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INDUCTORLESS FILTERS 

In recent years integrated circuit technology has been used in the con¬ 

struction of many types of miniaturized electronic systems but it has not, as 

yet, found much application to the precision, electrical filters used by the 

telephone industry at frequencies up to a few hundred kilohertz. These filters 

require very high quality inductors, and those presently available are heavy, 

bulky items. Great savings in the size and weight of telephone systems would 

be obtained if suitable inductors could be made by integrated circuit tech¬ 

niques, but so far this has not been possible. One alternative is to make the 

filters by using those components which are available in integrable form. 

Various schemes have been proposed for doing this, but most of them 

require component tolerances too tight to be practical. Many of the schemes 

use negative impedance converters in circuits whose transmission properties 

are determined by a critical match between a positive and a negative imped¬ 

ance; as a result of this matching process the transmission properties are 

very sensitive to component tolerances. The conventional, doubly terminated, 

inductor-capacitor filter, on the other hand is relatively insensitive to 

component tolerances, and it is proposed in the dissertation that this desir¬ 

able property be retained by making an integrated circuit which simulates, 

in an inductorless fashion, the detailed behavior of the LC filter structure. 

Two distinct methods are described. 

The first of these uses axactly the conventional LC filter structure and 

merely replaces each inductor by an integrable circuit that behaves like an 

inductor. The circuit takes the form of a frequency-independent, two-port 

network which, when terminated at one port by a capacitor, presents an 

ill 



inductive behavior at the other port. This impedance inverting network, or 

gyrator , can be constructed from a pair of controlled sources. The disser¬ 

tation analyzes this type of gyrator, derives a set of requirements for 

high-quality performance and describes a specific circuit which meets them. 

Experiments on a complex band-pass filter confirm that it is possible to 

obtain low sensitivity filters by this means. 

The second method simulates the LC filter structure by making a complete 

model in the manner of an analog computer. Conventional analog computer 

circuitry proved inadequate and it was necessary to devise two special circuits 

to perform, very precisely, the operations of subtraction and integration. 

These were designated the Difference Amplifier and the Difference Integrator. 

In an attempt to produce a universal circuit arrangement that would be applic¬ 

able to all classes of filter, these basic units were used to build the princi¬ 

pal canonical tandem section due to Darlington and Brune. These simulated 

Brune sections were used to construct a low-pass, a high-pass, and a band¬ 

pass filter. Experiments on these filters showed that this also is a suitable 

way to produce low sensitivity filters. 

It was found for both techniques, that, in order for the simulation to 

be successful, the original LC design should not have widely different L/C 

ratios in its resonant circuits. The dissertation compares the two techniques 

from several points of view and notes that the inductor simulation technique 

has a distinct practical advantage in that the filter capacitors isolate the 

bias circuits of the separate gyrators. 

The two techniques are completely integrable as they use only resistors, 

capacitors, transistors and diodes. The tolerance and stability required 

of the resistors and capacitors can be achieved with modern thin-film 



techno Iogy. Both techniques clearly show that complex filters can new be 

», 

built in integrable form. 
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CHAPTER }. THE CASE FOR INDUCTORLESS FILTERS 

In recent years integrated circuit technology has permitted complex 

electronic circuits to be built smaller, lighter, and more economically 

that was formerly possible with discrete components. Up to nov.', however, 

these advantages have been applied mainly to non-linear digital circuits. 

This is partly due to the fact that this new technology as it exists 

today is incapable of making inductors,and the inductor is much more a 

fundamentc‘l component for linear than for digital circuits. 

The greatest usage for inductors in linear circuitry is probably 

to be found in the manufacture of circuits designed to accept or reject 

signals of certain frequencies. Such circuits called electrical filters 

are used in vast quantities by the telephone industry to combine and 

separate individual telephone channels, for transmission over long dis¬ 

tance carrier and microwave radio links. The frequency range of great¬ 

est interest for these filters is the spectrum below 100 kHz. This 

application for inductors in telephone-channel filters also happens to 

be one of the most demanding on the quality of inductor required. 

Telephone-channel filters take up a great deal of space and weight 

in carrier systems, and much effort has been expended in trying to reduce 

their size. Considerable size reductions have been made in inductors as 

magnetic materials have been improved over the years, but it does appear 

to be true that the size of inductors cannot be decreased indefinitely, 

without suffering a lowering of inductor quality. 

On the one hand, therefore, we have the tantalizing size and weight 

1 
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capabilities of integrated circuits and on the other the size limitations 

of inductors, plus the fact that they cannot be integrated. It is thus 

worthwhile to explore alternate ways of making filters, to see if they 

can be built by inductorless means, and in a manner that will permit them 

to be integrated. 

This dissertation will propose that inductorless filters can best 

be built by the simulation of terminated inductor-capacitor (LC) filters, 

in a manner that will retain the structure and consequently the excellent 

properties of these classical filters. Two separate means of performing 

this simulation will be presented along with the results of experiments 

performed on filters constructed by both means. The two methods to be 

described are the method of inductor simulation via gyrators and the 

method of total simulation via state-variable techniques. The results 

will show that low-sensitivity inductorless filters can be built, and in 

a manner that will permit them to be integrated. 



CHAPTER 2. DISCUSSION OF PREVIOUS WORK ON THE PROBLEM 

2.1 The filter Transfer Function 

The first important step in the design of any filter is choosing a 

transfer function H(s) to represent the ratio of an output quantity to 

an input quantity of the desired filter. This transfer function is a 

ratio of two polynomials in the complex frequency variable s, and as a 

function of frequency it gives a satisfactory approximation to the de¬ 

sired filter response curve. Once H(s) has been chosen the next problem 

is to find a network which produces it, that is, to decide on how to 

obtain this transfer function using electronic components as building 

blocks. Traditional building blocks for the synthesis of passive filter 

circuits are inductors, capacitors, resistors, and sometimes coupled 

coils. The building blocks to be considered in this dissertation are 

resistors, capacitors, transistors and diodes. 

The numerator and denominator of the transfer function can be 

factored as shown in Equation 2.1. When put in this form the zeros of 

the numerator, z., are called the transmission zeros or attenuation poles 

of the filter, and the zeros of the denominator, p.,are called the natural 

frequencies. 

H(s) 
a 

b -.- -,- 
o 1 2 

o 
a s 

m 

b s 

m 

n 
n 
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There are many techniques in existence for the synthesis of filter trans¬ 

fer functions. The useful passive filter syntheses can be categorized 

as RC, RL, or terminated LC methods. The RC and RL methods allow natural 

frequencies of the transfer function only on the negative real axis of 

the complex frequency plane, and in practice this restricts the types of 

filter responses that can be approximated using finite numbers of elements. 

Terminated LC methods, however, permit greater freedom because the natural 

frequencies can be realized anywhere in the left half plane. The RC and 

RL methods also suffer from high insertion loss, whereas if only reactive 

components are used, as is the case with passive LC filters, these losses 

can be zero. 

2.2 The Doubly-Terminated LC Filter 

The most widely used and the most versatile type of passive filter 

is the reactive LC structure whose input and output impedances are matched 

to the source and load resistances at frequencies in the filter's pass- 

band. Transmission through this circuit, as will now be shown, is insen¬ 

sitive to small changes in all component values for frequencies in the 

V, 
passband of the filter. 

Consider the circuit in Figure 2.1 where the filter network is 

entirely reactive and is placed between a source resistance R and a 
o 

load resistance R^. At any frequency where the input impedance of the 



terminated network is R + jX the power P into the filter network is 
N 

given by Equation 2.2. 

FIGURE 2.1. Doubly-Terminated LC Filter. 

V 2 R 
o 

N (R + R )2 + X2 
o 

2.2 

As the LC filter network is composed of dissipationless components all of 

the power P., must be dissipated in the load resistor R. . 
N L 

Therefore PL»the output power = PN 

We now wish to see what happens to the output power P^ when any component 

value in the filter network is changed from its design value. In 

general 

k PL kPL d R ^PL b X 
ÒR i>x^ + ò X òx. 2.3 



But from Equation 2.2 

- - 

(V 

bpL 2 
EHT = Vo 

2 2 2 R - R + 
o 

{< 
(R + Ro)2 + X2 

and 
ÒP 

ET 
L _ 

-V 2 RX 
o 

2.1+ 

(R + Ro)2 + X2! 

At frequencies of minimum loss in the passband of the filter one normally 

arranges to have maximum transfer of power through the filter, and this 
bP, bP, 

means having R = R and X = 0. Therefore in the passband -r-^- = r-r- = 0, 
O O K o X 

and the sensitivity to any component will likewise be zero. We can also 

see by the following reasoning that the output impedance of the filter 

must be simultaneously matched to the load resistor. Maximum power is 

being obtained from the source, as the filter's input impedance is matched 

to the source resistance. The maximum available power is therefore being 

delivered to the load resistor because the LC filter network is dissipa¬ 

tionless. Any change in the value of the load resistor will not result 

in a larger output power. Consequently the filter's output impedance 

must also be matched to the load resistor. 

What we have just shown means that any terminated LC fi 1 ter,having 

input and output impedances matched to the source and load resistances 

respectively for frequencies in its passband,wi11 have zero first 

derivative of output power with respect to all components at frequencies 

in its passband. 

This low sensitivity property, which is not present in other known 

filter structures,helps to explain why this filter structure is almost 



universally used wherever complex filters with exacting passband specifi¬ 

cations are required. It enables complex filters to be constructed from 

moderate tolerance components. 

2,3 Active Filters 

Interest in inductorless filters gained momentum in 195^ with the 

1 
publication by Linvill of a paper entitled "RC Active Filters" in which 

he showed that filter transfer functions could be realized via resistors, 

transistors, and capacitors. Linvill used the term Active Filters because 

the essential component of his filters is the negative impedance converter 

which is an active device that provides some power gain in his filters. 

As will be shown in Section 4.1, one of the filter simulation techniques 

proposed in this dissertation involves a device that can be either active 

or passive, yet the filters constructed from it will not deliver any power 

gain. The term Inductorless Filters rather than Active Filters is conse- 

qu^itly a more descriptive name for the filters in this dissertation. 

In the past decade numerous schemes have been proposed for synthesiz¬ 

ing active filters but they all use variations of the Linvill method, and 

to a greater or less degree they suffer from the same malady of unreason¬ 

ably high component sensitivity. 

The basic scheme proposed by Linvill and further developed by other 

2 3 4. 
authors ’ * * consists of two RC networks, A and B, separated by a neg¬ 

ative impedance converter (N.I.C.) as shown in Figure 2.2. This structure 

is used to realize a transfer function and it permits natural frequencies 

to be obtained anywhere in the left half of the complex frequency plane. 



FIGURE 2.2. N.I.C. Filter Structure. 

The transfer impedance of this structure is 

'21 I 
Z12a Z12b 

Z22a ' Z11b 
2.5 

whe^re the terms in the right hand part of the equation are the open cir¬ 

cuit impedance parameters of the two networks A and B. 

The filter transfer function can be synthesized by designing the 

A and B networks so that the combination of their open circuit impedances 

in Equation 2.5 realizes the desired . For high order transfer func¬ 

tions these A and B networks will get quite complicated and the filter's 

sensitivity suffers.^ It becomes more convenient to factor the numerator 

and denominator polynomials of H(s) into products of second order functions 

of s and this is the approach that has been adopted by most workers in 

this f iel d.'’Z The filter is then designed by associating one second 

order numerator factor with a second order denominator factor, and realiz¬ 

ing the total second order function by the structure shown in Figure 2.2. 

8 
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The complete filter is constructed by forming a tandem connection of such 

second order sections in a unidirectional circuit. 

Each second order transfer function is designed by associating its 

poles and zeros with the open circuit impedance parameters of the A and 

B networks. If the open circuit impedances are all chosen to have the 

same pole frequencies, the zeros of 1.. and Z... become the transmission 
12a 12b 

zeros of Z and the difference between Z„ and Z,,. determines the 
21 22a 11b 

natural frequencies. 

