure for the input
terminated capacitor is given in Fig. 3.9b.

However, the use of eqn., (3.9) for a two-input-two-output

LT structure for the first reactive arm produces the relationship

Rs 1

Y = 21t RO+ sR.G
21 R(1 + squ7 21 R(1T + squ

which for R = RS can be realized as shown in Fig, 3.9c.
This examplc shows the advantage of using the two-input-two-
output model for the first reactive arm of the ladder in conjunction

with the resistive input termination,
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RS r—- ——————— _J‘
! I_;,
1 |
E@) I ==C1 + Ny
(a) ! !
| | .,
L o
1.
11! Y
:7_8_ 11; | 21
(b) Rs | ' N
| | N
e D>y T
R XMU__ 4
Rg :
- —
(o) 42 N1o
E—AA e Vi
2R :__[_:Cq 2R
Fig. 3.9
Consider now N3 of Fig. 3.8a to be a shunt capacitor C3 and

let it be terminated by the load resistance RL as shown in Fig, 3.10a

below.
e T
(a) | i
| C3 == : V23 /? R
0T |
e e K
& h—"__"—_””}{? —>
Y13 1 ‘ 23
(b) { | _&:7
: : R
3 -
Xqq 1 Y T Y
3_3_}/\,‘;1:- /\/;{ L2
. ! 1
—————————— — A
(c) ds ~
" o—— ANN—
~13

Fig. 3,10
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When eqn. (2.7) is used for the transformation of the shunt capacitor

C. with the transformation matrices shown under N3 in Fig. 3.%a and

3

moreover, eqn. {3.13) is used for the resistive terminationjit is found

that
Vag = Yoo = 1 (x.., + x..)
13 23 SRC3 13 23
and X = ~B~
' 25 © TRy I3

which yields the realization of Fig. 3.10b. The use of eqn. (3.15),
however, would give the equation

Ry

Y13 = R(1 + =RCy) *13
which has been realized in Fig.3.10c
From the definition of the right transformed variable vector

[x23 y23 ]T w? have that

X23 = --RIZ3

1}

-V

and y23 2%

where V23 is the output of the original passive ladder filter. Hence-
forth y23’0f the LTA filter, can represent its output with 180° phase
shift. In the realization of the single~input single-output model

of Fig. 3.10c, however, the location of the output node is performed

according to egn. (3.16) as it has been mentioned in section 3.3,from

which
x13 0 ~R 1 0 1
= v
23
1
¥ -1 0 ||sC, -1 |l-5
2 3 JCR
L
R R
xa3 -§L(1 + SRLCB) x23 = - RL(1 + SRLCB)VZB
= | Voy =
Y -1 = -V __ =
1725 | | Y5 = ~Vps = OVIRUT



-58~

Fig. 3.11 summarizes the LTA simulation procedure followed for this

particular example of a third order polynomial lowpass filter.

(U
L

ST AT AN

X21%Y12 X205V 13
X227V127 24 13722

Fig.e 3.11
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3.5 THE CROSS-CASCANE CONNECTION

As it has been mentioned earlier, the adjacent transformation
matrices (i.e. the right transformation matrix of one ladder arm and
the left transformation matrix of its adjacent arm, Clﬂj and Cl?i in
Fig. 3.2), can be freely chosen provided that they do not violate the

existence condition of the interconnecting network Y1j62i+Y2i61j £0

Such an arbitrary choice defines an interconnecting network which
generally requires for its realization several passive and active
components. The simplest possible interconnecting network is defined

by the following interconnection matrix -

[-0 1 X Yoi

l.e. 13
i3 (3.17)

and this will be referred to as the cross-cascade interconnection,

The above cross-cascade interconnection matrix yields the interconnecting

network of Fig. 3.12 below.

——>e e o O] O e Y
i Y1
Q - - <= e e =
X2i - X4
Fig. 3.12

According to section 3.1 of this chapter, by requiring the  cross-
cascade interconnection at some position, a relationship between the
two adjacent matrices is automatically set since the general inter -~

.= . . ~ - =\ . . . . v o Py ~ ~ —
conneciion matrix of egn. (3.3) is restricted to the form of eqn. {(3.17).
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Eqn. (3.3) and eqn. (3.17) yield the following relationship between
the adjacent transformation matrices under the cross-cascade inter-
connection:

1 0 0 1

-1 (3.17a)
Clqj C12i -
0 -1 1 0

This relationship implies that in order that the interconnection of

two LT structures be cross-cascade, each of the adjacent transformation
matrices must be derivable ffom the other by merely interchanging rows
and changing the sign of the second column of one of the matrices.

Eqn. (3.17a) will be referred to as the compatibility relationship

for cross cascade interconnection,

Undér the cross-cascade comnection the general interconnecting
network can be considered then as the corresponding LT structure to
the zero impeéance series arm for specific transformation matrices,
Referring to Fig., 3.13 the zero impedance series arm can be linearly .
transformed using the linear transformation{(]_gi, (11§€ where(:LEA
represents the compatible matrix of Clkx under the cross cascade

connection as described by eqn. (3.717a).

Ni |
L —— ‘————? - t——o
O} Qi Oa; C2j
Vo 1 l v

I .
F Nt/ e I 2]
Pqﬂ' I ’‘

| i
o— ! b,
X1 21 1 *1e 2j

Fig. 3.13
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This ensures the cross-cascade connection shown in Fig. 3.13. Moreover,
the network Nc (the LT structure for the series arm with 2 = 0) is

described by

x1c x2c .
c -4
Qs; =, Q73 (3.18)
Ng
1c yac
where [0 11 (1 0
¢ = a
2i 2i
K 0] o -1
0 17 K 0
Q5= d
Wy o Tl o9
1 0
T, =
0 -1
and “1e I35 *oc y1j
- } -
Ve Xo4 Yoe %43
Substituting these equations into eqn. (3.18) it yields
x1j 1 0] x2i
- a _1
13 2i
Y13 0 =1 Yoi

which is indeed the description of the general interconnecting network
as given in eqn. (3.3).

The cross-cascade interconnection does not only contribute
to the Llow complexity of the overall LTA structure, but in addition,
it can be considered as a step towards the sensitivity improvement of

the I A filtor manltmraks A Mhin can be oxplaincd by ghserving that
w LE-R  4 [ ey wvisL .a.vu.m.;.uu.u;.vn. Lkl Llallk WL wadaAaliivA vy Nd e voLalpy VLiA
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in the-general interconnecting network, changes in the passive or

active elements do not correspond to any changes of the reactive elements
of the original ladder and hence extra sensitivity contributions are
introduced. Moreover,the cross-cascade interconnection does not

have any extra elements in its realization and hence there will be no

extra sensitivity contributions in this case,
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CHAPTER 4

LINEAR TRANSFORMATIONS

FOR LOW COMPLEXITY PRACTICAL LTA FILTERS

INTRODUCTION

The application of Linear Transformations to the elementary
two-ports of a series impedance Z or a shunt admittance ¥ from which
a ladder filter is made up, as well as their interconnection and
terminations have been presented in their general form in the previous
two chapters. - |

It is worth recalling that the choice of the transformation
matrices for each individual two-port is relatively free limited
only by the constraint that they must be nonsingular and satisfy
the existence condition b # O for the LT structure (section 2.1)
Moreover, the necessary and sufficient condition for the existence
of the interconnecting network between the porus 2i and 1j given
in chapter 3,imposes a constraint to the adjacent transformation
matrices C12i and. C11j'

However, these requirements leave a great degree of freedom
in the choice of the transformation matrices which seem to be almost
arbitrary, It ;s this freedom that makes the LTA approach so general
but at the same time so problematic to the filter designer. The
problem ligs in the fact that each arbitrary set of transformations,

510 chosen to satisfy the above mentioned basic requirements, leads
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alwavys to an LTA filter structure, leaving the designer wondering
whether another transformation would have given a better resull, since
the coﬁiexity of the individual IT structures as well as that of the
interconnecting networks depend heavily on the Linear Transformations
chosen,

It is, therefore, absolutely necessary to have in hand -some
rules for the choice of the transformation matrices so as to ensure
the low complexity and practicality of the resulting LTA filters,

The aim of this chapter is to give such rules and to discuss several
matters concerning not only the coﬁiexity but also the performance of

the overall ITA structures.
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4,1 TFREQUENCY INDEPENDENT LINEAR TRANSFORMATTONS FOR LOW COMPLEXTITY

REALTZATIONS.

The description of the oriented LT structure corresponding to
a two-port N under the linear transformation set{(lq, C]Zg-given in

section 2,1 (eqn. (2.5)) is repeated here below for convenience.

= ' (4.1)

K,L,M and N are the transfer ratios required to be actively realized.
Explicit formulae for these ratios are given in section 2.2 (eqns(2.8)
and (2.9)) for the two ladder cases of series and shunt arms separately.
Eqn. (4.1) implies that two of these transfer ratios are needed
for the generation of each of the outputs ¥4 and Y5 in addition to a
summing.network that may be required as shown in Fig. 2.3b of chapter
2. In practice, this implies that somewhat complex active circuits
will be required in the realization of ¥, and Y5 and it is desirable
to reduce their complexity. The way this may be approached is by
utilizing the degrees of freedom that exist in the ratios X,L,M,N,
There are two direct ways by means of which this reduction may be
achieved, These ways are obtained by considering the general expres-
sions for K,L,M and N of eqns (2.8) and (2.9) as follows
(1) By chocsing the transformation matrices in such a way
that one or more of the transfer ratios becomes zero.
This will be referred to as the Transfer Ratio
Elimination approach (TRE)
(ii) By choosing the transformation matrices so that some
‘ar 211 of the transfer ratios of ean. (4.1) become

identical,This will be referred to as the Transfer

Ratio Identification (TRI) approach.
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4.1.1  The Transfer Ratio Elimination (TRE) Approach.

It is apparent from the expressions of the transfer ratios of
eqn. (2.8) and eqn. (2.9), that the ratios L and M cannot be made
cqual to zero since this would require either det()1 or det(]a
be equal to zero and so violating the condition for nonsingularity of
the transformation matrices. Therefore, only two TRE cases are pos—

sible in this approach.,

CASE 1 : K =20

The necessary and sufficient conditions for K =0 can be found
for the series and shunt arm cases as follows.,

For the series arm 24

From eqn. (2.8)

anZZ + Y. B -+ ﬁqaﬁ
K = — =0 f——
1 2Z + o B2+ aZB

& {100+ B, =201 e [Yq% = ONY B0 0 §

< f{v,=8,=0 V a,=p,=0V v, =a,=0}

The first two solutions violate the nonsingularity of the transformation

matrices, Henceforth, for the series arm Z:

K

11t

0 71 = aZ =0

Under this condition the LT structure of the series arm 2 will be

described by

__0
Y977, T2
T2 AYh 20y + Bavy
and Vo = g X, * o 5
o1 T2 =
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For the shunt arm Y

Trom eqn. (2.9)

B B Y + 5o, + Y By
K= B.B.Y + B.a, + a_PB =0
P2 1% T %Py

{61B2Y + 61a2 +Y192 = O% ¢—_—>§61[32=0 A 61a2 + 71[32 = 073

@{61=~(1=o V62=a2=OV 51=32=og

The first two solutions vioclate the nonsingularity condition of the

transformation matrices leaving for the shunt arm Y :

in which case

nd % P1Pat * Pa¥p * %1%
Yo = M B, 2

CASE 2 : N=2O

It can be found in a similar way that

For the series arm Z

in which case

Yol + YqBy + B0y Yy
y'1 o X1 + XZ
1% P
5
P
and Yo = - —E;—xq

For the shunt arm ¥

N=0<&>p, =0,=0
. 6162Y + 61a2 + 7162 .
v - A 7 ~ 1
1 Bqaz ] 2 [ u-1 i

o
—_

-2
o

fel]
"
A8}
d
J
il
b



The conditions found ithus far simplify the LT structure of an arm by
making one of the outputs directly proportional or indeed equal to
one of the inputs to the structure and leaving only one output to

be realized RC-actively.

4.,1,2 The Transfer Ratio Identification (TRI) Approach.

If in eqn. (4.1) we require that
K =M
and L = AN (4. 2)

it yields Yq = hya =K Xq + L X5 which in fact requires only one
of the outputs ¥4 and Yo to be RC-activély realized the other being
proportional or indeed equal (for A = 1) to this. The necessary

and sufficient conditions for the validity of eqn. (4.2) will be

found below for the two ladder casecs.