2 6 8 
Synthesis procedures developed by other authors ’ * also form 

their natural frequencies by an impedance subtraction process similar to 

^22a " lb ’n the *-1'nvi11 method. Such schemes can lead to circuits 

with high component sensitivity as they may be realizing a small denomi¬ 

nator impedance ¿22a ' 1b ^ subtraction of two comparatively 

large impedances Z22a and Therefore,sma 1 1 fractional changes in 

Z22a or Zjjk can mean large fractional changes in their difference, 

Z22a ’ ^1 lb’ anC* t^1US 3 very sensitive circuit. 

Sipress^ has built a telephone channel filter by such an active 

synthesis technique. He obtained an excellent frequency response curve 

that agreed with his calculations, but the component tolerance required 

to preserve the passband response within 0.1 dB of its design value is 

of the order of 0.01%. This tolerance is over 100 times tighter than 

would be required of a comparable LC filter with matched terminations 

7 
Blecher has contrasted four synthesis techniques of the general 

Linvill type, each technique being based on splitting the transfer func¬ 

tion into sections and realizing each section as a second order transfer 
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function of the general type described by Equation 2.6 

T(s) = K N(s) 
o , 772 2 

( s + O ) + w c c 

2.6 

One of the synthesis procedures in Blecher's comparison is the method 

used by Sipress to construct his telephone channel filter. Blecher has 

tabulated the normalized pole sensitivities obtained with each technique. 

The sensitivity of a pole P. to a component w is defined as 

P. 
i 

w 

ÒP. 
i 

bV 
w 

2.7 

and the normalized pole sensitivity is defined as 

P. 
i 

w 

<*e 
2.8 

Blecher's tabulation shows that the normalized pole sensitivities for all 

four synthesis procedures can be represented by 

w 

6 c 
- KQ 2.9 

10 
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(l) c 
where Q. is defined to be an<^ K is a multiplier that varies between 

c 
two and six for the four procedures. 

Blecher's work, therefore, shows that these sensitivities are all 

of approximately the same order of magnitude, and, as shown by Sipress's 

results, the component sensitivitites of filters realized by these methods 

are too high to make them attractive for integrated circuit technology. 

While this discussion of active filters has concentrated on those 

circuits which use NIICs it is recognised that the circuit recently 

9 
proposed by Kerwin et al. has distinct sensitivity advantages; it may 

prove to be the best circuit to use if a filter is to be built as a 

unidirectional circuit. 

Ä 

2.4 Comparison Between Active Filters and LC Filters 

It is worthwhile, therefore, to examine these active filter struc¬ 

tures and compare them to the LC structure with matched terminations, 

which has been shown to have zero component sensitivity at frequencies 

in its passband. The basic difference depends on the fact that the Ll 

filter operates by means of a complete interaction between its components, 

whereas the active filters, because of their unidirectional nature, do 

not. The transmission zeros of the LC filter are usually established by 

the resonance of one inductor a^d one capacitor per zero but its natura1 

frequencies are determined by the interactions between all components in 

the filter. The active filters on the other hand establish their trans¬ 

mission zeros and natural frequencies by means of specific components, 

and there is no interaction between different second order functions 

11 
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making up the filter. This basic difference provides a clue as to how 

low sensitivity inductorless filters should be made. They should try to 

preserve the interaction between components which is present in the LC 

filters, and rely on this interaction to determine the natural frequencies. 

A good inductorless filter technique should also avoid any subtraction of 

impedances, such as is used in the Linvill method to determine the natural 

frequencies. 

The next chapter will show how these principles can be applied and 

used to obtain low-sensitivity inductor less filters. 

12 



CHAPTER 3. SIMULATION OF THE LOW-SENSITIVITY LC FILTER STRUCTURE 

3.1 Filters by Simulation 

Inductorless filters have been designed in the past by using the 

desired transfer function as a starting point and devising techniques for 

synthesizing this transfer function by inductorless means. As has been 

shown in Chapter 2, filters designed by these synthesis methods suffer 

from unacceptably high component sensitivity, especially when compared 

to the low sensitivity achievable with the doubly-terminated LC filter 

structure. 

If, however, the LC doubly-terminated filter structure is simulated 

by methods that do not involve inductors, its ideal low sensitivity 

property shou1d be retained. Simulation of the LC structure by inductor¬ 

less means will then be the approach taken in this dissertation. Two 

independent simulation techniques will be presented. The first is simu¬ 

lation of the inductors only, and the second is simulation of the whole 

filter. The results of experiments on filters built by each of these 

methods will be displayed. These inductorless filters consisting of 

resistors, transistors, capacitors, and diodes, will be shown to have 

excellent component sensitivity. 

3.2 Inductor Simulation Only 

The first of the simulation techniques to be presented involves 

simulation of the inductors only, a technique first proposed by Orchard. 

According to this scheme, all capacitors in the original LC filter cir- 

13 
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cuit are retained at their design value and location in the circuit's 

topology; the inductors however are reolaci.d by circuits whose external 

electrical properties are indistinguishable from those of inductors. 

When this inductance simulation is performed, the structure of the filter 

is undisturbed, and the voltages and currerts in the filter interact just 

as they would in the original LC filter. There is then no reason why 

the excellent low sensitivity of the doubly terminated LC filter should 

not also be present in the filter with the simulated inductances ,the 

experimental results to be presented in Chapter 5 will show that this is 

actúa 11 y the case. 

The problem of implementing this inductorless filter technique 

resolves itself into that of designing an effective inductance simulation 

circuit. As the inductor is an energy storage element, an energy storage 

element will also be required in the simulation circuit. Ail energy 

storage in the inductorless filters will be effected via capacitance. One 

capacitor per inductor being simulated should be sufficient. The inductance 

simulation circuit can then be considered to consist of a circuit which 

looks inductive when it is combined with a capacitor. A gyrator loaded 

with a capacitor possesses this inductive property. One solution to the 

problem can therefore be obtained by making a good gyrator. 

Tel 1egen!1first proposed the gyrator as the basic non-reciprocal 

element of circuit theory. It is a two-port device shown schematically 

in Figure 3.1 and described mathematically by Equations 3.1 and 3.2. 

Vj and \l2 are the instantaneous voltages appearing at the ports of the 

gyrator and and I_ the instantaneous currents. In these equations 
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r^ and r^ are called the gyration resistances of the gyrator. 

FIGURE 3.1. The Gyrator. 

= -rl 
2 2 

V. 3.2 

When a capacitor C is placed across one port of the gyrator the other 

port looks inductive and the value of the inductance L thus obtained is 

related to the gyrator properties by Equation 3.3 

L = C r,r2 3.3 

The design of high quality gyrators will be discussed in detail in Chap¬ 

ter The experimental results obtained when the inductors in a sophis¬ 

ticated filter were replaced by capacitively loaded gyrators will be pre¬ 

sented in Chapter 5. These results show that this is a very effective 

way of making inductorless filters. 

3.3 Simulating the Whole Filter 

The second simulation technique to be discussed in this dissertation 

involves simulation of the complete LC filter structure rather than sim- 

15 



ulation of the inductors alone. All voltages and currents present in 

the original LC circuit are represented in the simulation circuit by 

analog equivalent voltages. The interactions that occur in the original 

LC circuit between its currents and voltages are performed in the sim¬ 

ulation circuit by addition, multiplication, and integration circuits, 

composed of resistors, capacitors, and high gain amplifiers. 

There is no direct topological correlation between the analog sim¬ 

ulation circuit and the simulated LC circuit. The correlation between 

them is strictly mathematical. The same set of equations describes the 

relationships between the voltages and currents in the original LC filter 

and between their analog voltages in the simulation circuit. 

One integrator will be required for each independent energy storage 

element in the original LC filter, and each integrator will consist of 

one capacitor, one resistor, and one high gain amplifier. This replace¬ 

ment of capacitors in the original LC circuit by an integrator in the 

analog circuit is a necessary complication which is caused by the fact 

that the simulation circuit is no longer a power transfer circuit, but 

is rather a voltage transfer circuit. In the original LC circuit the 

voltage across each capacitor is the integral of the current flowing 

through it. There are no corresponding currents in the analog simulation 

circuit and consequently the analog voltage corresponding to the voltage 

across a capacitor in the LC circuit is related via an integrator to the 

analog voltage corresponding to its current. 

The complete simulation procedure just described can be applied 

to any type of filter circuit. This dissertation, however, will concen- 
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trate on the simulation of a particular type of LC circuit known as the 

Brune Section. The Brune Section was chosen for simulation because it 

can be used as a basic section in the design of low-pass, high-pass,or 

band-pass filters. The design of a simulation circuit for the Brune 

Section will be descr;bed in Chapter 6, and the experimental results 

obtained with analog Brune filters, as they will henceforth be called, 

will be described in Chapter 7. The analog Brune filters will be shown 

to have the low component sensitivity expected of them. 

3.4 Integrable Simulation Circuits 

Each of the LC filter simulation techniques just described depends 

on a basic circuit, either the gyrator or the Brune section. The desired 

filter is built up from a number of these identical circuits and this 

repetition can produce manufacturing economies if either circuit is 

integrated. The detailed circuits to be described in subsequent chapters 

were built from discrete components, but they were designed with eventual 

integration in mind. In order to facilitate this integration, the cir¬ 

cuits were designed to be entirely direct-coupled and to consist only of 

transistors, diodes, resistors, and capacitors. The need for tight com¬ 

ponent value tolerances was avoided, as also was the necessity for critical 

matching of component values. 
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CHAPTER 4. THE GYRATOR 

4.I Gyrator Design 

The gyrator equations in matrix form are 

0 -r. 

r, ° I, 

4.1 

For the directions of instantaneous voltages and currents shown in 

Figure 3.1 the instantaneous power flow P into the gyrator is given by 

Equation 4.2. 

p = I,,2(Vr2) 4.2 

This power can be positive or negative depending on the relative magnitudes 

of Tj and r^, and upon the signs of and 1^. Consequently, whenever 

rl ^ r2’ P can be ne9at1ve for some currents Ij and I_, and therefore 

the gyrator must then be classified as an active device. On the other 

hand if r^ = r^, P = 0 and the gyrator is passive. The gyrators to be 

discussed in this dissertation will be used for inductor simulation only, 

where, as shown by Equation 3.3, the important quantity is the r^r^ pro¬ 

duct: hence the relative magnitudes of r^ and r^ are unimportant. 

Some unavoidable main-diagonal terms will be present in the gyrator 

matrix. Equation 4.1, of any practical gyrator. Such terms,a 1 though 

small compared to the off-diagonal terms,will tend to lower the quality 

of the gyrator. Gyrators have been built by constructing a circuit 
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whose matrix has the correct off-diagonal terms for gyrator action, but 

also contains large undesirable main-diagonal terms. Negative resistances 

with magnitudes equal to those of the unwanted main-diagonal terms are 

then placed in series with the inputs of this circuit, so that resistance 

cancellation occurs at each port. This scheme, however, is undesirable 

where high quality gyrators are required, as the quality of the gyrator 

will depend on the degree of match between the magnitudes of the positive 

and negative resistances. Small percentage changes in these resistances 

will cause large percentage changes in the main-diagonal terms of the 

gyrator, and the quality of the gyrator will therefore be very sensitive 

to the component values used in its construction. This type of sensitivity 

is similar to that experienced with filters constructed from negative 

impedance converters as discussed in Chapter 2. Such methods of making 

a gyrator will not be used in this dissertation, as they would only result 

ultimately in filters having high sensitivities comparable to those of the 

NIC type filter circuits discussed in Chapter 2. 

The gyrators to be discussed in this dissertation are of the con¬ 

trol 1 ed-source type. This type of gyrator does not involve any critical 

resistance-matching and it gives a low sensitivity circuit. Figure 4.1 

shows the control I ed-source realization of the gyrator resistance matrix, 

Equation 4.1. 

The circuit consists of two current-controlled voltage sources. In 

order to obtain a practical realization of this circuit, ideal current¬ 

sensing elements that will not introduce any parasitic voltage drops at 

the input ports, will be required. The practical circuit should also 
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FIGURE 4.1. Current-Controlled Voltage Source Gyrator. 

have good isolation between the two control!ed-voltage generators. 

An unsuccessful attempt was made to build a gyrator of this type 

using photon-coupled isolators as the current-sensing elements. The 

photon-coupled isolator is essentially a diode and a transistor coupled 

via a light beam. The diode is the current-sensing part of the device 

and it will cause only a very small parasitic voltage drop, as its series 

resistance is approximately 2X2. The light beam being unidirectional 

provides good isolation between the voltage generators. The scheme was 

abandoned because of biasing difficulties. In any case it was felt that 

this scheme would not result in a practical gyrator because photon- 

coupled isolators do not lend themselves readily to integration. 

If the gyrator resistance matrix of Equation 4.1 is transformed into 

the conductance matrix of Equation 4.3 an alternate method of constructing 

a control 1ed-source gyrator becomes apparent. 

"9* 

4.3 
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This matrix can be realized directly by the circuit of Figure 4.2. 

FIGURE 4.2. Voltage-Controlled Current Source Gyrator. 

This gyrator circuit consists of two voltage-controlled current 

sources. A current source is a circuit with an infinite output impedance 

so a practical voltage-controlled current source is really a circuit with 

a very high input impedance and a very high output impedance. Ideally 

these impedances should be infinite as any finite impedances will tend 

to lower the quality of the gyrator. The effects on the gyrator of such 

finite impedances will now be examined in detail. 

Let Equation 4.4 be the conductance matrix of the in,perfect gyrator 

shown in Figure 4.3 

4.4 

In order to obtain a specific measure of the gyrator's quality consider 

the inductance obtained at port No. 1 of this gyrator when port No. 2 

is loaded with a shunt capacitor to ground. The value of this 
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inductance is theoretically 

L = ^ 
g,92 

Such an ideal inductance will be obtained only if a perfect capacitor is 

used and both main-diagonal terms of the gyrator matrix are zero. In 

practice a resistive term wi11 be obtained at port No. 1 of the 

gyrator along with the desired inductance. This resistive term will re¬ 

sult in an inductance with a finite Q. The quality of the capacitor will 

nDt substantially affect the resultant Q. if high-quality capacitors 

10,000) are used exclusively. Therefore we can consider the Q of 

the simulated inductance to be a direct measure of the gyrator1s quality, 

and henceforth the term gyrator Q wi11 be understood to mean the Q of 

the inductance realized when this gyrator is loaded with a perfect capac¬ 

itor at one of its ports. 

FIGURE 4.3. Simulated Inductance Obtained With Imperfect Gyrator. 
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As shown in Figure 4.3, imperfections in the gyrator lead to an inductance 

with a series resistance r and a shunt conductance exactly as in a 

real inductor. 

The Q variation with frequency of the simulated inductance will con¬ 

sequently be the same as the variation of a wire wound inductor and 

has the form shown in Figure 4.4. 

The peak Q wi11 occur when the Q due to the shunt conductance equals 

that due to the series resistance, i.e., when 



J lu ■* 

However, when used in a resonant circuit, the equivalent inductance will 

be resonated with a capacitance C giving 

O) 1 
L C 

hh 
C.C ^.7 

When g]g2 in Equation 4.6 is replaced with from Equation 4.7 we 

obtain 

2 2 2 9 
“c2 = “ cic2 r 

therefore = 

4.8 

4.9 

This is the condition for maximum gyrator Q. It can be stated somewhat 

differently that the maximum gyrator Q occurs when 

4.10 

i.e., the port Q, which is the ratio of susceptance to conductance at 

the port has the same value at each of the two ports. The maximum 

gyrator Q wi11 be half that of each port Q. 

^maj 2 G. 
4.11 

Substituting for u from 4.7 we find the value of the maximum gyrator Q 

to be 
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4.12 

Note that the gyrator Q as defined above is strictly a property of the 

gyrator itself, even though it has meaning only when the gyrator is used 

along with a capacitor to simulate an inductance in a resonant circuit. 

Another factor must be considered in obtaining an accurate expression 

for the gyrator Q, especially at high frequencies, and this is the con¬ 

tribution due to phase changes in the transconductances g^ and g^. Instead 

of constant transconductances, consider where T is the sum of 

the time delays occurring in the two controlled sources. Neglecting the 

effect of time delay on the conductance G2 as it will be very small in 

any case, consider the effect of this time delay on the simulated admit¬ 

tance. 

The simulated admittance now becomes, for low enough frequencies 

g,g,e 

Y = 
V2 
jwc, C- 

4.13 

which gives a negative conductance in parallel with the desired simulated 

inductance as shown in Figure 4.5. 

C_2_ 

'192 
Gt s 
-w 

FIGURE 4.5. Conductance Caused by Gyrator Time Delay. 
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The time delay lowers the total value of conductance appearing at port 

No. 1 by an amount G^.. This causes an increase in Q. and an increase 

in the frequency of maximum Q as seen from Figure 4.4. If T is large 

enough so that the net resistance in the circuit is zero,osci1lation will 

occur. The effect of the time delay T is therefore very important as its 

adjustment enables any value of gyrator Q to be obtained. This time delay 

will have its greatest effect at the higher operating frequencies of the 

gyrator, where the product u)T becomes significant, as discussed below. 

The actual Q of the simulated inductance is given by 

Q = o) L fi 4.14 

where G is the total conductance appearing across the terminals of this 

inductance. Combining the results obtained in Figures 4.3 and 4.5 we 

obtain the total conductance across the simulated inductance. 

G = G, + G 
9i 9r g,g2T 

2 (u)C 2 )2 
4.15 

therefore 
1 
5 

= o) L G. + G 9192 9192T 

2 Uc2)2 
4.16 

This expression enables us to calculate the sensitivity of the gyrator Q 

to the time delay T. Taking the partial derivative of l/Q with respect 

C2 
to T and substituting - for L we obtain 

g,92 
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b(|) 

= -O) 4.17 
bT 

and 

I 
b(-¿, — -uÒT 4.18 

i.e., a phase change of uòl radians in the gyrator 92 product causes an 

equal change in l/Q. Converting to a change in Q itself 

b Q = (4t,jbT)Q¿ 4.19 

If Q = 500,which is a typical value,the phase shift required to increase 

the Q by 50% to 750 is only 0.001 radians. Consequently, the quantities 

involved are seen to be very minute. This expression also shows how the 

problem of maintaining stable Q. gets worse at high frequencies and at 

high Q. values. 

4.2 Requirements for a Practical Gyrator 

From the previous analysis the requirements for a practical gyrator 

can be stated more specifically as follows: 

1. 

2. 

3. 

4. 

Stable transconductances gj and g^, 

Low values of G. and G. 
'1 "" 2 

Low value of time delay T 

Whatever parasitic T does occur should be stable and in 

particular it should be insensitive to changes in temper¬ 

ature. 
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5. In order to have an integrable gyrator and not to limit its 

operating frequency range the gyrator should be a direct- 

coupled circuit. 

For a gyrator composed of two voltage-controlled current sources, these 

requirements can be translated into more concrete quantities. The gyrator 

should be composed of two controlled sources of opposite polarity and 

both having high input and high output impedances. Therefore, when the 

controlled sources are connected to form a gyrator the complete circuit 

forms a negative feedback loop. This is shown schematically in Figure b.6. 

FIGURE k.6. A Gyrator Formed by Two Voltage-Controlled Current Sources 

Each Having High Input and High Output Impedances. 

4.3 Gyrator Using Bipolar Transistors and MOSFETs 

Figure 4.7 is the circuit diagram of the gyrator developed to meet 

all the requirements listed in 4.2 and Figure 4.8 shows the Q values ob¬ 

tained. The circuit has metal-oxide-semi conductor field-effect transistors 
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©@a(D ARE THE 
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FIG. 4.7 MOSFET GYRATOR 
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\ C = 45pF 

Q 400 - 

C =50pF 

'0 FREQUENCY KHz 100 

FIG. 4.8 Q OF MOSFET GYRATOR 
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ÍMOSFETs) at the input of each controlled source. These devices were 

used partly because of their extremely high input impedance (=1o'° ohms) 

but mainly because they achieve this high impedance without introducing 

excessive and temperature-sensitive time delay to the controlled sources. 

This gyrator is most suitable for use at frequencies up to 100 kHz. 

Dariington-pair transistors were tried on the inputs to the controlled 

. 13 
sources in another gyrator circuit. Maximum Q values of 350 were ob¬ 

tained with this alternate circuit and,while its performance at low 

frequencies was excel I ent,its Q was very temperature dependent at fre¬ 

quencies above 2 kHz. This high sensitivity of Q is due to temperature- 

sensitive time-delay being introduced by the Darlington pairs. This can 

be understood when it is considered that a very high impedance - 0.5 M fi 

exists between the two transistors of such a pair, and the cutoff fre¬ 

quency of the input transistor is low because it is operated at negligible 

bias current. Consequently with such a combination the effect of tem¬ 

perature variations becomes very noticeable. 

On the circuit diagram of Figure 4.7 the output circuit of each of 

the controlled sources is seen to consist of two complementary bipolar 

transistors. The high output impedance obtained is due to the collector 

output impedance of these transistors assisted by the feedback of the 

circuit. T2 is used on the 1-^2 controlled source to provide local 

feedback around the MOSFET and thus stabilize its transconductance q : 

this is required because, even though the MOSFET does not suffer from 

temperature-dependent time delay, its g is temperature sensitive. The 
m 

use of T^ along with the local source feedback of effectively stabi- 
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lizes the controlled source. The drive to the output of the 1-^2 

controlled source is through the emitter of to the bases of both 

and T.. 

The 2—►! controlled source is basically similar but in this case 

the drive to the output is taken from both the source and the drain of 

the MOSFET. To achieve the required 180° phase change in this controlled 

source, compared to the 1—+2 'ontrolled source, the emitter of T, drives 
6 

the emitter of Tg. In the 1—*2 controlled source, the source of the 

MOSFET was not used to drive the output as it would have had to be con¬ 

nected to the emitter of T^; the low emitter-input impedance of T^ would 

have meant less local feedback on T^ and consequently the circuit would 

be more sensitive to variations in g . The use of bipolar transistors 
m r 

in the output circuits of the two controlled sources means that the 

impedances at the ports, and consequently the low frequency gyrator Q 

are determined by these output transistors. This is because the output 

impedances are of the order of 10 megohms as compared to thousands of 

megohms for the input impedances of the MOSFETs. Even though they can 

have high output impedances at their drain terminals, MOSFETs were not 

considered for the output circuits because they achieve this high imped¬ 

ance at low currents where the transconductance is also low. 

An analysis of the I—^2 controlled source circuit gives 

r5r7(r2 + R3) + r2r5r6 

r.rjr/+ r,) 6 7 2 3' 

g R 3m m 1 
1 + 

R5 (R2 + R3 + V 

R2 + R3 

4.20 

+ 1 
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where g is the transconductance of the MOSFET T . Using the resistor 
m I 

-3 
values shown in Figure 1 and g^ = 2 x 10 mho, g was calculated to he 

0.135 X 10'3 mho. 

The 2—*1 controlled source is much more complex and g^ is obtained 

from Equation 4.21 

g_ ß m 
V3 R13R8 (R13 ^ R8} 

R,1 Vi! R9 R.0 

13 13 

-gmR13P 
8 + 1 

R12 
- 1 - 

12 

R13 + R8 
4.21 

where q is the transconductance of Tr and ß is the base to collector 
3m 5 

current gain of the bipolar transistors. Using the circuit values shown 

.-3 in Figure 4.7 with g^ = 2 x 10 mho and ß = 50, gj was calculated to 

,-3 be O.925 X 10 mho. This results in a calculated value for the 9^2 

-6 2 
product of 0.125 x 10 mho , whereas the measured value was found to 

be 0.120 x 10 mho . The circuit does not have g^ = but this was 

not considered to be a serious drawback as the gyrator was only required 

for inductor simulation where the important quantity is the g^ product. 