For the series arm 2

Y192 * YqPp * 0% PaYa = 22b;
eqn. (4.1) & a1a2Z + a1B2 + B1a2 - a1a22 + a1B2 + B1a2
Pivq = 240 -

= A
a1a2Z T a1B2 + B1a2 a1a22 + a152 + Bqaz

(:;Z' Y 30+ YaBot oo+ Aoh, = ABLY, = 0 E

ha1Y2Z + Kaqbz + hB172 + a161 - B1¥1 =0

& {71“2 =0 A vy = 0 A o (6 +A8,) + By (v,- AY)) = 01
/\a,](b1 + Kéz) - 31(Y1 - hYz) =0

:OV(!. ::‘Y2=OV a1=a2=OVY1=Y2=O

a2(61+x62)+B2(71—x72)=o A\ o (B, 08 )=P, (7 Ay 5)=0 )
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= 0 and ay =Y, = 0 violate the nonsingularity of the

Since a1 = Y1

o. = 0. violates the existence

transformation matrices and a1 5

condition of the LT structure ( b = O in eqn. 2.5a) for the series

arm the above system simplifies to

‘Y:‘Y :O
(Yq=72 «

?\Mi
az(b,] + xaz) AN

0
1

1
o
o
Y
il
1
>)
o
n

a1(61 + Kéa)

Under the above conditions, the description of the LI structure for

the series arm 2 is given below

61
Y15 =%, Y2 = M
2
i a262 x. - :il.x )
2 a152 + a231 + aqaaz 1 ay 2

For the shunt arm Y

In a similar manner it can be found for the shunt arm Y that

iK:)\M% 361:62=OI
L = AN Y1=)\Y2
in which case
Y1 \
Yi = —5—7T5 =AY
1 Yo 2 2
BoYo

Yoy = -
- 2 3182‘ + a152 + B1a2 1 BE 2

The conditions for K = AM and L = AN simplify the LT structures by
making one of the outputs proportional or even equal to the other

which has to be realized actively.
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Table L:1 below summarizes the TRE and TRI conditions for low
comlexity LT structures for both the series and the shunt arm cases,
In the last column of this table some conditions for further reduction

of the complexity of the corresponding structures are given explicitly.

TABLE 4,1
FURTHER
01 0‘2 LT STRUCTURE DESCR. SIMPLIFICAT ION
TRI 2 e
I =" 62 Yo for ¥, =795
. -6 (x + x.)
3 s 1la. _ Tt
U N % P PRl
5 = AR T
N lo 6,J{0 &, @ BEB oty ) a (8- B,) >0
2 6 7 B ==0 Y =
o TRE ; =Y1“2+Y'|B,2+ %2t Y f“ 2’12
< N=0 ! B2 Toey E|ROT YT
] —a2Z+6ﬁ+B2
Ll =
N AT 0 8|72 By
o
L TRE °, R
n K=0 TR, e T
- . 746
* Bal{© Ba Yo a1'Y2Z+“162+51Y2 y =m1 i 2+B1x +X
y2.="’ X1+ o X2 2 B2 e 1
0 blv, 8,) 2™ B2
O B1—1 O 821
INADMISSIBLE
v oqflrq 94




P2

TABLE 4.1 (continued )

_ FURTHER
(11 (12 LT STRUCTURE DESCR. i IMPLIFICATION
TRI v, Yi=T5 0 By=By
7=, 2 for y4=7,
% Byj e 8 BY Yo7, s
_ Yo 1 2 a +o +B,Y
- v ollv, o yZ—a1BZ+a152+3152Y(X1+ BZXZ) 17271
A B1(a1+a2)‘3'0
=
= T R_E I et L I A
< Nz 0 1 “P2 P22 | gor yox,
Y2 _1__1,_2_}{ +3X
- 1
I
p TRE Y, Y474 857B,
k=0 | Mm% for ¥k,
B . 62Y+Yé+a1
., o Y™t *
| 1 2 . ; =—?§x +B162Y+B1Y2+a162x 271 @, 2
Y, Oly, & 2 B By 2
(11 0 (12 0
Y1 61 YZ 5 INADMISSIBLE

The two inadmissible conditions violate the existence condition for

the LT otructure ( b=0 in egn. (2.5a).
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L,2 LINBAR TRANSFORMATIONS FOR MINTIMUM COMPLEXITY INTERCONNECTIONS

The complexity of the overall LTA filter structure depends not
only on the complexity of the individual LT structures corresponding to
the simple ladder two-ports but also on the complexity of the inter-
connecting network which in turn is dictated upon by the adjacent
transformation matrices employed. Fig. L.%labelow shows such an LT

connection where NC is the interconnecting network described by eqn.(3.3).
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Equation (3.3) is repeated here for convenience

x']j 1 0 0 1 X0
= Q. o (4.3)
Iq3 0 -1 1 0y,
in accordance with Fig, 4.1a where Vi0 = ¥4 and Xyo = Ioge Substituting

in eqn. (4.3) [x,]j y‘lj]T from the LT description of Nﬁ given below

qu }Caj

-1
= Uy 75 O3

13 V23
and solving for [_x N O]T we obtain
1c 1
X0 o 1 O'] B xaj ‘
. (Las JTj Q23 (hot)
Yie 1 o o - y2j
In this equation it is readily observed that
0 1 1 0 o
Qa1 = o
1 o o -1

where O, ¢

51 is the matrix compatible with Qai under the cross-

cascade interconnection as defined in chapter 3. This implies that
the interconnecting network Nc together with the LT structure N".
under the linear transforn;ation set £G1j’ (123.3 is equivalent to
the LT structure Né' under the transformation set {Qci, O‘2j‘ as
illustrated in Fig. L4.1c.

This equivalence may be considered as a validation of the fact
that the cross-cascade interconnection-is the general interconnection
for IT structures which correspond fo two two-ports connected  in

cascade in the V-I domain., The general interconnecting network N
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vhich emerges when (1A4 # Clgi together with the corresponding LT
1J ’
structure for this case may be considered as an alternative way of

realizing the LT structure which will emerge under the cross~cascade

(o]

compatibility relationship, i.e. for C11j = (I'Pi .

The final conclusion drawn from the above discussion is that
the cross-cascade interconnection, which is the simplest way for
connecting the LT structures derived from two two-ports connected
in cascade in the V-I domain, may be used without any loss of generality,
Therefore, the compatibility relationship between two adjacent linear
transformation matrices under the cross-cascade interconnection (eqn.
(3.17)), may be considered as a constrain% on the choice of the
transformation matrices, which contributes to the simplicity of the

overall ILTA filter structure.
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4.3 LINEAR TRANSFORMATIONS FOR 1OW COMPLEXITY TERMINATIONS

The choice of the linear transformation set{(lhﬁ Cleng for
the last reactive arm Nn of the ladder is of vital importance to the
LTA filter structure as a whole since it must enable an output node to
appear, the voltage of which with respect to ground to be direc%ly
related to the actual output of the original ladder filter.

If either eqn. (3.12) or eqn (3.13) are used to describe the

output model of Fig. 3.7 then we shall have

y2n = (YZn - 62nGL)V2n

where GL = 1/RL and V, 1is the voltage output of the original passive

2n
ladder filter. The quantity (in-bznGL) must, therefore, be frequency
independent and moreover, it must be equal to unity if the output of
the ITA filter is to be exactly equal to that of the original passive
ladder.

However, if the single-input-single-output model described by .
eqn. (3.15) is employed then Yon is no longer available explicitly.
For low complexity structures, therefore, the nodal voltages representing
Xan or Jin must be required to provide an output nodal voltage since

these variables are readily available in this component saving model.

For this purpose it is necessary to express (x y1n]T in terms of

]T

in

v, I,

on a and from the obtained relationship to set the necessary

conditions for one of the quantities x to be a suitable output

1n’ Y1n
node. The definition of the left transformed variable vector

x1n V1n

1n

combined with'
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I1n I2n

and V2n = ~12nRL give the relationship

X 1

1n
= C1’InTn Vzn (4.5)
N
Yin RL
from which the output node conditions can be derived for the two

ladder cases separately as follows,

For the series arm Zn eqn. (4.5) becomes

x’In =[a1n(1 * ZnGL) * B’InGL ]VZn

(k.5a)

y’In =[Y1n(1 * ZnGL) *+ 6’InGL ]VZn

from which it can be seen that either %40 O Yan must be equal to zero

malki either x,  or y, suitable as output respectively.
ne 1n

in
For a shunt arm Y eqn. (4.5) can be writen as

x, =l

1in * B'_‘]n(Yn + GL)] V2n

1in

(4,50)
y’In =[Y1n * 6’In(Yn *+ GL) ]VZn

must be equal to zcro to make either x

in in

Simila?ily either B1n or &
or ¥, respectively suitable as output.

It is,tﬂerefore,essential that there must exist a zero
entry in the Clqn'transformation matrix in order that the single~
input-single-output model ve used effectively without the need for
extra passive and>active components to generaie an oulput node other

than the already available x, and Yan® In Table 4.2 all zero entries

in

are examined and the corresponding output node is given as well as the
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IT description of the single-input-single-output LT structure of the

resistively terminated last reactive arm Zn or Yn of the passive

ladder.

TABLE 4,2

TERMINATED

ARM

Q1n

LT STRUCTURE DESCRIPTION

6'1n + Y’In(Zn * RL)

Yn

N+

B"|Il. y,ln = B X'1n
1n
ml| x =g av
n~ "fMn L 2n
B ! ¥ _ 6'1n %
1n i 1n B1n + oc,ln(Zn + RL) 1n
5 f
1n
Y1n = %4n%0V2n
Y'1n.RL * 61n(YnRL+1)
a 0 Y. o= X
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4.4 OPERATIONAL AMPLIFIER CONSIDERATIONS

The operational amplifier is lately used almost exclusively?@ﬂ [Len]
for the realization of RC-active filters despite its limitations due to
the finite gain bandwidth product. Although the LTA filters can be
realized using some other active elements,the operational amplifier
has been used exclusively in this thesis, because of its versatility.
However, some operations involved in realizing the LT structures become
very problematic when they are performed by the operational amplifiers
due not only to their nature but also due to the gain bandwidth product’
limitations of the operational amplifiers and they should be avoided.

The major'qperation to be avoided within the LT structures is that
of differentiation., This is due,among other reasons, to the fact that
the gain of the differentiator is required to increase with frequency
thereby lowering the useable bandwidth of the operational amplifier.
Differentiation can be avoided systematically by inspecting the expressions
for ¥q and Yo in every case. It can be observed from Table 4.1 that
whenever Z appears only in the numerator of an expression for ¥q 0r Y,

this particular transformation should be avoided for Z = sL (inductor

52LC+1
sC

series arm). Similar conclusions can be drawn for the shunt arm cases.

in the series arm) or indeed (series tuned circuit in the
Non-inverting integration operation in the realizations should alsc be
avoided. for in such cases a nen-inverting integrator is required which
can be realized using the sensitive Deboo B5] [46] non-inverting
integrator or the Miller;inverter non-inverting integrator which employs
two operational amplifiers. Unfortunately, it is not always possible

to avoid positive integration in which case the number of the non-
inverting intégrators must be minimizeé. Such a minimization is

presented in the next chapter.
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4,5 A DESIGN EXAMPLE

The third order polynomial lowpass filter of Fig. 4.2 will be
simulated using the LTA technique taking into account the conditions
for low complexity and effective circuit realizations presented in

this chapter,

|
Sl
N
Py

O
-—

Fig. L.2

Starting from C3 taken in conjuntion with the load resistance
RL’ one transformation matrix C113 is required for the single-input-
single-output model as indicated in Fig. 4.2. This matrix is of the

general form

o

Qs =

Y3 %13

13 B3

For a convenient output node to exist however and in accordance with

the previous con51derat10ns, gither B 3 must be equal to zero.

3
If 513 is equal to zero then according to Table 4.2 we shall have

0

13
. ) Y 13 + 503613 .
13 a.13 13

The active realization of this expression however,involves an un-
desirable differentiation and hence the case 613 = 0 must be considered

for which we have from Table 4.2
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Y13

Yiz = T X
13 OL,|3 + B13/RL + 5(13[3,Ij 13

Choosing Y13 =-1 and B13 = RL with a13 possitive the above expression
becomes

1

Yoz =~ X
13 a13 + 1 + sRLC3

13

which does not need a differentiator and can be realized in fact using

an inverting lossy integrator as shown in Fig. 4.3 below.

T C3 2R
ap R
-1 0
{:}
4 OuT R C=RC
¢ {C 3¥ T3
3R3== R3 1
R3 T ??—: +-CL13
o AAA— = 3
Fig. 4.3

From the (]_13 matrix above the right transformation matrix
of the series inductor can now be derived from the compatibility

relationship yielding

-1 0

|
l

ez = =

Yoo O %5 Ry

It can be observed from Table 4.1 that for a low complexity LT structure

for the series inductor L2, either ®ss O Yoo must be taken as zero.