Experiments on the circuit showed that as the values of and 

were increased the greater gains from T^ and T^ decreased the sensitiv¬ 

ity of the gyrator to changes in the g^ of the MOSFETs . Large values of 

these resi stors, however, a Iso caused the Q of the gyrator to be more tem¬ 

perature sensitive. The values of 5.1 kft shown in Figure 4.7 were found 

by experiment to be the best compromise. 
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Note that the circuit in Figure 4.7 can be operated without T, 

and T^. When so used the Q of the gyrator is somewhat less temperature 

sensitive as there is one less active element in the forward path of 

each amplifier. With and removed, however, the circuit is more 

sensitive to changes in g^. The 9|92 product has a measured temperature 

coefficient of -300 ppm/°C when T and T. are removed,whereas the com- 
2 o 

píete circuit in Figure 4.7 has a temperature coefficient of <100 ppm/°C 

which is the temperature coefficient of the metal film resistors used 

in the circuit. 

Figure 4.8 is a plot of the Q values obtained with this gyrator 

for equivalent inductances of 0.83H and 33 mH. This figure also shows 

that the temperature sensitivity of Q. is negligible for frequencies 

below 1 kHz. This result was expected as the Q values at these fre¬ 

quencies are determined entirely by the low shunt conductances at the 

gyrator ports. The maximum possible drive level with this circuit is 

2.0 V peak to p*ak when a supply voltage of +20 V is used. At greater 

levels the circuit becomes non-linear with a consequent decrease in Q.. 

The capacitor C shown in Figure 4.7 corrects for the small parasitic 

phase change which occurs in the basic gyrator circuit. It accomplishes 

this function by increasing the -3 dB frequency of the 1—*2 controlled 

source from 1.1 MHz to 1.5 MHz. This capacitor can be adjusted to give 

a peak Q which either increases or decreases with frequency. The value 

of 50 pF shown in Figure 4.7 was chosen to give the same peak Q. at all 

frequencies as is shown by Figure 4.8 (a). Figures 4.8 (b) and (c) 

show the Q values obtained when the capacitor C was 45 pF and 55 pF 

respectively. 
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4.4 Summary of Gyrator Design 

A practical gyrator design has been demonstrated and from the exper¬ 

imental results it is apparent that high-Q inductances can easily be 

simulated by the circuit. This design achieves the desirable qualities 

listed in 4.2,and in order to achieve these properties it was necessary 

to use feedback loops. These feedback loops were needed to obtain high 

output impedances, and to maintain stable gyration conductances. Use 

of such feedback loops, however, makes it difficult to obtain a simple 

expression for the gyration conductances, i.e., expressions where each 

gyration conductance is determined essentially by only one resistor. 

It appears that this MOSFET gyrator design in Figure 4.7 is a 

nearly optimum one for the controlled source type of gyrator because 

each controlled source uses just one input device and two output devices, 

with a third bipolar transistor per controlled source to improve the 

stability. Two output devices per amplifier is the minimum number pos¬ 

sible, as one will have to act as a constant current drain fo- the bias 

current of the other. 

4.$ Gyrator-F1 otation Circuit 

The voltage-controlled current source gyrator just described is a 

three-termina 1 device, and its common terminal is at ground potential 

when the gyrator is fed from a grounded power supply. Because of this 

the gyrator can directly simulate only inductors one of whose terminals 

is grounded. Many filter circuits will require inductances both of 

3¿ 
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whose terminals are floating above ground potential. A gyrator flota¬ 

tion circuit has been developed to permit such floating inductances to 

be obtained. This gyrator-f1 otation circuit is used in conjunction with 

the gyrator already described, and it enables the good quality and 

stability of this gyrator to be obtained in floating form. 

Figure 4.9 (a) is the basic schematic diagram of the arrangement, 

and the detailed circuit is shown in Figure 4.9 (b). The circuit con¬ 

sists of a constant-current source, which feeds a constant bias current 

through the gyrator being floated and on into a constant-current drain. 

The constant-current source and drain thus effectively isolate the 

gyrator from ground via their high impedances, and in the detailed 

circuit of Figure 4.9 (b) their constant current functions are performed 

by the collector circuit of transistor T^ for the source, and the 

collector circuit of transistor T^ for the drain. The terminals of the 

gyrator are short circuited for a.c. signals by a capacitor C^. The 

gyrator is therefore fed from a low impedance source for a.c. signals 

and from a high impedance for d.c. 

Having a constant current source feeding a high impedance constant 

current drain will require some form of d.c. feedback in order to sta¬ 

bilize the bias voltage at the junction of the two devices. This feed¬ 

back circuit contains a MOSFET T^ as its sensing element so that its 

high input impedance will not lower the amount of isolation obtainable 

from the constant-current transistors T^ and T^. The feedback path 

extends from T^ through R^, T^, Rg and back to the base of T^. This 

feedback circuit is decoupled for d.c. signals by the capacitor C.. 
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This decoupling is necessary to prevent the feedback action from low¬ 

ering the amount of isolation resistance possible. 

The d.c. bias current I supplied to the gyrator can be obtained 
G 

from equation 4.30 

VB2 ' VBE 
4.30 

where is the base to emitter voltage of the transistor T^ and 

is determined by the voltage-divider chain consisting of and 

V R3 

»2 ,R3 * V 
BE 

4.31 

where \l is the power supply voltage on the gyrator-f 1 otation circuit. 

The bias current I. needed to develop the correct bias voltage of 
U 

20 V across the MOSFET gyrator terminals is 8.4 mA. The resistor values 

shown in Figure 4.9 (b) provide correct biasing when the MOSFET gyrator 

is used. 

The isolation resistance R^ of this circuit is the resistance to 

ground from terminals M or N at a frequency where an ' have negli¬ 

gible reactance and this resistance is 

4.32 

2+-8 + 
R1 

R3R4 

r2(r3 + iV 

For the component values shown in Figure 4.9 this is approximately 

r 
~ ohms where r is the collector to base resistance of the transistors 
10 c 
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Tj and T^. Rj of the circuit in Figure 4.9 (b) was measured at terminal 

M to be 120 k Œ at a frequency of 1 kHz. 

The -3 dB frequency for the a.c. decoupling of the feedback circuit 

is obtained from Equation 4.33 

-3 dB 
2” R6C1 

HZ 4.33 

For the component values used in Figure 4.9 (b) this frequency is about 

0.5 Hz. 

The Q versus frequency plots of various equivalent floating induc¬ 

tances measured in this circuit were similar to those shown in Figure 4.8 

for the grounded MOSFET gyrator. The peak Q values obtained were approx¬ 

imately 350 for cne floating inductors as compared to 450 for the grounded 

ones. This slight lowering of the peak Q. is caused by the fact that 

the 120 k ft of isolation from ground obtained with the circuit provides 

a small leakage path which 'owers the Q. but this is not a serious defect. 

Use of this gyrator-f1otation circuit provides good isolation for 

all frequencies greater than a few hertz. This circuit also preserves 

the good stability properties of the MOSFET control 1ed-source gyrator, 

and it is therefore a very effective way of realizing floating induc¬ 

tances. 

4.6 Survey of Other Gyrator Circuits 

I 1 .. Many gyrator circuits have been proposed since Tel legen first 

introduced the concept and most of the earlier circuits used vacuum 



tubes. Shekel used negative impedance converters to cancel unwanted 

main diagonal terms. Bogert used a feedback scheme and Sharpe'^was 

the first to recognise the importance of the voltage-controlled current 

source. The above mentioned references however are mainly proposals 

and they contain very little exoerimental information. 

There have been many semiconductor gyrator circuits developed in 

recent years and these circuits can be divided into two main types: 

1. Voltage-controlled current source circuits 

2. Circuits that use negative impedances to cancel undesirable 

main diagonal terms of the gyrator matrix. 

As already mentioned, circuits of the second type are undesirable because 

the impedance-cancellation process leads to high Q sensitivity. Circuits 

of this second type are those in references 12,17,18,19 . Circuits 

of the first type are those in references 13,20,21,22,23,24 . The 

circuits in references 20 ,21 and 22 are of low quality and would be 

unsuitable for the simulation of high Q inductors. The circuit in 

reference 25 is also a poor quality circuit even though it proposes to 

use field-effect transistors in a control 1ed-current source configuration. 

It is low quality because it proposes to use field-effect transistors to 

obtain high output impedances as well as high input impedances. The 

field-effect transistor possesses high output impedance at very small 

bias currents thus limiting the power handling capability of such a 

gyrator. The circuit in reference 23 which has only very recently 

been disclosed is a good circuit but it is effectively the same as 13. 

Its basic Q is only 150 thus limiting its usefulness at low frequencies 
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and very stable phase shift capacitors are required to obtain high Q 

values at high frequencies. 

The floating-inductor problem has also been tackled by Holt and 

T , 26 . -i 
Taylor m a scheme consisting of two gyrators and by Holmes et al 24 

in a circuit that uses voltage-controlled current sources. There are 

other floating-inductor circuits in existence but the two mentioned 

above are representative. These circuits require matched components 

in order to operate properly and experiments with the Holt and Taylor 

. 27 
circuit showed that the degree of matching required prohibits its use 

in complex filter circuits. The matching is required in these circuits 

because the input and output currents from the simulated floating 

inductance are determined by two independent circuits. 

The gyrator circuit and the gyrator flotation circuit presented in 

this dissertation emphasize high quality and good stability in a direct- 

coupled integrable form. While the circuits described are somewhat 

complex this is the price of the good performance they provide. They 

permit stable high Q grounded or floating inductances to be simulated 

at frequencies from d.c. to 100 kHz. These properties are not claimed 

for any other circuit in the literature. 

This dissertation also presents for the first time a complete 

analysis of the factors influencing the quality of a gyrator circuit. 
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CHAPTER 5. GYRATOR FILTERS 

5.) 16J5 - 19.5 kHz Bandpass Filter 

A complex bandpass filter was built with the MOSFET gyrator of 

Figure 4.7 for experimental verification of the proposal by Orchard ' ^ 

that low sensitivity filters could be constructed with gyrators. 

The filter design chosen was a 16th degree bandpass filter with 

Chebyshev-passband and general stopband characteristics meeting the 

requirements of a typical frequency-division multiplex telephone-channel 

filter. The nominal passband extends from 16.15 kHz to 19.5 kHz. The 

filter is classified as a minimum-inductor type and the design procedure 

2 8 
is based on the method of Watanabe . The actual design of the filter 

was performed with the aid of a computer program developed at Lenkurt 

Electric Co. for this type of minimum-inductor filter. 

Figure 5.1 (■) shows the design values of the basic LC filter and 

Figure 5.1 (b) shows the component values actually used to construct 

the gyrator version of this filter. 

The source impedance of 1500 Q was chosen for the filter because 

it resulted in the smallest deviation for all gyrators from the optimum 

Q condition of ^/Cj = ~ ^ ^Equation 4.9). The value of 2 for 

the optimum capacitor ratio was obtained from the C^ = O.lpF curve of 

Firure 4.8. This shows that the maximum Q occurs when C^ = 0.05pF. 

The four grounded gyrators of Figure 5.2 (b) were realized by the 

circuit of Figure 4.7 and the three floating gyrators by the circuit 

of Fipure 4.9 (b). 
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The 2.2 k ft resistors shown on Figure 5.2, the power connection 

diagram, enable the complete filter to operate on a supply voltage of 

+40 V. The MOSFET gyrators themselves are designed to operate on a 

supply voltage of +20 V. The 2.2 k ft resistors in conjunction with the 

47f<F capacitors provide a.c. decoupling between the gyrators. The need 

for this decoupling becomes apparent only when measuring attenuations 

greater than 60 dB at the zero-transmission frequencies. The total 

power consumption of this filter is 3.2 watts, approximately one watt of 

which is wasted in the 2.2 k ft resistors in order to preserve the conve¬ 

nience of a single power supply. 

The filter stopband was tuned by adjusting the trimmer capacitors 

on each resonant mesh to obtain maximum attenuation at each of the zero- 

transmission frequencies. The Q. adjustment capacitors, C, on each 

gyrator as shown in Figure 4.7 were adjusted for flattest passband re¬ 

sponse. This is not a critical adjustment and the capacitor values 

actually used ranged in value from 24 pF to 46 pF. 

The measured frequency response curves of this filter are shown in 

Figures 5.3 and 5.4, and as can be seen from Figure 5.^» a very flat 

passband was obtained. When this measured passband response was compared 

to computed curves for dissipative versions of the original LC filter of 

Figure 5-1 (a), it was found to be equivalent to having Q. values of 

1000 for all inductors. 

The method of measuring the filter attenuations is described in 

Section 5.2. 
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FIG. 5.2. POWER CONNECTION DIAGRAM OF GYRATOR 
TELEPHONE CHANNEL FILTER 

FIG. 5.3. MEASURED RESPONSE OF GYRATOR 
TELEPHONE CHANNEL FILTER 
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FIGURE 5-5. Filter Test Circuit. 

5.2 Method of Measuring Filter Attenuations 

The filter-test circuit consists of a voltage generator V with 

an internal resistance Rq and two signal paths, one through a calibrated 

attenuator which acts as a reference circuit, the other is through the 

filter under test. The attenuator has an image impedance of 60012. The 

resistor on the generator side of this attenuator equals its image 

impedance whereas the resistor on its load end bears the same relation¬ 

ship to the image impedance as the filter's load resistance does to its 

source resistance. The test procedure at any frequency is as follows: 

( See Figure 5.5 ) . 

1. Switch the meter, M, to A and note the reading. 

2. Switch the meter, M, to B and adjust the attenuator until 

the meter reads the same as it did in (1). 

3. The attenuation of the filter is then equal to the 

attenuation of the attenuator as read from its calibrated 

dial . 

Use of this circuit means that the output of the generator and 

the response of the meter need not be constant with frequency, as the 

attenuation readings are obtained from the calibrated attenuator, which 





R* 

and it is nonlinear about the value at +25°C. The value of 1 Hz/°C for 

the rate of drift of the filter skirts is equivalent to -62.4 parts per 

million per °C. This value is consistent with the temperature coeffi¬ 

cients of the metal film resistors (+100 ppm/°C) and of the mica 

capacitors (40 ppm/°C) used to construct the filter. 

The filter bandwidth was found to be independent of drive level for 

levels below -30 dBm, which represents an output voltage of 50 mV rms. 

Above -30 dBm the upper skirt of the filter decreased in frequency as 

shown in Figure 5.4 (b) and for a level change of +2 dB from -27 dBm to 

-25 dBm the upper half power frequency decreased by approximately 100 Hz. 

This bandwidth narrowing at high levels is caused by the large voltage 

which develops across the series gyrators G , G G , just as it would 

develop across the series inductors in the equivalent LC filter. Above 

-30 dBm this voltage exceeds the voltage handling capacity of the M0SFET 

gyrator design in Figure 4.7. 

The sensitivity of the filter to changes in supply voltage can be 

seen in Figure 5.4 (c). The filter passband width was not affected by 

supply voltage changes but the skirts of the filter had a uniform drift 

of +20 Hz per volt. This value of drift is caused by the fact that the 

transconductances of the MOSFETs in the gyrator design are sensitive to 

changes in their source-to-gate bias voltages. Changes in supply 

voltage will consequently be felt as changes in gyration conductances. 

A 200 Hz 7th degree high-pass filter was also built using the 

gyrator described in Reference 13. The measured sensitivity of the 

filter was found to be quite low as expected, and experiments indicated 
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that the filter could have been constructed from +5% tolerance components 

provided that the attenuation pole frequencies were adjusted correctly. 

The measured frequency response of this filter was much sharper than 

could have been obtained with commercial quality inductors. The best 

commercially available inductors have Q values of 50 at 200 Hz whereas 

use of the gyrator enabled equivalent inductances to be obtained with Q 

values of 200. 

These experimental results show conclusively that the sensitivity 

of gyrator filters is as low as the sensitivity of their LC equivalents. 

Gyrator filters, however, have the desirable property of allowing the 

Q of their inductances to be varied independently of their inductance 

values. The results show that excellent filters can be made by this 

gyrator method using commercial quality components. 
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CHAPTER 6. ANALOG BRUNE SECTION 

6.1 Why the Brune Section? 

As has already been mentioned in Section 3.3 inductorless filters 

can also be obtained if we simulate the complete LC filter structure 

with analog computer techniques. Low-pass filters of 7th degree were 

constructed by this total simulation method in order to test the basic 

principles involved. These particular filters were ladder networks 

and the experimental results obtained from them were very satisfactory. 

The measured frequency responses were exactly as calculated. However, 

as this total simulation technique depends very much on the type of 

filter being simulated, a different simulation circuit would be required 

for each type of LC filter structure. This can lead to complications, 

as it would result in a variety of simulation circuits. 

Considerable economies can be obtained if different types of 

filters are constructed in a similar manner. The simulation techniques 

can of course only produce a model of an existing LC filter with known 

properties, so it is therefore necessary first of all to obtain some 

basic LC sections that can be used to construct different types of 

filters. The existence of suitable basic LC sections was shown by 

29 30 
Darlington. ’ Darlington showed that any realizable filter transfer 

function can be realized by a tandem connection of simple reactive 

two-port networks that he designated types A, B, C, and D. The type 

A network consists of an LC network in the -eries arm of the ladder 

and the type B is an LC network in the shunt arm. Each of these can 
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provide transmission zeros anywhere on the s = ju axis, 0 and oo 

included. The type C section is the circuit of Figure 6.1 (a) or (b), 

It provides a transmission zero at a frequency given by 1 + = 0. 

Depending on whether in Figure 6.1 (a) is negative or positive this 

type C section will have a transmission zero either on the real or 

imaginary s axis. One negative component will be required in order to 

satisfy the realizability condition. The type D section realizes a 

tetrad of complex transmission zeros. It is more complicated than the 

type C section and it is mainly of theoretical interest because it 

contains three negative components as compared to only one in the type 

C section of Figure 6.1. 

If we restrict our class of filters to those having transmission 

zeros only on the s = jw axis, as do most practical filters, we can 

dispense with the Darlington type D section and also with the particular 

case of the type C section where L is negative. If also we rely on 

the type A and B sections to provide transmission zeros at zero and 

infinity only, and let the type C section provide the transmission 

zeros at finite frequencies on the s = ju axis, then only single¬ 

element type A and B sections will be required. To sum up: Any 

realizable filter transfer function having transmission zeros at fre¬ 

quencies only on the s = ju axis can be realized by a cascade of 

Darlington type C sections where is positive, plus some single ele¬ 

ments either in series or in shunt. 

As will be shown in the filter realizations of Chapter 8, trans¬ 

mission zeros at zero or infinite frequency are most conveniently 
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handled by moving the series or shunt L's or C's that produce them to 

either the source or load ends of the filter and there simulating them 

along with the terminating resistances. As there are only two terminat¬ 

ing resistances per filter this limits us to a maximum of two such zeros 

per filter. This however includes the majority of filter designs. 

Prior to Darlington's work, Brune' >3®' same circuit as 

Darlington's type C section in the particular case where is positive. 

He used this section in a synthesis procedure to show that positive 

reality was a sufficient condition for a function to be a driving point 

impedance function. Because of this prior use of the special case of 

the Darlington type C section in which we are interested, the circuits 

shown in Figure 6.1 (a) and 6.1 (b) will henceforth be referred to as 

Brune sections. 

The Brune sections shown in Figures 6.1 (a) and (b) are not in 

their most useful form, but some useful equivalences can be obtained 

from them as shown in Figure 6.2. The equivalence in Figure 6.2 (b) 

is based on the Z matrix of 6.2 (a),whereas those in 6.2 (c) and (d) 

are based on the Y matrix. Similarly, the equivalence in Figure 6.2 (f) 

is based on the Z matrix of Figure 6.2 (e) and those in Figures 6.2 (g) 

and (h) are based on the Y matrix. Finally from the equivalences of 

Figures 6.2 (i) and (j) all these various Brune circuits are shown to 

be equivalent to each other if an extra ideal transformer is included. 

Any of the circuits in Figure 6.2, therefore, satisfy our require¬ 

ment for a universal filter section but we will choose that of Figure 

6.2 (d) because it can be easily simulated, as will be shown in the 
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next section. This circuit, plus ideal transformers and series or 

shunt L's and C's, will be our basic building blocks for the realization 

of filters. The ideal transformers of course do not affect the fre¬ 

quency response, they are only used to obtain impedance changes. 

A circuit has been constructed, which simulates the electrical 

properties of the Brune section of Figure 6.2 (d) by inductorless 

means and in a manner that permits interconnection of many such cir¬ 

cuits. 
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6.2 Simulating the Brune Section 

3 

£ 

In order to simulate the Brune section its defining equations must 

be re-arranged in a form which makes them amenable to simulation. This 

can be done most conveniently if we select state variables in the cir¬ 

cuit. State variables are a means for representing the integro- 

differential equations of a ordei- dynamic system in the form of 

k first order differential equations. Applied to the Brune section of 

Figure 6.2 this means that, even though it is a second-order system, 

we can nevertheless describe its dynamic behavior by two first order 

differential equations involving two properly selected state variables. 

The output of the system can then be specified by two non-dynamic 

equations involving the inputs and these state variables. 

Choose as state variables the voltage \l across the capacitor and 

the current I through the inductor. Let M^ and be regarded as two 

inputs to the circuit and and as outputs. The Brune section is 

then completely described by the matrix Equations 6.1 and 6.2, which 

are in the so-called state variable normal form. 32 

sV 

si 

CT 

LT 

0 CT 

T -1 
LT 
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6.2 

The equations in this normal form are not very amenable to sim¬ 

ulation but if they are re-arranged as Equations 6.3 - 6.6 it is easy 

to see how they can be simulated. 

V, - V 
6.3 

■ (T-1 )I = (^2 - V 6.4 

1 ^ *2 " 11^ V = J---- 
sC T -1 6.5 

1 ' T - 1 
6.6 

These equations are simulated by the circuit of Figure 6.5 where 

the elements of this circuit are the Difference Integrator and the 

Difference Amplifier circuits of Figure 6.4. The terms on the left-hand 

side of the above four equations are the outputs of the Difference 

Integrators and Difference Amplifiers. 

As has been mentioned already, the simulation circuit of Figure 6.5 

has two inputs and two outputs. In a filter type application, however, 

we will have only one independent input and the circuitry external to 
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the simulated Brune section must properly represent this fact. The 

reduction from two independent variables to one results from including 

the effect of the terminating resistances on the Brune section. 

If the load resistance is equal to one ohm then = and this 

can be simulated by just connecting together the \l^ and terminals. 

For the case of a one ohm source resistance and an e.m.f. of \l we 
o 

have Vj = anc* expression can be simulated by a Difference 

Amplifier as shown in Figure 6.6 (b). The analog Brune section complete 

with terminations is then shown in Figure 6.6 (b). We now see that 

it has just one independent input \lq and the output is Terminating 

resistances, other than one ohm, can be simulated by an amplifier at 

the load end and by appropriate scaling at the source end. Note that 

even though Figures 6.5 and 6.6 are drawn for the special case of T > I 

the analog Brune circuit can be re-arranged for T < 1 if the inputs to 

each of the two Difference Integrators are reversed. 