= =1 £ 0 the only choice left in C122 along

But since Ay = Y13 =

the line of low complexity LT structure is Yop = %4z = 0 which makes
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R_ =R, in the IT structure for the terminated capacitor C

3 3 3
Again, from Table 4.1 the left transformation matrix C112 for the series

of Fig. 4.3,

inductor L2 must have either « = 0 or

12 Yoo = 0 for a low complexity

realization of the corresponding LT structure. For @,y = 0, however,

the realization of the LT structure requires differentiation as it can
be ssen from the expression for Yoo from Table 4.1. Consequently, Yap
must be equal to zero in which case the LT structure for the series

inductor L2 is described by

12
Y12 =R V22
Voo = T (x,5 + @, %)
22 612 + son,]ZL2 12 12722
To reduce still the complexity of the realization we make Yoo = Y25
so that 612 = RL’ and we set @, = 1. Under these assumptions the above
description of the LT structure for the series inductor LZ becomes
Y12 = Y22
Y22 =’”;1—_E‘(X12 + X))
Pra 542
By By,

For 612:> 0 the above expressions can be realized using an operational
amplifier whilst for 612 = 0 a non~-inverting integrator will be
necessary. According to the last section this should be avoided.
Therefore we choose 512 = R>0 in which case the LT structure of

- the inductor L2 can be realized as shown in Fig. 4.4,

Once the Cl matrix is defined, its adjacent matrix Cl

12 15

21
also defined from the compatibility relatiomship of egn. (3.17a)

from which
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o) .
Lo
1 R[4 O
0 RL 0 —RL
Y, - —y
12 22 R,C =2Ly/R
' )
Ro & Ro k =2R /R
0 AN )\/‘ o L

X12 TC X22
Fig. 4.4

The two-input-two-output LT structure corresponding to the shunt arm
capacitor C1 when taken in conjunction with the source resistance Rs’

is derivable from egn. (3.10b) and is given by

-R + R(1 + sR C)
I E + 5 5 1 x
Y201 =T+ =R C (1 ¥ SR CR 21
s 1 s 177L

For R = Rs the above expression becomes

R sR C
y = 1 E + 5 s 1 X
21 1 + sRsC1 RL 1 + sRSC1 21

which can be realized as shown in Fig. 4.5 when Rq = R

AN
EQ;“) Rs +C1

L

0 -R,
1 -R,

Ry T F |
e — i

Fig., 4.5
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The overall ITA filter structure which simulates the passive ladder

filter of Fig. 4.2 together with the relevant transformations and the
corresponding descriptions of the LT structures, is shown in Fig. 4.6
below., The frequency response and the sensitivity of this structure is

examined elsewhere in this thesis,

Rs= R L2
W ¥
E (1 =C3 2R
0 -R 1 R - 0 0 R
0 R 0 -R -1 0

—
1
Py
e e o e e e e e e e e = D e

38

1A
M——] - i LT
E@ Ry C Ry L Ry

L R,C=ReC, 1c R4C = ReC 4

L

un

R,
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CHAPTER 5

THE LTA FILTER STRUCTURES

INTRODUCTION

The flexibility of the LTA method, due to the almost arbitrary
choice of the transformation matrices, may be used to derive new active
filter structure from passive LC ladder networks. The LTA structures
that can be derived from a given passive ladder filter are so many that
there is space for reducing their complexity by means of an appropriate
transformation choice,as already discussed in chapter 4,

In this chapter a classification of the LTA filters is attempted
based on both the manner of selecting the transformation matrices as
well as on some distinct and desirable characteristics of the LTA
structures themselves. In addition, some well known ladder simulation
methods are interpreted as special cases of the general LTA procedure.

The general ladder network,consists of series and shunt arms.
connected in cascade and it will be denoted by

{N1,N2,...,Ni,..,NnZ

where Ni is a series or a shunt arm of the ladder which,for the
purposes of this work,will be transformed linearly using the LT
matrices pair Z(]ﬂi’ Cl;ﬁg The transformation of the ladder, as a
whole, requires a linear transformation set which consists of the n
individual IT pairs and is denoted by the following set of ordered

pairs :
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{Qﬂ’@;s%' ’{G/Ii’ 0-211’ v ’{Qm’ G-Bn?s

Such a set of linear transformation pairs is said to be compatible if
all the adjacent matrices satisfy the compatibility relationship for

cross-cascade interconnections (see chapter 3).
Several families of LTA methods are obtained in this chapter by imposing

certain relationships between the individual transformation pairs of

a compatible tfansformation set.
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5.1 THE SERIES ~ SHUNT COMPATIBLE TRANSFORMATIONS

DEFINITION 5.1 : A compatible set of linear transformation pairs

{G,M’Ova% re ’- ’{C['li’QZi} Vet ’{Onn’O.anx

used to transform a ladder ¢N,, . . , Now oo an is called

1’
series-shunt compatible if and only if the following conditions are

satisfied
qu =Q1(i+‘l)
O’Zi = O-a(i+1)

W i=1 2,3 ¢ ¢+ ,n=2.

These conditions imply that all series arms are transformed using the

same linear transformation pair {C] ) (]-2Z1 y whilst all shunt arms

12
are Yransformed using the linear transformation pail'{thY,()’Zfﬂwhere
4y is compatible with ( 5, and (J,; is compatible with(J .
The LTA filter structures obtained by using a series-shunt compatible
transformation set are referred to as the series-shunt compatible LTA -
filters.

Under definition 5.1, if for all series arms we set
% P % P

Qg = and (] 5=

Yq 54 Yo 55

then as a consequence of the compatibility relationship we shall h=ave

Oy = Oy = =

and for the determinants ,detOw:d.et Q=0 , aet(=aet( =4,

The transfer ratios K,L,M and N in the series-shunt compatible case,

therefore, will be given as shown below.
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Series arm 2

KZ = :1222 : 1122 : 2122 LZ " w0z +Zi1B + B o
1%2 12 T P2 12 12 T Fq%2
(5.2a)
MZ o a7+ a‘g 2+ B o NZ = 21122 : 2122 : 2112.
12 12 T P%2 172 12 T Pa%p
Shunt arm Y
84BoY = Y4Bom 84%; ~A
Ky = 8,8,% = Y05 = 6.7 Ly = 8.8,Y = 1.8, = 6.7,
' (5.2b)
- Y - -
MY=66Y—Y§1—6Y Ny ::1:21(—?22—51:2
12 1°2 7 Pq¥2 1°2 172 7 Pqf2

In the above relationships no constraints have been placed in the ay

Bs» Y; and 6i;i=1, 2 parameters other than the compatibility condition,
When these parameters are constraint to assume specific values then
different structures are derivable depending on these actual values.
This is examined below.

5.7.1 The lowpass Leapfrog— LTA Approach

The well-known leapfrog Synthesis [47] emerges from the

general LTA procedure as a shunt-series compatible LT approach by
conéidering the transformation matrices to be, for the series arm case:

o 0 - 0

Cl1z =l Q2z =
0 ) 0 5

and consequently, for the shunt arm case we shall have:

0 —6]
Om‘i =
- OJ

| 2[0 —a':
Cld! La 0



~G0-

where o is a real dimensionless number and d has resistive dimensions
but it may be positive or negative.
Such a scheme for the LT structure of the series arm Z2 yields

the following relationships

hd

Y, =Y
1 2
(5.3a)
¥, = ———9-(x + x.)
2 oz 1 2
and for the shunt arm Y we have
y'l = -yE
(5.3b)
¥, = - — (x, +x,)
2 6Y 1 2

Table 5.1 gives the description of the LT structures for the series
and shunt arms as well as fhe input and output terminations., The two-
input-one output model has been employed for the input termination,
whilst the apprépriate zero entries in the chosen left transformation
matrices allowed,for hoth ladder cases, the use of the single-input-
single-output model for the.last reactive arm of the ladder when
taken in conjunction with the resistive termination , as shown in this
Table.

The original Girling and Good leapfrog structures for lowpass
polynomial ladder filters [47] are derivable for a=1 and 6=RS. The
last column of Table 5.1 gives the LT descriptions of the corresponding
IT structures for this case. It is obvious from this table that fcr
" the lowpass ladder elements (i.e. series inductor and shunt capacitor)
the realizations of'all LT structures involve only integrators which
is very much desirable as it has been explained.earlier. However,
for highpass ladder arms (i.e. series capacitors and shunt inductors)
this transformation is not of particular interest since it leads to

ITA fiiters requiring differentiators for their realizations.
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TABLE 5.1
LADDER ARM|LT MODEL [T DESCRIPTION| a=1, 6=Rsg
- y'] =-y2 y'] == ya
Z y., = --a—(x +X_) RS
27 a3 12y, _-—Z—(x,l + x2)
) b m b
NI
) T Y9 5792 Y9579
Y ;:(1 Ny )?2 o 1
Yo =5y (Kt | ¥, T3(x * %)
o 2 © S
6(x21+aE) RS
EARs 74 Yo1™" Tatz ) | Yo ZIR‘S( 21*F)
[ %,
ol No|
Rs : R i Bl
E Y1 21 1 + RSY,] 21 1 +RSY,1
bx R
o 1n s
? l Y1n = o(Z_+R) Yan= Zn+RLx1n
Rt _ b _Bs
. L y,]n | I1n _TLV2n Y= _R—Lv2n
Nnho
- gzl_r']' . aRLx,]n _ Ry
* % Jn = 5(1+R Y ) Yn= R_(T+R Y ) Xan
Y Re
o— Yn = Vo Yin="Von
o 0 ) )
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The leapfrog-LTA simulation of a 5th order lowpass polynomial filter
is illustrated in Fig. 5.1. The integrators have been realized by

the very effective Miller inverting integrator circuit.

Fig. 5.1



-93-

5.2  SELF-COMPATIBLE TRANSFORMATIONS

DEFINITION 5.2 A compatible set of linear transformation pairs

(OPPR10  FIFIFININS (6 PFRNG PRI ’{an’aang

used for the transformation of a ladder {N,, . + ,N., . . ,N } is
1’ i 'n

defined as a self-compatible if and only if

Clﬂi = Clq N Clzi = Clz , \% i=12,. . 5l

where (], and Cl are two nonsingular compatible square matrices.
1 2

The LTA filters emerging from such transformation sets will be referred

to as Self-Compatible LTA Filters.

Thus if we set the matrix C11 to be

o B
Clq = ] (5.4a)

then from the compatibility relationship we find that

Y -5
Q2= (5.4b)

o -B
Moreover,we have deto,1 = det[]2 = [&
The transfer ratios K,L,M and N can now be re-expressed under the above
transformation matrices as follows.

For the series arm 2

K =__Jf§£._ L =.__J14L_
Z oy - A 2 ooy4d =-A
(5.5a)
-‘A' : - azz
My Ty
For the shunt arm ¥
%Y __ A
%y = Bov + A Yy =By +A (5.50)



A G (5.5b)
My =7 = A Ny TRY v A

5.2.1 The Active-RC All-Integrator Highpass Filters 47

The lowpass Leapirog Linear Transformation which which-can
be used for deriving the leapfrog structures from lowpass polynomial
ladder networks have been discussed in section 5.1.1 where it was
observed that these particular transformations would, in the case of
highpass filters; lead to leapfrog-LTA structures involving undesirable
differentiations.

There are, however, two self compatible transformations leading
to the Girling and Good [4 7] all-integrator active structures for the
highpass filter case, The first of these transformations,is defined by

the following éelf—compatible matrices
0 B Y 0

Elq = Cla =

Y 0 o -B

which is obtainable from the general self compatible matrices of eqn.
(5.4) for a=6=0. This transformation will be referred to as the HP-LI1
case. The voltage transfer ratios K,L,M and N for the HP-LT1 case are

found from eqns (5.5) and are given below.

For the series arm &

i -
ER U
=2 N HM TR (5.6a}
M, =1 N, =20
z Z Io = %4
For the shunt arm Y
Ky =0 Ly =1 V=%
= (5.60)
e By
M o~ 4 T =_.,!,3V Y—,-K1 =1 %5
LAY—-l 'Y “(-L) ~— 1 (48



The second of the self-compatible transformations which leads to all-
integrator active highpass filters is defined by

o 0 0] -5
0.1 = , (12=

0 & a 0

This transformation will be referrdd to as the HP-LT2 case. The cor-
responding descriptions of the LT structures for the ladder arms are
given below.

For the series arm Z

9= %5
y:x-—-—-—-x

2 1 6 "2

For the shunt arm Y

=0 X, + X
Y1 = *q 2
y2=X1

The corresponding LT structures for the higﬁpass ladder arms for the
HP-LT2 case as well as the terminations are given in Table 5.2

The use of this Table for the transformation of a highpass polynomial
filter leads to the active structures of Girling and CGood. This is
illustrated in Fig.5.2 by means of the LTA simulation of a 5th order
polynomial highpass ladder filter. In Fig, 5.2a the structure has
not been yet simplified. The simplified version of this structure is
~ shown in Fig. 5.25. The simplification sas based on the fact that
when Miller integrators a?e used, they can-perform-éddition at the
virtual earth terminal in which case some of the adders are not
necessary. Similar.simplifications can be made using the virtual earth
point Sf the ipverters. The simplified LTA filter structure will
ultimately need eight operational amplifiers connected as shown

in this figure.
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TABLE 5.2
. HP-LT1
a 0 0O -6
0_1: ,02: a=1, d=Rg
0 6 a 0
LADDER ARM LT MODEL
e [ '

Io=%4 ?R—STXZ

1
y1"sL7R'sx1+x.2

¥o=x

2%
sk G _+1
l‘—" Y2q= sRsc1 X4
Rs "Gy 1
~ E .
sL/RS
Rs Y21=IveT/R x)
E L s

sR C
s n

y’In='l+sR C .x'ln
s n

_OUT
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Tig.

Summing inverter

]

W Summing Miller inverting integrator
=
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5.2.2 The Wave Active Filters

An additional constraint within the self-compatible linear
transformations can simplify the general equations and derive one
very iﬁteresting special case. By considering (]4 =:C12 , eqns (5.4)
vield

o B
01 =C12=

a B

and consequently for the series arm Z we have

aZ 2B
K= 27+ 28 Ly =7+ 2p
_ (5.7a)
_ 2B _ o
M=%z + 25 4 N, =377 38
whilst for the shunt arm Y we shall have
_ B i
N == Ly =577
) (5.70)
. e N = -BY
MY T BY + 2a . Y~ BY + 2a

This self compatible LT procedure for a=1 and =R was first presented
by A.G.Constantinides and G.Haritantis under the name Wave Active
Filters £8][49] and independently by H.Wupper and K.Meerk8tter
under the name Scattering Parameter Active Filters (501 (1], The
Wave Active Filter terminology stems from the fact that under this
specific self compatible transformation set,the transformed varisbles
" x and y can be identified with the incident and reflected voltage
vaves at the corresponding ports, whilst the voltage transfer ratios
K,L,M and N, being equal to the elements of the scattering matrix of
the corresponding ladder arms, thereby justify the second term.