6.3 Properties of the Simulated Brune Section 

It is interesting to note the mechanism for achieving a transmission 

zero with this analog Brune section. The LC Brune section itself will 

K & 

have a transmission zero at a frequency on the s = jwaxis and this 

property must also be present in the analog Brune circuit. For the 

analog circuit, as shown in Figure 6.5, the zero of transmission wil 

mean that \l ^ - 0. Using Equation 6.3 it therefore follows that \l ^ - V, 

i.e., the transmission zero is being formed by a voltage cancellation 

process, which occurs at the input to the left hand Difference Amplifier. 
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affected the passband response of the filter, thereby showing the effect 

of this gain on the natural modes of the filter. This ambiguity in 

the transformir turns ratio T, which is determined by two independent 

methods on the analog circuit, means that transmission in both forward 

and reverse directions must be considered when the filter is being 

tuned. 

Another interesting property of the analog Brune circuit can be 

observed if we consider the circuit in Figure 6.5 when there is only 

one input to the circuit and is zero. In this case we have 

V = (y - V ) — 
'2 V 2 6.9 

s LCT 

By eliminating with the aid of Equation 6.3 we can find Equation 6.10 

1-T 

LCT2 

7. 6.10 

LCT 

This equation shows that the Brune section now has a natural mode at a 

frequency given by Equation 6.11 

■/ J 

1 

1 

LCT 
6.11 

Therefore its natural frequency =^=_(its transmission zero frequency). 

This natural frequency only occurs when there is no ^ input and 

its presence emphasizes the need for a proper termination on the analog 
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Brune section. In terms of the original LC Brune section the appearance 

of the natural frequency is équivalant to having a circuit made from an 

ideal inductor, an ideal capacitor, and an ideal transformer, with no 

terminating or loss resistances whatsoever. Such a circuit would also 

be expected to oscillate. 

The transmission zero and natural mode frequencies are present in 

both the original LC circuit and also in the analog Brune circuit but 

the way in which they are determinad in the analog circuit suggests 

some precautions that must be taken in order to obtain good filters. 

These precautions are correct reverse direction tuning and good termi¬ 

nations. 

The next topic which will be treated in Chapter 7 is the means 

adopted to obtain a practical realiiation of Figure 6.5 in integrable 

form. 
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CHAPTER 7. INTEGRABLE BRUNE. SECTION 

7.1 Desirable PiOperties for an Integrable Brune Section 

In order to obtain a practical realization of the Brune section we 

need, first of all, to realize the Difference Amplifier and the Differ¬ 

ence Integrator circuits of Figure 6.4 in an integrable form. These 

circuits can be constructed from high gain amplifiers using standard 

. 33 
analog computer techniques. The amplifiers conventionally used for 

such applications have high impedance differential inputs and the a.c. 

properties of the circuits, in which they are used, are determined 

exclusively by the feedback components external to the amplifiers them¬ 

selves . 

A fifth degree low-pass filter was constructed from such amplifiers 

and the results obtained were not entirely satisfactory. Constructing 

the Brune section from standard operational amplifier circuits required 

a total of eleven external resistors and two capacitors per Brune section. 

The measured frequency response of the filter was as calculated, but it 

did suffer from a higher component sensitivity than had been expected. 

A tolerance of 1.5% was required of the resistors in order to maintain 

the passband response correct to 0.1 dB and this was excessive. 

This high sensitivity occurred in the parts of the circuitry 

primarily concerned with the subtraction of voltages corresponding to 

the right hand sides of Equations 6.3 - 6.6. The right hand sides of 

Equations 6.3 - 6.6 all involve subtractions of two quantities and to 

perform such subtractions with standard operational amplifier circuits 



requires the use of matched resistors as a minimum of three attached 

components per amplifier will be required. The experience gained with 

this Brune filter showed that it would be advisable to strive for cir¬ 

cuits that could realize the circuit functions of Figure 6.4 without 

requiring any component matching. 

Ideally we would like to have the circuit operations of Figure 6.4 

determined by the ratios of just two impedances. For this reason cir¬ 

cuits were developed to perform the circuit functions with the minimum 

number of two attachments. These circuits are shown in Figure 7.1. 

Work on the opérâtiona1-amplifier Brune filter pointed out other 

trouble areas and also some desirable features that should be incor¬ 

porated in an integrable Brune circuit. They can be listed as follows: 

(a) It should realize the circuit without requiring any matched 

components. 

(b) The circuit functions of Figure 6.4 should be performed by 

basic circuits that contain only wide tolerance components, 

the a.c. properties being completely determined by the ratios 

of two high quality attached components. 

(c) The points to which the attached resistors are connected 

should have nominally equal d.c. potential, so that the 

attached resistors will not disturb the biasing of the 

circuits. 

(d) All input and output points of the analog Brune section 

should be at the same d.c. potential, so that connecting 





a number of Brune sections together will not disturb the 

biasing of any one. 

(e) There should be a well defined mechanism for establishing 

the bias on each analog Brune section so as to have 

independent biasing circuits for each section. 

7.2 A.C. Properties of the Developed Circuits 

Figures 7.1 (a) and (b) show the two basic circuits that were 

developed to satisfy the above requirements. Figure 7.) (a) is the 

circuit designed to realize the Difference Integrator of Figure 6.4 (b) 

and the circuit in Figure 7.1 (b) realizes the Difference Amplifier. 

Figure 7.2 shows the complete analog Brune section constructed from the 

circuits in Figure 7.1. The a.c. properties of this section are deter¬ 

mined almost exclusively by the attached components R^, C^, Rç, C^., two 

R^ resistors, and two Rg resistors. 

To understand the operación of the circuits in Figure 7.1 consider, 

first of all, the operation of the Difference Integrator circuit, Figure 

7.1 (a). Tj and T^ in this circuit are constant current sources that 

supply the bias currents for the input circuit. The voltages to be 

subtracted are aoplied at the bases of transistors T^ and T^. The base 

of T^ is the non-inverting input and the base of T^ is the inverting 

input of the circuit. Call these input voltages V+ and V respectively. 

As the emitters of T^ and T^ will have essentially the same a.c. potentia 

as their bases, the a.c. input difference voltage V+—V will appear 

across the high quality attached resistor Rj. A current Ij whose value 
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is given by Equation 7.1 will flow in Rj due to this a.c. difference 

voltage. 

V+-V. 
7.1 

This current flows away from through the emitter of T^. If 

is the emitter-to-Collector current gain of T^, and is approximately 

equal to 1, the current flowing out of the collector of due to the 

input difference voltage is 

oC(V+-V.) (V+_V_) 

C4 7.2 

Now consider the portion of the circuit consisting of T , T , and 
6 7 

Tg. This circuit is just a high-gain amplifier having an open-loop 

gain of 65 dB. Negative feedback is applied across this amplifier via 

a high quality attached capacitor C. Because of the high open-loop 

gain of the amplifier, combined with negative feedback through the 

attached capacitor, the input impedance of the amplifier-capacitor 

combination is very low. This impedance will be considerably lower 

than R^,and consequently almost all of the current flowing away from 

the collector of T^ will flow into this impedance. The low input imped¬ 

ance of the amplifier capacitor combination means that the base of T^ 

is at approximately zero a.c. potential. The input impedance of the 

amplifier alone at this point is still quite high so almost all the 

current from the collector of T^ must flow through the feedback capacitor 

C. The voltage that this current will develop across the capacitor C 

must be the output voltage \l^ 
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and 

0 I^r (v+-v.) 5 wp {v+-v.) 7J 

The output is therefore the integral of the input difference voltaae. 

The (Difference Amplifier circuit of Figure 7.1 (b) operates in a 

similar manner. To perform the Difference Amplifier function we cannot 

just replace the capacitor C of Figure 7.1 (a) with a resistor R , as 
D 

there would be a d.c. voltage across this resistor and consequently the 

biasing of the circuit would be dependent on the value of RD. T and 

T^ of Figure 7.1 (a) can be dispensed with, as their main function is to 

allow both the \l and the \/+ inputs to have the same d.c. bias potential. 

Note that on Figure 7.2 the \l and the V+ inputs to the Difference 

Integrators M and N have the same d.c. bias potential whereas the inputs 

to the Difference Amplifiers K and L differ by the emitter to base voltage 

drop (=0.6V) of their input transistor. This topic of biasing will be 

explained in greater detail in Section 7.3. The Difference Amplifier, 

Figure 7.1 (b), also contains an extra transistor T^ that is not possessed 

by the Difference Integrator of Figure 7.1 (a). This transistor provides 

a d.c. voltage shift so that there will be no d.c. potential across Rß 

and the d.c. output potential will therefore be equal to the value pre¬ 

sent at the two input points. The current out of the T^ collector, 

however, will be approximate! y o<. times the value out of the T^ collector. 

Therefore 

V 
0 ¡TT (''.-''J * R 

R 

A 

B 
(V —V + 7.^ 
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From the descriptions of the circuits just given the two circuits 

Figure 7.1 (a) and 7.1 (b) are seen to be almost identical. A modified 

form of the Difference Amplifier circuit,Figure 7.1 (b),could have 

been used for both the Difference Amplifier and the Difference Inte¬ 

grator functions. Two separate circuits were used as the circuits were 

simpler and, because of reasons (b) and (c) mentioned below, a better 

integrator was obtained. 

From these simplified descriptions of the two circuits they are 

seen to perform the desired functions. The multiplying factor is not 

quite proportional to a resistor ratio,and this is due to a nuntoer of 

reasons. The effect of o< , the emitter to collector current gains of 

the transistors, has already been mentioned but there are also some 

other small perturbing factors that can be considered as modifying the 

effective o( . 

fa) The small emitter resistance of T. will add to R. and its 
A A 

relative importance gets worse at low values. 

fb) The resistor R^, even though it is large compared to the 

emitter input resistance of T^, will still draw off some 

a.c. current. 

fc) will similarly draw off some a.c. current. 

(d) If R^ is large it becomes comparable to the collector 

to T, is then no longer impedance of T . The current 
(V + -V_) 

determined solely by 



i ..i.. 

Because of all these small perturbing factors, some experiments 

were performed on both the Difference Integrator and the Difference 

Amplifier circuits in order to determine correction factors for these 

effects. The results of the experiments are plotted in Figure 7.3. 

Figure 7.3 shows the values of resistors and required in order to 

obtain effective resistance values R^ and RJ for the Difference Amplifier 

and Difference Integrator respectively where 

V 
0 

1 
sRJC (v+-v_) 7.5 

for the Difference Integrator, and 

V 
0 RÁ 

(v+-\M 7.6 

for the Difference Amplifier. 

For a value of Rj = 3 krxthe value of R^ required is 2.9 kflfor 

the Difference Integrator and Rft = 2.7 kftis required for the Difference 

Amplifier to realize an = 3 kfl. If the emitter-to-col1ector current 

gain of the transistors were the only contributing factor, these results 

would correspond to a value of= 0.967 which is not too unreasonable 

as the transistors actually used had a minimum o<.= 0.98. 

Some experiments were performed on the Difference Amplifier circuit 

of Figure 7.1 (b) in order to determine its effectiveness in forming 

a transmission zero which,as shown by Equation 6.3 and Figure 7.2,will 

occur when the circuit has equal a.c. inputs and V . The experiments 

were performed bv monitoring the current out of the collector of T, for 
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tine two cases listed below. The currents were monitored by measuring 

the voltage across 

fa) When a voltage V+ was applied to and V = 0 

(b) When the two inputs were at the same a.c. potential, i.e., 

V = v+ = the value used in experiment (a). 