As far as the input termination is concerned, for the wave

active filter case eqn. (3.8) yields :
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2R

1 R+ RE
S

X

which becomes X4 = E for R = RS. This implies that the X14

the IT structure corresponding to the first reactive arm N1 of the ladder

represents the actual input of the Wave Active Filters. It is worth

input of

noting that in the Wave Active Filter case the output Y14 represents
the complementary output of the filter as pointed out in ref.[Aa]Véﬂ
The output termination of the Wave Active filters can be found from

ean. (3.13) as follows

RL - R

on TR ¥ Ry Yon

which implies that for R = RL the input x

X

on must be grounded in

which case from eqn. (3.14) we find that Vo = This implies

on'
that the output Yop of the Wave LTA structure represents the output

of the original ladder filter with a gain of 2, The single-input-single-
output model for the last reactive arm of the ladder when transformed

in conjunction with the load resistance,cannct be used in the Wave
Active Filter case due to the absence of the necessary for the
existence of a convenient output node zero entries in the Wave Active
transformation matrices.

Table 5.3 gives the Wave Active LT structures for all simple
ladder arm cases. The series (parallel) tuned circuit in the series
(shunt) arm is not shown in the table since due to the self compati-
bility of the transformations it can be formed by simply cross—-cascading
the Wave Active LT structures of its consistuent parts. The series
(parallel) tuned circuit in the shunt (series) arm are more problematic.
Their Wave Active LT structures are shown in Fig, 5.3%a and ‘Fig. 5.3b
respectively whilst Fig. 5.3c¢c and 5.3d show the operational amplifier

saving (but non-canonic) Wave Active LT structures for the same

arms’proposed'in ref.[51L
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TABLE 53

LADDER ARM|WAVE ACTIVE LT STRUCTURE
RC =L /2R
R'C=RCo/2
RC= RCo
R'C'= L/R
R "—'RS
1] an_-l %n:'zvz"
Nn RL \4., N'n R-RL
o0— -l- xln :L
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(c)

{d-)

Fig. 5.3
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5.3 TORM - COMPATIBLE TRANSFORMATIONS

DEFINITION 5.3 : A compatible set of linear transformation pairs

{G-’I’I’ O—B’Ig’ c T ’{O’Ii’O—Bii’ ° ’{Q'In’O»ZnX

is said to be form-compatible if and only if

Qi =[O 1(ae2)| A Q21! =l Qlzcaea]

V i = 1, 2, e o o ,(n_a)
where byl(ll we dernote a matrix the elements of which are the absolute

values of those of Cl, i.e

a B o |8l

Q- = Q= I

Y 6 L

From the above definition it becomes clear that all transformations

for series arms will have the same zero entries. The same is tfue for

the transformations of the shunt arms. It can also be observed that

any series—shunt compatible transformatiop as well as any self compatible

transformation is a form-compatible transformation under definition 5.3.
The form-compatible linear transformations may be used for the

reduction of the number of the operational amplifiersiin some  self-

compatible and series-shunt compatible cases as it is shown below.

5.3.1 Form-Compatible Transformations for minimum Operational

Amplifier Leapfrog-LTA Structures,

We recall that the leapfrog structures for lowpass polynomial
ladder filters can be derived using the series—-shunt compatible set

of transformation pairs defined by

1 0 -1 0 0 -R 0 -R

Oz E » Qlag= » (Qays » Qoy=
lo =] lo =) -1 o L 0]
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The LT structures so derived for the simple lowpass ladder arms need
one inverting Miller integrator for every simple léwpass arm and in
addition to an inverter as it can be seen from Table 5.1.

The form—compatible leapfrog LT is defined by the following
transformation matrices.

For the series arms

1 0
Qual=, |40zl
whilst for the shunt arms
0 R

IO'IYI: ol lOZYI

1
Under the above transformations the output terminated reactive lowpass

arm will be described by an expression of the form (Table 5.1)

_r_k
Yin = 1+ 8T n J
n

which may be realized aé in Fig. 5.4a. Similarily the input terminated

lowpass reactive arm will be described by (Table 5,1)
kx, * E
21

1 k>0
Y21 T+ st ) 7

which can be realized as in Fig. 5.4b below.

- Zv."} +
gk | g ” B 43
1n 1+Sth 1n °——4ﬂ-:g‘ 21 1+Stﬁ : AA

y __:}{___x L Vo= 21 l
= = "1 +st¢. €
n 1+sz11n 211 +551 AN AN 4
(a) (b)

Fig. 5.4
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Therefore, under any form-compatible leapfrog LT orly one amplifier is
needed for the input and one for the output lowpass reactive arms when
transformed in conjunction with the terminations. Note that any
amplifier used to scale the input E is not really necessary.

For the intermediate arms transformed using the leapfrog
form-compatible linear transformations we have that for a series arm

Z under the transformation

o, 0 *s 0
qz = r Qo :
0 61 - Lo 62
the LT structure description is given below

vy =ty

j 62 2

o = ‘aéé (- ;1 x5)

1 2

From these expressions it is evident that constraining ¥4 to be equal
to Y, and removing inversions from the input variables, the following

general form-compatible leapfrog transformations for minimum number

conditions must be held: o Therefore, the

of operational amplifiers for the LT structure of the series arms Z

is as follows

0 -0 0
qu = ’ Qaz=
O 5 0 -5
yielding oo =2 (x4 x.) (5.82)
12 ~ Y22 ~ a% 1% 24

Similarily, it can be found that the general form-compatible leapfrog
transformations for the shunt arms Y for minimum number of operational

amplifiers, is of the general form

[0 B ) 0 B}
Qy: - Clare (5.0
LY 0 Y OJ

yielding y1Y=y2Y=%;(x1Y+x2Y)'



-105-

From the above relationships it can be observed that for a desirable
negative integration operation for a series arm Zi‘to exist, the
parameters a and & must be of opposite sign. The compatibility
relationship between the two adjacent matrices C12Zi and C11Y(i+15
will make B and ¥ of the shunt arm Y(i+1) have the same sign and,
of course, the sign of the corresponding integration positive

Therefore, the sign of the inteération required within the
form-compatible LT structures alternates. The minimization of the

positive intggrations in the intermediate stages is evidently possible
only for odd order filters since in that case there is an odd number

of intermediate LT structﬁres which require an integrator, and by
making the first (or the last) of them negative (inverting) we minimize
the number of positive (non-inverting) integrators.

Once the transformation matrices for the first (or the last)
of the intermediate reactive arms is chosen, with the help of egns
(5.8), to yield an inverting integrator, the rest of the leapfrog
form-compatible linear transformations can be found from the same

equations. Fig. 5.5 below illustrates the LTA simulation of a 5th

(- R
AN

L
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order lowpass polynomial filter using the form-compatible linear
transformations to minimize the number of the operational amplifiers.
The resulting leapfrog LTA structure when compared to the original
leapfrog structure of Fig.5.1 illustrates the benefitial use of these
transformations. It is evident from these two Figures that in the
original leapfrog case of Fig. 5.1, nine operational amplifiers are
used whilst in the improved version of Fig. 5.5 only six operational

amplifiers are employed two of which are used as buffers.

The three classes of linear transformations sets examined in
this chapter together with their special cases are summarized in

Table 5.4 and can be used as a quick reference table for design

purposes,
TABLE 5.4
LT CASE _ C ONDITIONS SPECIAL CASES
GENERAL NONE ALL
(ACYCLIC)
LEAPFROG STRUCTURES(Table 5.1)
{C11i'(]21§_ For all series arms
{(1 K 1 0] -1 0]
SERIES-SHUNT = 1(1+2)° 2(i+2)G1Z— 0 R ,OZZ— 0 R
COMPATIBLE Visn,2, o ., (e-2) For all shunt arms Y
' 0 =R 0 -R
G, o) Q)
Note : This transformation is
suitable for lowpass polynomiall
ladders and the bandpass ladden
that can be derived from them
via LP to BP transformation.
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TABLE 5.4 (continued)

SELF COMPATIBLE

Qs = (g ¢en)
Qzi = Qaie)

¥L i=1,2, . o (n""])

ALL INTEGRATOR HIGHPASS
FILTERS

For all series and shunt
arms (see Table 5,2)

|'1 0 0 =R
A R (- 1

Y

WAVE ACTIVE FILTERS
For all arms (see Table 5.3)

1 R
01=02=L

FORM COMPATIBLE

IO‘lil B IO1('1+1)I

[O-Ei L"‘laz(im)l

MINIMUM OP,AMP, LEAPFROG
STRUCTURES

For the series arms
. 0 =0, 07
i i
173 0 6i,CL§- 0
For the shunt arms '
Qays= v
tr. 0
i
s .

B, |

-0,
4

°
T, o
|6J=R

The sign of aiéi and BiYi

-

[aﬁ =FYJ =1

9

determines only the sign of
the corresponding integrator]

which varies periodically.

(see eqn. (5.8))
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5.4 THE ACYCLIC TRANSFORMATIONS

DEFINITION 5.4 : A set of compatible linear transformation pairs

SOFVING PH1 PPN (0 DYTNG P SIRIPINIE (O PYRR O PR

employed in the transformation of a ladder network {N1, . o o ;Ni, .
. ,Nn §is called acyclic when no constratnts are imposed on these pairs
apart from the necessary compatibility relationship.

This is, in other words, the general case ofAthe ITA methodA
leading to the acyclic LTA filter structures. This term is due to
the fact that transformation matrices once used for transforming a
ladder arm are not used again. - - Their re-deploymentiwould enable the
definition of a period or cycle of transformations as in the previous
cases studied in this chapter. The use of such acyclic transformations
is rather intuitive and heuristic and requires considerable experience
on behalf of the designer who must be very familiar with the general
LTA method, otherwise the resulting LTA structures will be very complex
indeed,

However, one can draw some useful rules for using the acyclic
case, to ensure that certain conditions are automatically met. Thus
one should start from a matrix C11n which ensures the existence of a
convenient output node in accordance with the results of section 4.3
so that a practical LT structure may be derived for the last reactive
arm of the ladder taken in conjunction with the load resistance,
With (11n specified,its adjacent right transformation matrix (:l2(n—1)
is automatically defined by the compatibility relationship. Next,the
matrix Clﬂ(np1) can now be sc chosen that the transformation pair
{Clﬂ(nr1)’ ‘Cla(n-q)g leads to a practical. and easily realizable LT
structure for the reactive arm N i This can be checked using the

-~

general expressions for the transfer ratios K,L,M and N (see chapter 2)
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unless the transformation.pair falls into one of the categories
defined in this chapter in wich case the appropriate Tables can be
used,

Once the matrix CIA(n~1) has been determined,its adjacent
matrix (]'2(n—2) is then automatically known and the acyclic procedure
continues on this basis so that the LT structure relizations can b?
tailored to the needs of the designer. The redlization of the final
ITA structure, from such choices of transformation pairs, whether

practical or not, will in any casc be a novel one since all known -

structures result from cyclic LTA procedures,
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5.5 TFREQUENCY DEPENDENT LINEAR TRANSFORMATIONS (FDLT)

The dimensions of the elements of the transformation matrices
have been considered so far to be such that o and v are dimensionless
whereas B and & are taken to have dimensions of impedances. The simplest
form of such a scheme, as illustrated so far, is to consider a and Yy
as numerical constanté with B and 6 set equal fo some resistive values
(i.e. frequency independent). In such a case the linear transformations
become frequency independent since the elements of the transformation
matrices do not vary with frequency.

However, if any one of the elements of the transformation
matrices of a set of linear transformation pairs is taken to depend on
frequency, then the transformation becomes frequency dependent and it
is our aim in ?his section to study such transformations and to assess
the way in wich they affect the corresponding LT structures.

The frequency dependent elements will be chosen in such a way,
that the transformed variables will still represent voltages and hence
¢ and Y can only be voltage transfer ratios whilst B and & can be
impedences (i.e. they can be measured in $2). The TRE and TRI conditions
for low complexity IT structures established in section 4.1 and sum-
marized in Table 4.1 in tﬁe form of appropriate zero entries in the
transformation‘ﬁatrices are still valid although Lhey have been
derived under the assumption that the transformation matrices are
frequency independent. This is so, because these zero entries have
been determined in both the TRE and TRI approaches from an expression
of the form

¢(a,B,y,86)X(s) + 6(x,B,Y,8) = O (5.9)
where X(s) is the immittance of the arm under consideration, by con-

sidering ¢(o,B,Y,8) = O. This condition then allowed a frequency



-111-

independent relationship between the transformation parameters of the
form

6(e,B,y,6) =0 .
On considering the FDLT case with ¢(a,B,v,5) # O, eqn. (5.9 ) establishes
a relationship between the elements of the transformation matrices and
the immittance X(s) of the arm under consideration. This implié; that
at least one of the clements will be related to X(s). The compatibility
relationship for cross cascade interconnection (eqn. 3.17a)) will then
transfer this transformation matrix element to the adjacent matrix
thus making the adjacent LT structure dependent on the immittance X(s)
of the neighbouring arm. This will break the desirable one-to-one
correspondence between the ladder arms and the IT structures wich
contributes greatly to thelow sensitivity of the LTA simulated filters.
Therefore, in the FDLT case ¢(a,B,Y,6) must be equal to zero and from
eqn. (5.9) we obtain 8(x,B,y,6) = O. This implies that for the
FDIT case-the TRE and TRI conditions will be derived in the same manner
as already done for the frequency independént case., This , of course,
will lead to the same zero entries as those of Table 4.1. The nonzero
matrix elements shown there can then be frequency dependent. The
secondary conditions for further simplifications of Table 4.1 can still
be used as a guide to even lower complexity realizations of the cor-
responding IT structures. Moreover, all families of LTA procedures
presented in this chapter can be made frequency dependent by considering
one ér more matrix elements to depend on the complex frequency s.