If V and V, are the voltages obtained from each of these two 

a Vb 
experiments the ratio — is then a measure of the effectiveness of the 

a 
subtracting circuit. The measured results obtained at a frequency of 

1 kHz were 

V, 
— = 0.00056 when R^ = 3 kil 

3 

= 0.0018 when Ra = 10 kA 

It is inadvisable to make RA much less than 1.0 kAas its value 

approaches the emitter resistance of T^, but for effective null operation 

no R should be as low as possible, otherwise the current to T, is 
V + —V 4 

longer determined solely by —^- . A compromise value for RA is 

3.0 kJl. 

7.3 Biasing of the Analog Brune Section 

The biasing of the complete Brune section can be explained bv 

referring to Figure 7.2. Figure 7.2 shows the Difference Integrators 

and Difference Amplifiers interconnected to form the Analog Brune 
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circuit of Figure 6.5. The Difference Integrators are labelled M and 

N. The Difference Amplifiers are labelled K and L. 

The power supply voltage for the Brune circuit is +20 V and the 

voltage at the interconnect points is chosen to be +10 V. All input 

and output points of the four circuits K, L, M, and N must therefore 

be biased at +10 V. 

The two Difference Amplifiers K and L contain the resistor pairs 

R5R6 an^ ^12^13* These resistor pairs establish the bias reference 

voltages of +10 V at their junctions. The references are thus deter¬ 

mined by resistance ratios which facilitates integration of the circuit. 

There are two inputs to the analog Brune section, \1 ^ and I . As 

can be seen from Figure 7.2 the V. entry point achieves its correct 

bias voltage directly from the resistor pair in the K amplifier. 

The output of the high-gain amplifier section of K is strapped to its 

input via the feedback resistor R which therefore refers the output 

voltages to the +10 V established by the junction of the R,2Ri3 Pair 

in the K amplifier. The non-inverting input terminal of the N integrator 

is connected to the output of the K amplifier and the inverting input 

terminal is connected to the R^ pair of amplifier K. Both inputs to 

the integrator N are therefore firmly biased. 

The I2 input is directly connected to the R( R^ pair on amplifier 

L thereby establishing its bias and also the bias for the non-inverting 

input terminal of integrator M. The I output is firmly tied to the 

Vu p*ir on the L amplifier by the feedback resistor R^ 

This leaves the outputs of the two integrators M and N not directly 

biased,but because of the d.c. negative feedback present in the 
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simulated Brune section they will assume the d.c. voltages present at 

the non-inverting terminals of the K and L amplifiers respectively. 

The biasing for the complete simulated Brune section circuit is 

therefore determined and it is seen to be referred in all cases to 

resistor ratios. The biasing is not dependent on the connection of 

other Brune sections and direct interconnection of man' such analog 

Brune sections is therefore possible. 

As the outputs of the K and L amplifiers have their bias voltages 

established via the feedback resistors RD it is desirable to keep the 
U 

resistances RD as low as possible. This can be arranged if we design 
D 

the filter circuits so that the Brune transformer-ratio T is greater 

than unit'/. If this is done, RD will always be less than 3 kOas it 
D 

has been already decided to keep Rft close to 3 k XI. 

This new Brune section achieves all of the desirable requirements 

listed at the beginning of this chapter. The detailed equivalence 

between the new analog Brune section and the basic LC Brune section 

can be seen in Figure 7.k. Note the simple expressions obtained and 

the fact that this section requires only six resistor attachments, 

whereas eleven were required per section when operational amplifiers 

were used. 

In the expressions shown in Figure 7.^ the resistances R^ and R^ 

are the two special cases of the Difference Integrator resistance Rj. 

The actual resistor values R^ and Rç required in the circuits of Figure 

7.1 in order to achieve these effective values are obtained from the 

Difference Integrator curve of Figure 7.3. The resistor values Rft 
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are similarly found by using the Difference Amplifier curve of Figure 

7.3. 

As can be seen from the design equations in Figure 7.4 the 

product becomes infinite and R^C^. equals zero when T = 1. The circuit 

cannot properly handle this special case but this does not present 

much of a problem as the LC filter design can generally be varied to 

ensure that T is never in the range of approximately 0.9 to 1.1. 
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CHAPTER 8. PI ITER REALIZATIONS WITH THE ANALOG BRUNE SECTION 

8.1 Low-Pass Filters 

A fifth degree elliptic function low-pass filter with a cut-off 

frequency of 20 kHz was constructed from the analog Brune sections of 

Fiqure 7.2. The component sensitivity of this filter was found to be 

much less than the same filter realized with operational amplifiers, 

which was previously mentioned in Section 7.1. 

The filter design in normalised units as obtained from a handbook 

(filter no. C 0515, 9 = 5^°, page 88) is shown in Figure 8.1 (a). The 

filter was arranged in the Brune form of Figure 8.1 (b) by leaving 

34 

.*> V the shunt capacitor at the load end unchanged, finding the other 

capacitor values for the two Brune sections bv means of the realizability 

condition in Figure 6.1 (a) and finally using the equivalences in 

Figure 6.2 (c) and (d). This particular type of Brune realization, 

with the attenuation pole of the filter at infinity caused by a shunt 

capacitor, was chosen because such a shunt capacitor can be easily 

simulated at the source end of the filter as shown in Figure 8.1 (c). 

One-port components causing attenuation poles at zero or infinite fre¬ 

quency in Brune filters are most easily simulated by moving them to the 

source or load ends in this manner. Figure 8.1 (c) shows the filter 

constructed from analog Brune sections. The component values in Figure 

8.1 (c) were obtained by using the design eguations of Figure 7.4 and 

the correction chart, Figure 7.3. The 36 . 04 kHz attenuation pole 

frequency of the filter was tuned by R for the forward direction of 
D 
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A = 1.802 -A = 1.272 

FIG. 8.l(o) FILTER DESIGN C 05 15 0 = 54° FROM HANDBOOK 3*4 

FIG. 8.1(b). 20 kHz LOW-PASS FILTER IN BRUNE FORM. FROM FIG. 8.1(a). 
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ANALOG 
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BRUNE SECTION 
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BRUNE SECTION 
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transmission and by R, for the reverse direction. The 25.^ kHz 

attenuation pole frequency was tuned by f°r tHe forward direction 

and by R^ for the reverse direction. Figure 8.2 (a) shows the measured 

frequency response of the filter to be exactly as calculated. Table 8.1 

shows the results of a sensitivity experiment performed on the filter. 

The experiment was performed by paralleling each component in turn with 

10 times its impedance value, thereby perturbing each component value 

by -9¾. Apart from the unavoidable sensitivities to R^ and R^ all other 

components have very low sensitivities especially in the lower frequencies 

of the passband. Changing R^ or R^ is equivalent to changing simulta¬ 

neously both Rs> the source resistance, and the open circuit source 

voltage. Changing these quantities would be expected to produce a 

change in the output voltage \l^ even on the original LC filter of 

Figure 8.1 (a). Therefore we can say that the components of the filter 

itself, apart from those determining the source conditions, have very 

low sensitivities as expected,and the low sensitivity of the LC struc¬ 

ture has not been lost in the transition from the real to the simulated 

circuit. 

The low sensitivities of Table 8.1 represent a marked improvement 

over the values obtained from the same low-pass filter made with 

commercially available operational amplifiers in the Brune sections. 

The resistor matching problem, encountered in the operational amplifier 

Brune sections mentioned in Section 7.1, produced output level changes 

of 0.6 dB at 5 kHz for -9¾ perturbations in component values, and this 

occurred for four resistors per Brune section or for a total of eight 

resistors in the whole filter. 
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FREQUENCY KHz 

MEASURED ATTENUATION IN dB WHEN 
ALL COMPONENTS ARE AT THEIR 
DESIGN VALUES SHOWN IN FIG.8 1(C) 

10 15 20 

+ 0.2 

21 

♦ 2.0 

Jfe 

civ 

& 

PERTURBED COMPONENT 
MEASURED ATTENUATION IN dB WHEN EACH COMPONENT 
WAS SEPARATELY PERTURBED BY -9% 

r2 

«3 

R4 

*5 

Re 

R? 

Re 

R9 

Rio 

R| i 

R|2 

rI3 

rI4 

C| 

c2 

c3 
C4 

c5 

-o. 35 

♦ 0.4 

0. 

+ 0.05 

0 

♦0.05 

0 

♦ 0 05 

♦ 0.05 

0 

+ 0.05 

♦ 0.05 

0 

+ 0.05 

0 

+ 0.05 

0 

0 

0 

-0.3 

+ 0.4 

0 

+ 0. I 

+ 0.1 

+ 0.1 

0 

+ 0.1 

+ 0. ¡5 

0 

+ 0.1 

+ 0.05 

+ 0.05 

+ 0.1 

+ 0 . I 

+ 0.1 

0 

+ 0.05 

0 

-0 4 

+ 0. 35 

+ 0. 05 

-0.1 

+ 0.2 

-0 . I 

0 

0 

♦ 0.15 

-0.25 

+ 0.3 

-0.15 

-0.05 

0 

0 

0 

0 

0 

0 

0.45 

+ 0.3 

+ 0.25 

-0.1 

+ 0. 5 

-0. I 

+ 0. I 

0 

+ 0.3 

-0.4 

+ 0.7 

-0.1 

0 

+ 0.05 

0 

0 

+ 0. I 

0 

0 

-0.1 

+ 0.7 

+ 0.2 

♦ I . 7 

+ 1 .5 

+ 0. I 

0 

+ 0.25 

+ 0.9 

-0.5 

+ 3.1 

-0.3 

+ 0.2 

+ 0. I 

+ 0.2 

+ 1 I 

+ 0.7 

♦ 0.7 

+ 1 . 5 

+ 1.6 

♦ 2.5 

+ 0 8 

+ 5.0 

+ 5.0 

+ 1 • 2 

+ 0.5 

+ 1.3 

+ 2.6 

+ 1.6 

+ 7.5 

-0.4 

+ 1 .2 

+ 0.7 

+ 2 6 

+ 4.2 

+ 3.4 

+ 4.2 

+ 5.8 

TABLE 8. I 

COMPONENT SENSITIVITY EXPERIMENT ON 20 kHz 

LOW-PASS FILTER OF FIGURE 8.1(C). 
EACH COMPONENT WAS PERTURBED BY-9% 
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The biasing of tlie filter performed as expected and all interconnect 

voltages were within +0.3 V of +10 V even though the basic circuits, 

Figures 7.1 (a) and (b), of the analog Brune sections were constructed 

from +5% tolerance resistors. Correct frequency response was maintained 

when of either the Difference Integrator, Figure 7.1 (a), or of the 

Difference Amplifier, Figure 7.1 (b), was perturbed by -15% and these 

resistors were found to be the most sensitive biasing resistors in the 

analog Brune circuits. The filter could tolerate larger perturbations 

in the R^ resistors if the corresponding R^ resistors were changed 

simultaneously, thus demonstrating that the biasing of the circuit is 

dependent mainly on resistor ratios and not on absolute values. With 

the -15% perturbation in the value of R^ a lower maximum undistorted 

output level was obtained from the filter. 

When all components were at their design values the maximum 

undistorted output voltage obtainable from the filter was 0.4 V peak 

to peak. The limitation on this level is caused by the resonant rise 

in voltage that occurs at the output of the Difference Integrator 

containing and Rg. For the 0.4 \l peak to peak output condition 

this voltage at the output of the C^Rg Qifference Integrator has a 

maximum resonant voltage of 7 V peak to peak at 21 kHz. The output of 

this integrator corresponds to the current in the 8.7/1^ coil of 

Figure 8.1 (b). Resonant current peaks are to be expected in components 

such as this at frequencies close to the passband edge, where the natural 

modes of the filter have their greatest effect. A similar effect 

occurred in the gyrator channel filter, where the limitation on drive 

S2 
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level was caused bv the high voltages developed across the floating 

gyrators. 