The reason for using FDLT is that the degree of thé voltage
transfer ratios K,L,M and N may be influenced, in contrast to the
frquency indepeﬂdent case where the degree of an LT structure cor-
responding to a ladder arm is determined by its immittance. Consequently

it would be possible to reduce the order of an IT structure for an arm
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Ni of the ladder. IHowever, due to the compatibility rclationship the

frequensy dependent element(s) of a linear transformation pairﬁ]ﬂi,C12§

will be transmitted to the transformation matrices used for the adjacent
arms so affecting the degree of the neighbouring LT structures.
Therefore, the use of FDLT need not be used for the transformation of
canonic ladderéq)in that,reduction of the order of an LT structure in
such filters will be compensated for in the LT structures of the
adjacent ladder arms.

However, it has been found thatfif the ladder to be transformed
has a T or allof similar impedances (Figt 5.6a) or indeed of impedances
having a common pole (Fig. S5.6b), the FDLT procedure may be applied

beneficially, This is due to the fact that if one or more elements of

1 I 1 s - . | °
T — __J  S— |
k12 k3Z koZ
[ k2 i k3Z
——F } = - {1 o
Z e, 7
9 y<) Z9
Dis) 72 Dis) 71 Dlsl 1.3
D(s) Dis) Dis)
Fig. 5.A

the transformation matrices for the mildle arm of the [] or T section
are chosen to be frequency dependent so as to reduce the order of its

corresponding LT structure, the compatibility relationship will transfer

(1)  Canonic in the sense that they employ the minimum number of

reactive elements consistent with the order of the filter.
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this frequency dependence to the adjacent matrices thereby reducing
the degree of the LT structures of the adjacent arms. To illustrate
the above points and also the manner in which the FDIT may be usefully
employed, let us consider an example in some detail and also another
design of practical significance.

A doubly terminated reactive ladder is shown in Fig. 5.7 [4],
consisting of five reactive elements connected in such a way that an

inductive T is formed. The straightforward application of the frequency

"
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independent form compatible transformation set, used for the trans-
formation of the ladder of Fig. 5.5 would lead to an LTA filter
with five capacitors and six operational amplifiers one of which is
connected as a differentiator as shown in Fig. 5.7a. The use of the
FDLT shown in Fig., 5.7b, with the appropriate frequency dependent
matrices, yields the LTA structure of Fig. 5.7c with the evident
simplification of Fig.5.7d. The final LTA structure employs only
four rather than five capacitors and the same number of operational
amplifiers as the structure of Fig. 5.7a, with the very noticable
difference that no differentiation is involved in this case.

It is worth noting that not all transformation matrices are
frequency dependent. In fact, frequency dependent transformations
are used for transforming that part of the ladder which has a Mor T
of the kind shown in Fig. 5.6. The FDLT procedure is very powerful
in the very impértant case,from the practical point of view, of zig-
zag bandpass filters which have arms of the kind shown in Fig.5.8 [4],
In such a case the filter is composed of FT and T networks of the form
shown in Fig. 5.6b where the series érms have an impedance of the form.

2
1+s (C1+C2)L

ZZ = =
s(1+s LC1)C2

and the shunt arms have admittances of the form Y=1/Zy where

1+82LC
7 = L .
y 2
s(c1+cz)(1+s LC1C2/(C1+C2))

Both arm impedances have a pole at s=0 which may be removed by using
the FDLT approach. The detailed FDLT simulation of an 8th order

zig-zag filter is presented in chapter 7.

Fig. 5.8
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CHAPTER 6

SELF-DUAL LTA FILTERS

INTRODUCTION,

In the previous chapter a classification of the LTA structures
was presented and some well known ladder simulation methods were inter-
preted as special cases of the general LTA procedure, This classifi-
cation was based on imposed relationships between the individual linear
transformations used for the LTA simulation of a given ladder network.

However, there are some more degrees of freedom within tﬁe
presented classes of ITA procedures which can be effectively utilized
to produce LTA filter structures possessing highly desirable features.
In this chapter the series-shunt compatible case is so constrained to
yield structures that possess the property of self-duality as defined in
section 6.1. The introduction of two more constraints,one in the form
of a simple linear relationship between the transformed variables and
the other in the form of the so called 'rotation" or R-property,yields

even more practical and highly modular active RC realizations.



=117~

6.1 NECESSARY AND SUFFICIENT CONDITIONS FOR SELF DUALITY

DEFINITION 6.1 : A set of linear traansformation pairs

Q@b+« - oot - -+ Qe QL and

used for the LTA simulation of a ladder {Nq, o o o 4N

FEERERERI
is said to be self-dual if and only if
(i) It is series-shunt compatible (see section 5.1)
(ii) The LT structures of a series arm Zp (shunt arm Yh)
is identical to that of its.dual shurnit arm Yp:zp/Ri

(series arm Z,= Y r> ), where R_ is a convenient
AT Ao o

resistance value.

Such a transférmation yields active RC filters which will be referred
to as self-dual ITA filters,

The necessary and sufficient conditions for self-duality in
terms of the elements of the transformation matrices are derived below,
For the series—sﬂunt compatible transformation case we have, according
to the previous chapter, all series arms transformed using the same

transformation pair below

7 B1T *5 B,

O"]Z: QZZ (6.13.)

whilst all shunt arms are transformed using the transformation pair
nFak 9 1

1Yo
(]1Y= (]2Y= (6.1b)
«  -B; @  -B

where the series-shunt compatibility has been taken into account.
Under - these conditions the LT-chain matrix descriptions of the IT
structures for the two ladder cases (eqn. (2.6) and eqn. (2.7) respec-

tively) are given below :
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For the series arm 72 we have

X, a’lYBZ + a,léa + 51Y2 _ a,laaz + a,]BB + B,laa X5

= Az Az
Iq AP CUIR PLPEE P P IR AR PLPIIEEL PR AR P

Ap Az
(6.23)

For the shunt arm Y we have
% B8Y = qbp = By A i T L
Iq BB - @ By - By 2 OBy =By =B, Yy
' A1 A4

where A1 = c.let(llz and A2 = detQBZ .
The conditions for self-duality are derived by requiring the two LT-
chain matrices of eqn. (6.2a) and eqn. (6.2b) to be equal when Y:Z/RZ,

i.e. the two ladder arms are dual. This yields the following relations:

Z(a1Y2R2A1 = B BN + Rz(a,lﬁz + B (AL +A,) = 0

Z(a1a2RA1 5152A2) + Ra(a,IBZ + 81“2)A1 + (148, *51Y2)A2 = 0

2
BOYRA, = BB + RZ(Y*I{’B + A+ (agBy B*laamz =0

2
Z - ~
(Y,IaZRZA,I 51(32A2) + R%(y B, + 61a2)(A,| +A2) =0
For the entries ai’Bi’Yi and 61’. to be independent of the arm impedance

2, we obtain from the above equations the following relationships which

must hold even for the FDLT case:

X | .
A ~ P52 - 8%, _ BB 5482 (6.3a)

Az P &% Yo Y%

' (a162 + 6172)([31 + Aa) o , (Y,IB2 + 610L2)(A1+A2)=0 (6.3v)

+

(0B + B1a2)A’I + (r 0, + 8,7, )A, =0 (6.3c)

5172)13 4 =0 (6.3d)

+

(@ By + Bja) Ay + (vy0,
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It can be found from eqn. (6.3a) that

= & and @B, = 7,8, (6.4)

1%2 = %972
under which, eqn. (6.3c) and eqn.(6.3d) become identical both yielding:

(ry0, + 8,7,0(A, + AL) =0 (6.5)

From eqn. (6.3a), eqn. (6.3b) and eqn. (6.5) the necessary and suffi-
cient conditions for self-duality follow. Mathematical manipulations
taking into account that Ai # 0, i=1,2 produce the following explicit

conditions for self-duality :

0% _ PiPo PPy 0P 2

% YqTp o BT Y% 1 2

where R is a convenient resistance value used for the definition of

duality between a series impedance Z and a shunt admittance Y= Z/R2 .
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6.2 PRACTICAL SELF-DUAL LTA FILTERS

Any series-shunt compatible set of linear transformations
satisfying the necessary and sufficient conditions of eqn. (6.6), is
a self-dual set of transformations. In such a case the DT description
of the series arm Z and that of the dual shunt arm Y=Z/R2 will be

identical and their general form will be as given below:

¥ Kx +Lx
1 s 1 s 2 (6.7)

2

Y5 Msx + Nsx

1
The simplification achieved , however, is not evident from such expres-
sions since four voltage transfer ratios are still required to be

realized in order to generate the outputs ¥4 and Y5 from the inputs X,

and X5 Nevertheless, it can be noticed that the necessary and _suf—
ficient conditions for self-duality impose only five relationships on
the eight elements of the two series-shunt compatible transformation
matrices; leaving three degrees of freedom which may be effectively
utilized to lead to more practical realizations.‘ To this end, we
require the following condition to hold between the transformed vari-
ables of eaéh and every ladder arm:

Vg FEY, = EgX + Ex%, (6.8)

o+
E,] = 1aos"1 ’ E? = 1901"1 y E= =1

The userulness of the above constraint lies in the fact that under it, °
only one of the expressions of eqn. (6.7) is required to be realized,
so as to generate one cuiput, the other output being directly derivable
from eqn. (6.8).

Consequently, the necessary and sufficient conditions for a
self-dual transformation to satisfy the additional constraint of

practical significance of eqn. (6.8) are as follows.
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T =€4%
€o
T2=¢ %2

(6.9)

2
If the nonsingularity of the transformation matrices is to be preserved

we also have:

a,]aa&,]&z #Z 0 and € #8182 ' . (6.9a)

The conditions of eqn. (6.9) are equivalent to the following:

Yy = €1a1 (6.10a)
— 82 4

2" ™2 (6. 10b)

a162 + 61a2 =0 ' (6.100)

n10,(E - €,4€)) =4,
from which it is found that under self-duality only three of these
are independent, the fourth condition being derivable from these
three and the self-duality conditions of eqn. (6.6). Therefore, the

necessary and sufficient conditions for self duality with the linear

constraint 4 +Ey2 = 81}:1 + € oX, are sumrarized below:

818,  ByBy  Bbp 8P oo
= ]

®1% T172 TV Y%

A, =-A
1 2 (6.11)

ke
1]

= €42y

£
T2 "F 2

n

o b, + b 0

1°2 1%2 =

Solving these eigat equations for the eight unknown entries of the

transformation matrices, we find the following transformation matrices
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for the series arms :

€ €
2 1 1
—& 4 - — IR
! S 5 E?
Qaz Qo (6.12a)
' 1
and consequently,for the shunt arms we have
-€ ~-L R - IR
2 € 1
Ay = , Oy 6.12b)
1 €1 - _E2
- —‘é—ILR -1 --—a—}kR

In both cases the parameter j assumes values I

The corresponding LT description of the series arm under this

constrained self-dual transformation is given by:

2
v, €,2 + 1R(1 -€7) x, + WR(E -€ EP)JE
Z+pR(€€2—€) Z+}JR(E€2-~€1)

1
(6.13a)

- WR(E -€, €) : €€2Z+}JR(€§— 1)
y2=Z+pR(E€2—E1) X1+Z+uR(E€2-E1) X2

whilst the corresponding relationships for the shunt arm can be found

from the above for Z:YRE, as follows:

€RY + (1 -Ef) ME-E.E.)
VI R+ WEE,-€ )1 T R+ WMEE, € )2
(6.1%b)
_ 2
i —11(8-8182) . €€2RY+‘[].<€2-‘]) 3
To R+ wWee, ~€,0 RY + w(ge, -g,)2

Due to.the self-duality of the transformation of eqn. (6.12), only one

of the above expressions, either (6.13a) or (6.13b), is sufficient to

describe the self dual structures.
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A1l self dual cases for w.hich ¥4 +€y2 =€,‘x1 + E?,XZ’ are tabulated
in Table 6.1 for the various combinations of €, o and € 5 The
parameter 1 has been incorporated in R which can now assume either
positive or negative resistance values. However, it can be observed
from this Table that cases 2, 3 and 13 are not suitable for practical
and convenient realizations., In the last column of Table 6.1, we
indicate the output which can most conveniently be realized by an active

RC network,the other output being of course realized using eqn. (6.8).
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TABLE 6.1
NOley g, €} Q4z- O,z LT STRUCTURE DESCRIPTION

[‘ R] F R] Z . 2R 2R, . Z Y1 ¥z
S AR R LR TSR TR R AR

= E=51%2 INADMISSIBLE
1 4 E=E1Ey

1R 1-Rl| _ -Z 2R _-2R Z

21411 L pJ/ . X;E 'R] YEZOR LR 2 TR T TR
1477 1%9 '
1 _1 _1 E=E1 €2 INADMISSIBLE

- 1 R
st 1T, L e w it

[ NI X%y .

L I L Z .. 2R 2R . Z Y, Y
411"11R] L-RJY1=_X1+_X2Y2‘-_X1*_X212
I O R RTIRT R Z-2RTZ-R 2 | o o

1.1 1 E=€ €y INADMISSIBLE

(1 R] 1 0 y
510 -1 -1o & 1 R )/1=2;B§(X1'Xz’ Y2=ZTR ><1+Z§Rx2 2
X bR aer)

1 -R o R -R -7 Y
60 -1 1 Y X +X,) Yoo Xt Se=X,

* :0 Ry:1+y2=-x2'1 R Z-R Z-R Z-R R<0

1 -R 1 0 R R -7 Y,
710 1 -1|o R -1—RY=_—(X—X) Y= S XX
. Yo s M Z-R™1 72 2 7Z-R ZR2R<0

[1 R} M 0] _ Y
8|01 1o & I y1=%(x1+x2) y2=—z—$ﬁx1+R—%7x2 1

Y= %

10 1 R|| _ _ y
N L R} b RPYEFER X TR Yzl 1
. 1 y1-y2=—x11 R

0 A R
-Z R -R Y.
101 0 1 [-1 R o R/ X+ X, YF5 X)) 2
R S e i Z+R 1 Z+R Z+R

[1 0] 1 -R] y
(U U P 0 -RIM= D Y=oy -X) 1
% _ WY X Z-R " Z-R Z-R R<O

17 0] [1 R

- Yy
12101L1R_1 ORy:ZX1+RX "R("‘X) 2
* Vievpexp | Z-RTZ-R 2 BZ R R<O
1 0 1 0 ‘
13(0 0 1 | Rl o O y1=—§—(x1-x2) Yf‘%‘(xfxz)
1 0 10
- Y, Y.
1410 0 1]l Rl 0 R YF%(XP‘Xz) Yz=-§—(x1+xz) 1z
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6.3 THE ROTATION OR R-PROPERTY IN SELF-DUAL LTA FILTERS

DEFINITION 6.3 : A self dual linear transformation is said

to possess the rotation or R-property if the RC-actively realized

output i of the LT structure for a series arm Z (shunt arm Y) being
v = A(s)x1 + B(s)x2 ,

the RC-actively realized output yi of the LT structure of the series

2

R 1 .
1— 1
arm 4'= 7 (shunt arm Y'= /&RE) is

y{ = A(s)xé + B(s)xi .
The self-dual LTA transformations possessing the rotation property

will be referred to as R-Self-Dual transformations and the corresponding
active filters as the R-Self-Dual LTA filters.

The definition of the R-property implies that the LT structures
of +the highpass arms can be realized from the LT structures of the
corresponding lowpass arms by interchanging the inputs X, and Xye A
similar state of gfairs exists between the band-reject and the bandpass
ladder arms. This is very desirable indeed since the already high
modularity of the Self—Dual-LTA filter structures is greatly enhanced
by enabling a larger variety of ladder arms to be actively realized
using the same active module.

The necessary and sufficient conditions for a Self-Dual trans-
formation to possess the rotation property can be found in terms of the
signs &, 81 and E:2 since all eight parameters of the transformation
matrices have been define& from eqn. (6.12a) and eqn. (6.12b).

If 4 is the RC actively realized output in the LT structure

of a series arm.Z, then from egn. (6.13a) and the definition of the

rotation property we have

2 2
Vg = K@%, + L2)x, = k® /2%, + L& /Z)x1

from which it can be seen that
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81 =‘€ = -1 and €2 =0
corresponding to case 9 of Table 6.1. In addition cases 5,7 and 11 of
this Table can also be seen to posses the rotation property, these four
cases being the only R-. elf-Dual cases of Table 6.1.

Table 6.2 illustrates the four R-Self Dual cases and the cor-
responding LT structure for the series inductor I is given. This
structure is identical to that of a shunt capacitance C = L/R2 and
moreover by interchanging the inputs X, and X, it can provide the LT
structures required for the simple highpass arms, Therefore, the LT
structure of the series inductance is very illustrative for any R-Self-

Dual case since it gives automatically the LT structures of four ladder

arms.

TABLE 6.2

R Self Dual Case |LT Structure for the series inductor L
, CASE 5
1 R 0

0 Rl U -R
R>0
CASE 11

R>0 -




~126-

The LT structures in Table 6.2 are realized using operational
amplifiers. It can readily observed that the most economical cases are
case 5 and case 11 because of the low number of active elements they
require. Indeed it is apparent that the LT structures for the series
inductance in cases 5 and 11 are symmetric. This is expected gince they
emerge from symmetric transformations in the sense that the left trans-
formation matrix of one case is equal to the right transformation matrix

of the other,
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6.4 THE APPLICATION OF AN R-SELF-DUAL TRANSFORMATION

For reasons explained in the previous section,cases 5 and 11
of Table 6.1 and 6.2, are the most practical.cases and since they
are very similar,the study is concentrated in case 5 only.

The R~Self-Dual transformation of case 5 uses for all series

arms the transformation pair

1 R :[1 0
(]ﬂZ ) ClZZl-
0 R 4 -R
and consequently for all shunt arms the transformation pair below:

1 R . 0 ~R

O"IY= ’ G-zy =

1 0 1 ~R
For both series and shunt cases the output yq can be formed from the

ipput x, and the RC actively realized output y. using the relationshi
) 2 P

2
Ve =927 %

The output Yy is given for the series arm Z case by the equation:

R 4

Yoz *R+z % x

R+2Z 2
Whilst for the shunt arm Y case it is given by

I R -
Yoy ® 7+ RY ™1 1+ RY 2

The above expression for Yog, becomes identical to that for Yoy for
Y = Z/Rz, as expected from a Self-Dual transformation.

Table 6.3 gives the LT structures for this R-Self-Dual case
for all simple ladder arms wherein both the self dualifty and the
rotation properties are evident and the transformed terminations are

included. Table 6.4 gives the LT structures for the tuned circuits.
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TABLE 6.3
ARM CASE LT STRUCTURE
o /m\ —0 r
L _Lo M
° RiC = R . re
O —] y'] ‘%V f ] >
- ° o A Il o
:::Co R1C= RCo X4 IVQ; ”C X,
Co R.] C =RCQ
o ‘7;
% Lo R4C =l_—9- o
o i R *2
s I — y21=i£%TE * Rf; o1
E Y21 T pog]
o s
R o— N"IO —o v = 1 . RY'\ <
E S Y1 E X2’] 21 ’|+RY,] ’I+RY,I 21
) R =R
5
Zn Vi R y = R X =V
: l L ;1n—] 1n R + RL + Zn 1n o
P Nl R
4 no L
Vo o— y R X =V
. !Yn I%RL T i +TL * Ry e
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TABLE 6.4

TUNED ARM LT STRUCTURE

°—’66‘———”:—°~

L

o

Pl

R1 C1=% y RyG=R C

o

T

L
R1C1=R Co,RyCpr 5o

ES

Lo
R

o

R1C4=RCo , RyGy=
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It is observed that in the circuits of Table 6.3 and 6.4 the LT stru-
ctures for all ladder arms are constructuble using the active block
shown in Fig. 6.1 below, consisting of a unity gain voltage follower

(buffer) and a differential amplifier.

r r
20- A
[ &4
1 4
r

Fig. 6.1

This situation.-is highly desirable from the practical point of view
since it makes the corresponding R-Self-Dual LTA filters highly modular
and &menable to microelectronic realization.

Table 6.5 gives alternative realizations for the LT structures
of the tuned c¢circuits which involve a saving in the number of the
operational amplifiers. These economic¢ realizations are based on the
twin~T network arangementle][zﬂand they also use the active building
block of Fig._6.1. Tables 6.3 , 6.4 and 6.5 can be used to obtain
the R--Self-Dual LTA structure directly from the passive ladder. This
has been done in the relevant section of the next chapter to simulate

various ladder networks using the R-Self-Dual transformation concept.
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TABLE 6.5

TUNED ARM

LT STRUCTURE

—

(C17C2)

X2
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CHAPTER 7

PRACTICAL APPLICATIONS OF THE LTA METHOD

INTRODUCTION

The general LTA approach to the simulation of passive ladder
networks, has been presented in chapters 2 and 3, whilst in chapter 4
some useful rules for its effective application have been proposed.

In chapter 5 we dealt with the classification of the LTA procedures
based on the imposed constraints between the linear transformation
pairs of the transformation set, necessary for the simulation of a
ladder and we interpreted several existing simulation methods as
special cases of the ILTA approach ,as a result of which they were
further developed. The FDLT case was also presented in chapter 5
whilst the Self Dual LTA filters were discussed in chapter 6.

It is our aim of this chapter to apply the above
theory to practice by simulating several ladder filters. The frequen-
cy responses of the LTA structures so derived as well as their sensi-
tivities are examined in each case and comparisons are carried out
showing the advantages of LTA procedures over some existing ladder

simulation methods.
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7.1 A STUDY OF LOW ORDER LTA STRUCTURES

The LTA simulation of second and third order polynomial low-
pass filters will be used as a basis for comparing the sensitivities
and pérformance of various ILTA structures derived from such polynomial
filters using different transformation sets.

The reactive ladder filters used here are so designed,as to -
match the source resistance RS to the load RL at certain fraquencies
within the passband, so providing maximum power transfer points af
which the first order sensitivity of their amplitude characteristic
with respect to a reactive component is zero (see chapter 1). This
is known as the Orchards Principle and is one of the main reasons why
the simulatioﬁ of these doubly terminated LC ladders is desirable,
Ideally, RC~active simulation of such filters should possess this low
sgnsitivity property with respect to most, if not all, of their pas-
sive (RC) elements., However,in practice, only some of the passive
elements of the simulated RC-active structure obey the Orchard’s
Principle so that the sensitivity of the filter attenuation character-
istic with respect to these elements will be very low. within the pass-~
band due to the zero sensitivity at the maximum power transfer points.

It is possible in the LTA structures to make all capacitors
present this low sensitivity due to their correspondance with  the
reactive elements of the original ladder filter. It is not seldom,
though ,to find in the LﬁA‘structures in addition to the capacitors
some resistors obeying Orchard's Principle due to an RC-product cor-
respondance with a reac£ive ladder element as it will be illustrated

in this chapter.
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7e7.1 Second Order Lowﬁass Ladder LTA Simulation

The second order Chebyshev ladder filter shown in Fig. 7.7a (RS=1,/1.3554
R = 1, Lo=1.2087 ,C= 1.6382 and passband ripple 0.1 dB) is simulated
using several different LTA approaches. Since there are only two
reactive arms in the passive ladder, only two transformation pairs are
needed. However,both of these arms may be taken in conjunction with
the appropriate termination resistance and hence only one matrix is
significant for each transformation,according to sections 3.3 and 3.k,
always provided that (]42 is chosen to provide a convenient outpﬁt
node. The LTA simulations shown in Fig. 7.1 give the LT matrices em-
ployed, the LTA filter structure and the sensitivities |Sl?q ( the
absolute value of the gain sensitivity with respect to thelpassive
components X, of the LTA filter). The sensitivities of the original
passive ladder are shown in Fig. 7.1b. In this figure the sensitivities
éf this LTA filter are shown under the ITA structure in continuous
lines. It is observed that the sensitivity of the realization with

respect to R, is constant and equal to unity and therefore this resistor

2
can be used for output level adjustment. It is also observed,that
the sensitivities with respect to the capacitors 01,02 and the resistor
Rl+ are identical to those for Lo and CO in the original passive ladder,
presenting zero sensitivity at the maximum power transfer point as
expected by Orchard's Principle. The sensitivity with respect to R1
is identical to that cofresponding to the dissipative elements in the
passive ladder filter whilst the sensitivity with respect to R3 (the
only element of the LTA‘structure which does not correspond to any
element of the paésife ladder) is very low as shown.

It can be seen from Fig. 7.1b that the resistance R1 can be

removed to reduce the number of components but in so doing we shall

no longer be simulating the LC filter of Fig., 7.1a. Moreover,a
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readjustment of component values must be done in order to keep the
transfer function the same. It is interesting,f?om the practical point
of view,to examine the resultant circuit which is shown in Fig. 7.7c.
The sensitivity performance of this circuit 5 of course, is not
expected to be similar to either that of the passive prototype or indeed
to that of thelLTA filter of Fig. 7.1b. In facit, we do not expect to
have zero sensitivity at the frequency point corresponding to maximum
power transfer. This can be verified from the sensitivity plots of
Fig. 7.1c. Moreover, it can be seen from these sensitivity plots,fhat
the sensitivities with respect to the capacitors have increased as well

as that corresponding to R, which has been doubled in this case.

3

As a general conclusion,it can be seen that the sensitivity
performance of the LTA filter is indeed lower than that of an active
RC filter not simulating the doubly terminated IC ladder but merely
having the same transfer function.

The transformation matrices used'in the design of the ITA filter
of Fig.7.1d, are the R-Self-Dual transformations (case 5 of Table 6.1)
The corresponding realization structure is seen to be very simple where’
both operational amplifiers are employed as buffers. This state of
affairs is highly desirable for high frequency operation. Moreover, .
the elements C1, C2 and RZ present very low sensitivity performance
within the passband due to their correspondence with the reactive
elements of the passive ladder, as it can be observed from the sensi-
tivity plots of Fig. 7.1d.

In Fig, 7.1e the LTA filter is dgrived using the transforma-
tion matrices shown and is subsequently modified as indicated,
keeping the modifications within the LC simulation limits. Thus, the
first amplifier of the initial LTA structure employed to provide a

gain of 2 and also to isolate its input node from the rest of the
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circuit is removed since both of these operations can be performed by
passive elements when their values are appropriately modified. Con~

sequently, the resulting single amplifier circuit with 01 arbitrary

2

2
- | - — — -
and R1 = R R, = BLO/RSC1 , R4 = 9L0RD/ Rs C1 and C2 _RS

273
is equivalent to the two amplifier LTA filter and of course to the IC

C001/91'0

filter. The disadvantage of the single amplifier circuit is the wide
spread of the component values that results.in addition to the increased
sensitivity performance of the resistors. The sensitivity of the
capacitors, however, is identical to that of Lo and Co components in

the original passive ladder.

7.7.2 Third Order Lowpass LTA Simulation

A third order Chebyshev lowpass (ripple 0.5 dB) shown in Fig.
7.2a, is simulated using different linear transformation sets. Normaliy

three transformation pairs are needed as follows:

{Qﬁ’ 021!‘ ’{0-12’ O—22§ ’{013’0231

but since the terminated arms are transformed ir conjunction with the
corresponding resistive termination, (]qq and (lﬁz are redundant.
[
The doubly terminated ladder exhibits maximum pewer transfer

at zero frequency and at approximately W 0.85. Therefore, zero

. o
sensitivity is expected at these points with respect to the reactive
clements. Indeed, all capacitors of the LTA structures shown in Fig.
7.2 exhibit this property and in three cases one or more resistors are
seen to behave similarily, as is evident from the figure.

In Fig. 7.2b a leapfrog structure is presented having four

operational amplifiers and designed using the transformation set in-

dicated. There are also three capacitors in this realization all
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presenting zero.sensitivify performance at the maximum power transfer
points , owing to the one~to-one correspondence that exists between
these capacitors and the reactive arms of the passive ladder. Moreover,
it can be observed from the circuit that changes in the resistance R
can be interpreted as changes in the capacitor 02 since the stage
containing R merely scales (nominaly by unity) the integrator employing
02' Consequently, the resistance R in the circuit will have the same
differential sensitivity performance as the capacitor 02( and hence it

will be zero at the maximum power transfer points). Element values for

ladder equivalence are

€, =C,=0C;=C
R, =R} =RI=RC, /C
R, = By = Ly /R0
Ry = Ry = RC, /C

where C is a conveniently chosen but otherwise arbitrary capacitor
value. Note that the capacitors in the active filter are all of equal
value,

The form—compatible'transformations have been used in deriving
the LTA circuit of Fig. 7.2¢, in accordance with section 5.3. The ITA
structure shown in this figure employs only three operational amplifiers
(as opposed to four amplifiers in the leapfrog structure) two of which
act as buffers. The sensitivity performance is still observed to be
5 C3 and R3

present zero sensitivity at the maximum power transfer points. In

very low for all passive elements, whilst elements Cq, c

comparing this circuit with the previous one in Fig. 7.2b, it is seen
that both have very low sensitivities, but the LTA filter shown in
Fig. 7.2c has the following advantages over that of Fig. 7.2b :

(i) Only three amplifiers are employed(4 in Fig.

7.2b, i.e. reduction in active comvonents)
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(ii) Two,out of the three,amplifiers are buffers
(i.e. ease of design and extension of fre-
quency opetation).
(iii) Only five resistors are used (9 in Fig. 7.2b,
i,e. reduction of passive resistive components)
Element values for ladder equivalence must be chosen so that:

Cc,=C,=¢C,=2¢C

1 2773
R, =R} = 2R C, /C
2Ry= Ry = L, /R.C
Ry = R C; /C

Note that this LTA structure has equal value capacitors also since C is
a conveniently chosen capacitor value.

In Fig. 7.2d alternative transformation matrices have been
employed as shown, with the midle pair having a third entry. This has
the effect, in conjunction with the other transformation matrices pairs,
to produce amplifier connections having no frequency dependent gains.
There are in fact three operational amplifiers in the circuit of Fig.
7.2d. The first is employed effectively as a buffer, whilst the
second amplifier is connected to provide a gain of 2. The third
amplifier may be interpreted as a lossy integrator the frequency per-
formance of which is,of course,almost ideal even with amplifiers
having gains very far from ideal since the amplifier in this lossy
integrator is acting at low frequencies as a unity gain inverter.The
frequency performance, therefore, of the entire filter is expected to
be very good indeed. This was exemplified by constructing a filter
with cutoff frequency of 100 kHz (rather high for normal RC active
filters LQA]) and there was no severe deviation from the ideal
vassive filter attenuation characteristic as it is the case with

with the 1eapfrog‘f§1ter striicture of Fig. 7.2b at this high frequency.
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The sensitivity performance of this filter with respect to
the passive components is very low within the passband as expected .
. C2 and 03 as well as the resistor R1

present the zero sensitivity at the maximum power transfer points.

In addition the capacitors C

The element values for ladder equivalence are found directly from the
descriptions for the individual LT structures as follows:

1 2 3
R1 = RsC1o/C
RZ = Ré = LEO/RSC
R3 = Ré = RSCBO/C

Again here we note that this filter is an equal value capacitor design.
The RC active structure of Fig. 7.2e has been derived from the
structure corresponding to the form-compatible LTA filter of Fig. 7.2c.
This derivation was effected by removing the firét and the last oper-
ational amplifiers and altering the values of the passive elements in
such a way as to incorporate the loading effects on the corresponding
nodes that will result. These adjustments are all within the IC
simulation limits and the eiement values of the active filter so derived

are related to the LC filter elements as follows: The capacitor C, may

1

be chosen arbitrarily whilst R1, R2 and R% are equal to BC,IORS/'C1 .

Additionally we have R2 2R1 » Cy = ”o 1/9R Cao 3 3 = 2R C3 and
The sensitivity performance of this structure with respect to
all passive elements is éhown in Fig. 7.2e and it can be observed that
it is comparable to that of the corresponding LTA three amplifier
filter of Fig. 7.2c. However, the wide spread of the element values,
that resultsas a consequence of the adjustments above, is the price
paid for the .reduction in the number of operational amplifiers.

Note that the sensitivity performance of the structure with respect
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to the capacitors C1, C2 énd C3 exhibits the expected zero value at
the maximum power transfer points(and low value elsewhere in the pas-
band) which is,of course, a validation of the adjustments carried out
as being within the LC simulation framework.

Concluding this section it is noticed that different LTA
structures with distinct properties and special features are derived
from the same original IC ladder for different choices of the trans-
formation matrices. However, the sensitivity performance of the various
ITA structures is very low independently of the transformation used.
Moreover, those elements in these structures which do not correspond
to any reactive arms of the passive ladder filter, appear to have

sensitivities.of the same order as those which simulate the sensitivity

behaviour of the reactive arms of the ladder.
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7.2 APPLICATION OF THE FORM -~ COMPATIBLE TRANSFORMATIONS TO THE
STMULATION OF A 5th ORDER CHEBYSHEV TITTER

The form compatible transformations of Fig. 5.5 are applied to
the simulation of a fifth order lowpass Chebyshev ladder filter (ripple
0.5 dB) as shown in Fig. 7.3a along with the appropriate transformation
matrices pairs. The resulting LTA filter structure, after denormaliza--
lization for fc=10 kHz and R = 1k§2, was constructed with equal value
polysterene capacitors (10 nF, 2% tolerance) and 5% tolerance resistors
the values of which can be found from the design equations shown in Fig.

7.3 below.,

(b)
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The commercially available pA741 operational amplifier was employed
for the realization of the LTA filter and the expérimental response of
the filter is shown in Fig. 7.3c (curve 2). The response of a leapfrog
realization structure of the same filter is also shown in this figure
(curve 3), from which it can be observed that the form-compatible design
is favourably compared to the direct leapfrog structure. This becomes
more evident at higher frequencies where in the form compatible case
the performance of the filter is satisfactory for frequencies up to 50kHz,.
It is interesting and of practical significance to remove the
first and the last operational amplifiers in the LTA circuit designed
above by compensating for the loading effects that will be produced at
the appropriate nodes merely by modifying'the element values of those
elements connected to these nodes ( a similar procedure was followed in
the previous section, see Fig. 7.2e). The result of this procedure is
shown in Fig. 7.4, where the values of the elements indicated with a
prime have been suitabiy modified. The béhaviour of this circuit was
similar to that of Fig. 7.3b and indeed there existsan one-~to-one cor-
respondance between the reactive components of the origihal ladder and
the capacitors contained in the realization of Fig. 7.L. Consequently a
zero first order sensitivity at the maximum power transfer frequencies

exists with respect to the capacitors of this realization.

Fig. 7.4
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7.3 APPLICATION OF THE ACYCLIC LTA PROCEDURE

The general acyclic procedure as described in section 5.4 is ap-

lied in this section to two different ladder filters.

7.3.1 An Acyclic Simulation of a 5th Order Lowpass Chebyshev Filter,

The simulation procedure is illustrated in Fig. 7.5 where we

started with the transformation matrix (the left transformation

15

matrix for C5 taken in conjunction with RL). The choice of this matrix

was so made that a very simple LT structure is obtainable with a conve-.

nient output node(see section 4.3). The matrix C124 was then determined

R Lao Lo

1

--CSO R=1
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from the compatibility relationship (eqn. 3.17a) and (114 was chosen as

to yield a simple LT structure for the inductor L4 avoiding the Y14=0

0
case which would lead to a TRI structure (see Table 4.1). The right
transformation matrix 53 for the transformation of the capacitor C30
is automatically determined from the compatibility relationship and (]43
is so chosen as to yield a practically desirable inverting loss& inte-

gratof for the realization of the LT structure of C The right trans-

30°

formation matrix (122 for L is then automatically determined and (]12

20
igs so chosen as to yield an LT structure which can be realized using a
noninverting lossy integrator as shown in Fig. 7.5b. The transformation

matrix (121 for C,,. taken in conjunction with the source resistance R

10
is consequently found and the corresponding LT structure is very simple
indeed, requiring its active component to serve the rdle of a buffer
in its realization. The overall LTA structure requires six operational
amplifiers as is the case for the form-compatible LTA structure of Fig.
7.3b, However, in this present structure only two operational amplifiers
are involved in frequency dependent feedback arrangements, a fact which.
is desirable for good high frequency operation of the active RC filter.
The filter was constructed using equal value (10 nF, 2%) poly-
sterene capacitors,pA741 operational amplifiers (six in total) and 5%
resistors. The resistor values were determined from the following
design equations which are directly derivable from the descriptions

of the corresponding LT structures:

R,C = RC RC = 2L20/R , B.C = RC

1 10 B 5 50 1+ ByG = L o/R and RC =RC

5 50 °
Denormalization was carried out for R=1kSand fc=10 kHz. The measured
frequency response is shown without any compensation in Fig. 7.5c(curve 2)
A response very near to the ideal (curve 1) was easily achieved by adju-
sting the gain of the inverter (resistors r ). Curve 3 in this figﬁre

represents the uncompensated response of the corresponding leapfirog



structure of Fig, 5.1 when'implemented in the same way as that of Fig;
7.5 (i.e, pA 741 operat. amplifiers,2% polysterene capacitors and 5%
resistors)

It must be emphasized here that in the structure of Fig, 7.5
all capacitors and, in addition, resistors R1 and R5 present gero sensi=
tivity behaviour at the maximum power transfer frequencies due to their
correspondence with the reactive elements of the ladder. The sensitivity

performance of the rest of the resistors was found to be of the order of

that of the elements of the original ladder filter.

7.3.2 An Acyclic LTA Simulation of a 6th Ordef Bandpass Ladder Derived

from a 3rd Order Chebyshev Lowpass Prototype.

The paésive bandpass ladder is shown in Fig.7.6 together with

its element values and passband characteristics.

i i
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! ' ! bl Gy L R
L G0 Lo - | | Go % 10 %
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! |
18.636F | 53.'6595m|H 12,804H 1 78ImF | 18636F : 53,6595 mH
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Oy ' Gy O30 00y, 005 Qpsi Qg
) Fig' 7v?

For the LTA simulation we start from the output terminated inductor LBO
1 0

by using the matrix C116 = y which yields for the LT structure
2 -2R

of that arm when taken in conjunction with the load resistor:
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Ya6 = _-——%T—~x16 v Ko = Vo(the output of the ladder)
30
° 2R

This relationship may then be realized as shown in Fig, 7.7 below

i i .
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|
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Flg' 707

The C125 matrix for the transformation of the shunt capacitor C,. is

30
readily found frcm (]16 by interchanging its rows and changing the sign

of the second column (compatibility relationship).@_15 is then so chosen
as to yield a noninverting lossy integrator for the realization of the
IT structure for 030' This is shown in Fig. 7.7 above. The matrix

(]2 is then automatically defined by the matrix (1 , and the matrix
b 0 oR 15
(]14 is taken to be yielding
1 2R
1 + sZRCZO

You = *qu and Yy = gy Xqp t Xoy
: ‘20

(which is a ‘IRE case, see Table 4.1). The LT structuremay then be
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realized as shown in Fig. 7.8a. Once the matrix (]14 is known, its
adjacent matrix (:EB is defined by the compatibility relationship, and
C113 is then so chosen as to yleld an inverting integration for the LT

structure of the series inductor L20 . Thus, the transformation pair

. shown in Fig. 7.8 for L., ylelds:
1323 8 20

Yos

1
Vo3 = T Gyt x55)
S —

2R

the realization of which is shown in Fig. 7.8a. The virtual earth point

Y13

of the inverting integrator involved in the LT structure for L20 can

perform the summing operation of the adder that appears in the IT stru-

cture of the capacitor C_. and this has been done in Fig. 7.8b. Thus,

20

a reduction of one active element takes place.

| Il o !
] iIC i
! Lao : 20 |
| ) |
| o ' o
| 1 2R 1 -2R{ ; |0 2R| |1 o |
|
|
Cl22l I ,‘ Cl15
| 0 2R 0 -2Rl v {1 2R 0 ~2R

X13 X23 X14 - X24
) o 1 et v
- L
Ca | =Fc, ( b)

I
i
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Again from the matrix (]13,we can find its adjacent matrix()22 for the .

transformation of qu and then determine a matrix (112 for the transfor-

mation pair (]121:[22 to yield a ‘simple LT structure. The transforma-~

tion matrices for L,. are shown in Fig. 7.9a which yield for the cor-

10
responding LT structure L 0+ 1
——jgl—————x + X = - X, 5, =X
Y2 Lo 21" a2 ' Yoo T T %92 T %o
SR

the realization of which is shown in Fig. 7.9a. TFinally, the transforma~

tion of the capacitor C, . taken in conjunction with the source resistance

10 _
¢an be obtained from Clqa'and the compatibility relationship. The matrix
-1
(121 is shown in Fig. 7.9a from which we have Y24 3R (x _g?E)
: — =1+s2RC 21 R
Rs' 10

In the filter under consideration RL = Rs= R, and the above equation

after this simplification may be realized as shown in Fig. 7.9 below,
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A simplified vers%on of this structure is shown in I'ig. 7.9b, where thé

input inverter has becn removed introducing a phase shift of 180? and

the value of R% has been halved to provide the required gain of 2.

Moreover, the virtual earth point of the first amplifier is effectively

used to perform  the addition required in the LT structure for qu.
Fig. 7.10 shows the overall LTA structure for the 6th order

bandpass filter and gives the element valués of the active RC structure

so derived, The passband response of the LTA filter (constructed

using two 4136 quad operational amplifier chips, 2% polysterene capacitors

and 1% resistors) is shown in Fig. 7.10 from where it is evident that no meosstahk

deviation from the ideal behaviour occurs. As far as the component sensi-

tivities are concerned, all capacitors show zero sensitivity at the maxi-

o R4 and R6

(related to qu, C20 and L30 respectively) possess this property. The

mun power transfer points ahd, in addition, the resistors R

sensitivities with respect to the remaining resistors were also examined
using the sensitivity facility of the MINNIE interactive computer program
[58] , and they were found to be very low and comparable to those with
respect to the capacitors ( aﬁd therefore, comparable to those of the re-
active elements of the passive ladder original).
Finally,it may be observed that in the LTA filter above, when

two consecutive LT structures of elements in the same position (i.e.
series or shunt) are taken together, they produce biquadratic sections.
The three biquadratic sections +that appear as a result of such a group-
-ing are all of finite Q in EOntrast with other techniques of simulation
that require at least the central biquadratic section to be of infinite

Q (e.g. leapfrog, direct SFG simulation (55)).
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7.4 TIE APPLICATION OF FDLT TO AN 8th ORDER ZIG - ZAG FILTER

The zig-zag filter shown in Fig 7.711a is transformed here using
a frequency dependent linear transformation set for reasons explained in
section 5.5. This filter was taken from reference{Zjwhere it is simula—
ted using the '"Direct Signal Flow Graph' method, Before we apply.the
FDLT set it would be perhaps interesting to obtain thé same structure for
the zig-zag filter as that obtained in reference[55using a suitable
transformation set in order to show the flexibility of our methods.
This is shown in Fig. 7.11b where a form-compatible transformation set
has been employed. The''port reciprocator' used in refiﬂﬂ,which is neces-
ary whenever an inductive T or a capacitive [1appears in the LC filter,
is here realized by a noninverting differentiator showing in fact that
the "port reciprocator' is no more than an implicit differentiators The
active RC filter. so derived employs 15 operational amplifiers and 10
capacitors .. Precisely the same structure and the number of components

are given in reference [55].

The same LC ladder has been simulated using the FDLT .set shown
in Fig. 7.11c. The resulting LTA structure employs only 12 operational
amplifiers and 8 capacitors, The total number of capacitors is precise-
ly equal to the order of the original zig-zag filter. This LTA filter -
was constructed using three 4136 quad operational amplifier chips,with
2% polysicrene capacitors and 5% resistors., The measured frequency :
response is shown in Fig., 7.11, which even before any compensations or
adjustments is cdried out,is indeed much closer to the theorétically
expected response than that of the filter resulting from the methods

of reference[55].
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9.5 APPLICATION OF THE R-SELF-DUAL TRANSFORMATIONS

The R-Self-Dual transformations prasented in section 6.4 will
be used for the LTA simulation of a third order lowpass Chebyshef filter
and a third order lowpass elliptic filter for which two alternative

self dual realizations will be given.

7.5.1 The R-Self-Dual LTA 3rd Order Lowpass Filter

A third order Chebyshev lowpass filter is shown in Fig. 7.12
with the element values normalized. The corresponding R-Self-Dual LTA
structure is also shown in this figure, derived directly from Table 6.
The design equafions are also shown in this figure., When the element
values are denormalized for RS = 1 kQ and fc = 10kHz, for equal capa-
citor design ( 10 nF) design we obtain:

C,=C,=0Cy=0C=10nF, R, = 296652, R, = 203752 and R,=296652.

1 2 3 3
The R-Self-Dual LTA structure was constructed using a 4136 quad opera-
tional amplifier chip, with 5% resistors and 2% polysterene capacitors.
The measured frequency response of the constructed prototype was found
coincident with the theoretical curve. When the capacitor values are
changed to 1 nF,thereby increasing the cutoff frequency fc to a value
of 100 kHz, the frequency response obtained is shown in Fig. 7.12c (curve
2). The maximum deviation from the ideal. behaviour does not exceed
0.35 dB and was easily c&mpcnsated for by adjusting resistor r' to earth
(see Fig. 7.12). The frequency response of the corresponding leapfrog
filter 1is also shown in fig. 7.12c for comparison reasons. The obvious
superiority of the R-Self-Dual filter as far as the high frequency re-
sponse is concerned is mainly due to the fact that all its operational
amplifiers are.involved in frequency inéependent feedback arrangements.

Moreover,all capacitors and resistors R,, R_ and R, are directly related

1 T2 3
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to the reactive arms of ﬁhe original passive ladder ,thereby presenting

the zero sensitivity at the maximum power transfer points. The sensiti-
vity behaviour of the fil£er with respect to the reéistors r and r' (which
define the gains of the differential amplifier) are found to be very low
indeedland in gny case no larger than that of R2 and R3 in theAleapfrog

structure (see Fig. 7.2b).
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From the above, therefore, it appears that the R-Self-Dual filter
structure is preferable to that of the leapfrog case which employs the -

same number of passive and active components.

7.5.2 A Third Order Elliptic R-Self-Dual LTA Filger

The original passive ladder is shown in Fig. 7.13a together with
the normalized element values. The R-Self-Dual structure is directly de-
rivable from Table 6.3 and 6.4 for R:RS, as shown in Fig. 7.13b together
with the design equations. Denormalization of the element values for RS
R, =1 k§Qand fc =10 kHz for equal value (10nF) capacitors gives the
resistor values for this active RC structure. The LTA filter constructed

using 12 4136 quad operational amplifier chip, with 5% resistors and
measuTakle

2% polysterene capacitors, behaves ideally without any deviation from

the theoretically expected response.

On replacing the 10 nF capacitors By 1nF , the passband is
extended to 100 kHz, in which case a 0.65 dB maximum deviation is observed

as shown in Fig. 7.13c. However,this discrepancy was easily compensated

for by adjusting the resistance Rx' The corresponding leapfrog structure
2

which requires the realization of a transfer ratio of the form E—E%Z%l
(function which increases with frequency) could not match the response
of the R-Self-Dual ITA structure at these high frequencies of up to 100
kHz, being very problematic even at the frequency of 10 kHz., This is
mainly due to the differentiation involved-in'the realization of the
above transfer ratio, and partialy due to the integrators employed in
the leapfrog structures. The R-Self-Dual ITA structure requires opera-
tional amplifiers té have frequency independent gains with a maximum

value of 2, thereby ensuring such good high frequency performance of

the active RC filter.
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The intermediate LT structure corresponding to the parallel
tuned circuit in the series arm cen be replaced by-an equivalent twin-
T configuration (see Table 6.5). The total number of amplifiers can then
be reduced to 4, three of which act as buffgrs but the number of the ca-
pacitors increases by one resulting to a noncanonic structure, This
replacement was carried out in practice and did not appear to affect the

sensitivity of the overall R-Self-Dual LTA filter structure. The
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behaviour of the modified filter was very near to the theoretically
expected one and without any compensation or adjustment the filter operated
satisfactorily with cutoff frequencies up to 50 kHz.

The transmission zero of the filter was very well behaved in both cases

presenting an attenuation of more than 60 dB.
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CHAPTER 8

CONCLUSIONS AND SUGGESTIONS FOR FURTHER
RE SEARCH

A new approach to the design of active RC filters (LTA filters)
simulating doubly terminated passive LC ladder filters, has been deve-
loped and presented in this thesis. The capability of this approach
to interpret existing simulation methods as special cases of the gene-
ral LTA-method combined with its inherent potential to derive novel
practical active RC filter structures tailored to the design needs,
make the LTA simulation more than a new active RC filter design method.
Indeed, it could conceivably be labelled as a new design philosophy.

New structures have been derived at various stages in this
work, with the derivation of the R-Self-Dual LTA filters serving as a
striking example of the manner in which the general procedure may be
so0 corstrained to yield active RC filter structures with prescribed
special features: 1In fact in the case of the R-Self-Dual LTA filters
the general appfoach was constrained to yield highly moduiar structures
whereby all ladder arms are realized using the same basic active buil-
ding . block of Fig. 6.1 (see Tables 6.3,6.4 and 6.5). This feature
may be greatly appreciated not only by the active RC filter theorist

who can study lhese structures more effectively, but also by the nicro-
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electronic industry since the realization of highly modular structures
is more economical and space saving.

As far as the generality of the LTA approach is concermed, it
must be emphasized that all the existing LC ladder simulation methods
which involve transformations cf the voltages and the currents of the
original ladder filter may be seen as special LTA cases, This-has been
shown explicitly for the Wave Active Filter case in section 5.2.2 and
for the Leapfrog Synthesis in section 5.1.1 in which case the conven-
tional method has been improved as to derive more economical structures
(section 5.3. The Direct Signal Flow Graph simulation has also been
shown to be a form-compatible LTA case where the application of the
FDLT proved to be more effective yielding more economical and,under
certain conditions, canonic structures.

The Impedance Scaling method introduced by L. Bruton - can -be
interpreted as a voltage-current LTA procedure in the sense that the
transformed variables x and y do not both represent voltages but instead,
one of them represents current and the other retains its voltage nature.
The transformation which leads to the impedance scaling method structures
is a sdf-compatible transformation defined by the matrices

1 0 0 -X(s)]

0 X(s) 1 o |

which are used for all series and shunt arms of the ladder. "-The
quantity X{s) is a dimcnsionless frequency dependent ratio which in -
the original FDNR[3.3J case is of the form X(s) = sk.' The modifications
of the original TImpedance scaling method (see chaptef 11: may be seen
as voltage—curreht acyclic transformations where the scaling factor X(s)
may differ from arm to arm according to its nature so as to give conve-
niently reaiized structures. Reéearch into the voltage current linear

transformations would not only give an insight to the variou impedance
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scaling techniques, but also would obtain some more interesting new
methods,

Although the inductance simulation method for deriving active
RC filter structures from doubly terminated passive ladders does not
alter the port variables of the conslttuent subnetworks of the original
ladder, the LTA method may be used as a tool for deriving new simulated
inductance cir_cuits as it has been done in references [{»8],‘and [2»9]from
the Wave Active LTA method. The establishment of a general LTA
procedure towards this end would be a very interesting research area
since it could derive new, and perhaps better, simulated inductance
circuits,

Research on the sensitivity of fhe general LTA structures in
order to eipress explicit sensitivity formulae in terms of the parameters
of the transformations would be of great theoretical and practical value
since the sensitivities of the various LTA structures would then be
compared and perhaps ﬁinimized so establishing optimum sensitivity
performance structures within the LTA concept which, as already pointed

out,it includes most of the existing ladder simulation methods.
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