In order to check the high frequency capability of the filter, all 

the capacitors in the filter ware replaced with 1/ tolerance capacitors 

whose values were one fifth their former magnitude. The filter was 

not retuned and the frequency response curve of Figure 8.2 (b) was 

measured. This is the same type of response as before but the cut-off 

frequency is now 100 kHz. The filter circuit therefore performed 

exactly as expected. 

8.2 20 kHz High-Pass Filter 

To test the capability of the analog Brune circuit on a high-pass 

filter the dual of the low-pass prototype filter in Figure 8.1 (a) was 

converted into a 20 kHz high-pass filter and arranged in Brune form as 

shown in Figure 8.3 (a). The conversion to Brune form was accomplished 

bv using the equivalences described in Figures 6.2 (e) and (j). The 

series capacitor in this filter required to provide the attenuation 

pole at zero frequency was moved to the source end where it could be 

simulated along with the source resistance. As can be seen in Figure 

8.3 (b', the analog filter circuit, this simulation of the series 

capacitor was accomplished by a Difference Amplifier having a series 

connected resistor and capacitor in place of its RD. 
D 

The two extra transformers, obtained in converting both Brune 

sections as shown in Figure 6.2 (j), were combined into one with a 

turns ratio of 1:11.9. As can be seen from Figure 8.3 (b) this trans¬ 

former was simulated by means of a pair of high-gain amplifiers and four 
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attached resistors. Figure 8.4 shows the details of these amplifiers 

and how they simulate a transformer. The analog ideal transformer in 

Figure 8.4 fb) has two inputs \l ] and I2 just as in the analog Brune 

section. The outputs are related to the inputs in the ideal transformer 

Figure 8.4 (a) by the same turns ratio T. and in the analog equivalent 

circuit. Figure 8.4 (b), by two independent ratios Ty and Tj which 

correspond to a voltage and a current ratio respectively. This 

ambiguity is undesirable, as Ty should always equal ^ but it is 

unavoidable, and experimental results showed that the match between 

Ty and Tl is not critical. In the filter of Figure 8.3 (b) the resistors 

R R R R used to determine T and T had a tolerance of +5/. 
M. N X Y ” * 

Each amplifier in Figure 8.4 (b) introduces a phase change of 180° 

but since no phase change is introduced between \l^ and I2 or between 

Vj and the operation of the simulation circuit is not disturbed. 

Figure 8.5 shows the measured frequency response of the high-pass 

filter which is exactl« as calculated. The measured attenuation 

increases slightly at frequencies above 150 kHz. This is caused by 

parasitic effects; a similar slight attenuation increase would be 

expected from the parasitic effects in an LC filter. 

8.3 16.15 - 19.5 kHz Band-Pass Filter 

A band-pass telephone channel filter was designed in a ladder 

structure by using series resonant circuits in its shunt arms and induct rs 

(some with negative values) in its series arms as shown in Figure 8.6. 

The design was performed with the aid of a filter design computer 

program developed at Lenkurt Electric Co. The calculated frequency 
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analog circuit. This response is not very good as can be seen by 

comparing it to the calculated curve of Figure 8.7 (a). 

The poor frequency response can be attributed to the impedance 

change that occurs in the filter. This impedance change requires that 

analog transformers be used in order to make the circuit realizable. 

The analog Brune circuits however cannot operate properly wten such a 

large impedance transformation is being effected by the analog trans¬ 

formers, because the signal loss incurred in passing through these 

transformers in both directions of transmission means that the input 

to each analog Brune section as shown in Figure 7.2 is very small. Each 

Brune section therefore has to function with almost a single input, 

and as shown by Equation 6.11 this is an undesirable condition as it 

accentuates the tendency towards oscillation. Using Equation 6.11 the 

natural modes for all Brune sections are computed to fall in the pass- 

band of the filter. The result of these natural modes falling in the 

passband is to give a very noisy output from the filter. This noisy 

output prevented the filter from being properly tuned, even though a 

selective meter with a -3 dB bandwidth of +3.5 Hz was used. This 

incorrect tuning accounts for much of the poor passband response of 

Figure 8.7 (b). 

Another design of the filter was tried where the turns ratio of the 

transformers was < 1, i.e., the impedance build up occurred from load 

to source end. Biasing problems were encountered with the analog 

version of this design as the high loop gain from the \l^ output of one 

analog Brune section through the filter and back to its input tended 
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to lock the bias of the filter in a condition where one transistor was 

shut off. This bias locking occurred when the circuit was switched on 

and consequently no frequency responses could be measured. 

8.4 Conclusions on Analog Brune Filters 

The results on the low-pass and high-pass filters of Sections 

8.1 and 8.2 have shown that excellent low sensitivit” filters can be 

made by the technique of simulating a good LC doubly terminated filter 

design. The results on the band-pass filter in Section 8.3, however, 

have also shown that the simulation technique will behave poorly when 

simulating a bad LC filter design. This poor performance shows up as 

noisy output or bias instability. 

By a good LC filter design is meant, one that does not require large 

transformer ratios in order to keep approximately the same L/C ratio in 

all its resonant LC pairs used to determine the attenuation pole fre¬ 

quencies. When these L/C ratios, which are related to the impedance 

level of the filter, are not the same,moderate impedance changes can 

be taken care of with ideal transformers. An example of this is the 

11.9:1 transformer used in the high-pass filter of Section 8.2. When 

large transformation ratios are required,two defects can become quite 

noticeable in the analog circuit. If the transformer radios are such 

that the source impedance of the filter is less than its load impedan e 

the analog circuits become very noisy, and if, on the other hand, the 

transformers are such that the load impedance is the smaller of the two 

impedances the biasing becomes unstable. This biasing problem becomes 
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a difficult one to resolve when it is remembered that all circuits in 

the analog filter are direct coupled. 

The secret of good analog Brune filter design is therefore to have 

a good LC design in Brune form to start with. When this good design is 

simulated with analog Brune sections all the advantages of the analog 

technique can be obtained. These advantages are, completely integrable 

standard filter sections constructed from low tolerance components, with 

the a.c. properties determined by high qualitv attachments. 

92 

V 



• V - V-il - . — — I. V wT- u"w tt- « — 'T- ^ ’ "T'-'TI1*"! »! ^U'WT' W'ÏJ 11¾ ».'V ■ I 

CHAPTER 9- 

COMPARISON OF INDUCTOR-SIMULATION TO 

TOTAL-FILTER-SIMULATION TECHNIQUES 

9.1 Suitability of Basic LC Section for Simulation 

The most important consideration in either the inductor-simu 1 ation 

or the analog-Brune 'echniques is that the filter to be simulated be a 

suitable subject for application of the appropriate technique. In the 

analog Brune technique the most important requirement is to have an 

approximately equal L/C ratio in all Brune sections. 

A similar requirement appears in circuits where the Inductor-Sim¬ 

ulation Technique is used. For inductor simulation via gyrators the 

maximum resonant circuit Q occurs when the capacitors on both sides 

2 2 
of the gyrator satisfy Equation 4.9 which i s tc— = . Combining this 

L| bl 
equation with Equation 4.5 the optimum L/C ratio is found to be 

9.1 

and this is entirely a function of the gyrator. The impedance level of 

the filter can be adiusted so that the resonant LC pairs of the filter 

have their L/C ratios close to the optimum as given by Equation 9.1. 

In the telephone channel filter described in Chapter 5 the ratio 

highest value of ^ ratio 

lowest value of ratio 



was computed for the seven resonant LC pairs of the filter that deter¬ 

mine the attenuation pole frequencies, and this ratio was found to be 

equal to 57. This is quite a low value when compared to the value of 

0 
5*4 X 10 computed for the same ratio on the telephone channel filter 

of Figure 8.6 (a). This wide difference helps explain why the gyrator 

filter could be built and the analog Brune filter could not. This ratio 

can be int-erpreted as a figure of merit to determine a circuit's 

suitability for simulation. 

As the LC telephone channel filter circuit of Figure 5.1 is a good 

subject for simulation it would be an interesting project for future 

research in this area to devise a method of simulating this type of 

filter structure by inductorless means. If this is done, however, 

generality will probably have to be sacrificed, as there would no longer 

be a basic section such as the Brune that could be used for low-pass, 

high-pass, or band-pass filters. This filter structure could be sim¬ 

ulated by the same general state variable techniques used in Chapter 6. 

9.2 Biasing 

The Inductor Simulation method is by far the better inductorless 

filter technique when considered from a bias point of view. The biasing 

of its active circuitry is entirely self contained at each gyrator. 

The gyrators are isolated from one another by the filter capacitors 

which consequently are performing a very useful dual role. The analog 

Brune filters on the other hand are entirely direct coupled and con¬ 

sequently their reliability suffers. Failure of one component could 
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disrupt the entire filter, as the biasing of the whole filter would be 

upset, whereas failure of a component in a gyrator can only upset one 

simulated inductance value. 

9.3 Noise Performance 

The noise performances of the telephone channel filter made from 

gyrators. Figure 5.1, and from analog Brune sections, Figure 8.6, were 

compared for two different bandwidths and the results are tabulated 

bel ow 

Noise Bandwidth 30 Hz - 20 kHz 16 kHz - 20 kHz 

Dynamic Range of Gyrator Filter 57 dB > 70 dB 

Dynamic Range of Analog Brune Filter 37 dB 41 dB 

The dynamic range is defined as the ratio of the maximum undistorted 

signal output to the zero signal noise output of the filter. Both 

filter designs had approximately the same maximum output level of 

50 mV. rms. The tabulated results, therefore, show the amount of rms 

noise voltage below 50 mV. rms., obtained in the two bandwidths, when 

there is no signal input to the filter. 

The small difference between the values of dynamic range for the 

two bandwidths of the analog Brune filter, Figure 8.6, confirm the 

theory proposed in Section 8.3, that the noise is being accentuated by 

the natural modes of the individual analog Brune sections. 
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Noise did not create any problems in the high-pass or low-pass 

analog Brune filters of Sections 8.1 and 8.2. All the frequency 

responses of these filters were measured with a meter having a response 

flat to 4 MHz, thus showing that the dynamic ranges of these filters 

were greater than 60 dB for a noise bandwidth of 4 MHz. 

9.4 Directions for Future Research 

vv.*» 

m, 

The inductor simulation technique shows the greatest promise for 

future research on inductorless filters and future work in this field 

should be directed towards obtaining simpler inductor simulation cir¬ 

cuits whose a.c. properties would be dependent on only two resistors. 

This dissertation has discussed inductor simulation by means of con¬ 

trolled source gyrators only,but there are other types of gyrator 

circuits such as those of references 35 and 36 that deserve further 

study. There are also inductor simulation circuits that cannot be 

classified as gyrators, such as those of references 37 and 38 and 

some useful further work may be undertaken along these lines, although 

circuits that involve matched components, such as that in reference 38 

are not at all attractive. However, none of the gyrator circuits that 

have been published to date has performance equal to that of the 

control 1ed-source circuit described in this dissertation, and its 

performance is felt to be the minimum acceptable for high quality filters 

at frequencies below 100kHz. 

The analog Brune filters of Chapter 8 have shown that the low 

sensitivity property of terminated LC filters is preserved, if their 

structure is simulated by analog means. While the Brune section is a 
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theoretically versatile filter section its practical usefulness is 

somewhat restricted, as has been shown in .Section 8.3. There are many 

other types of valuable LC doubly terminated filter structures and 

some useful work could therefore be done in applying the total filter 

simulation technique to them. 

Both of the inductorless filter techniques described in this 

dissertation were very successful in that they showed conclusively how 

low sensitivity inductorless filters could be built when the LC doubly 

terminated structure is simulated by inductorless means. This fact is 

the major contribution of this dissertation. 

Both of the techniques described are suitable for integration. The 

integration process for any high quality filter will have to be a thin 

film technique as this is the only techno’ogy presently available that 

can produce resistors and capacitors with temperature coefficients less 

than 100 ppm/°C. This order of temperature coefficient will be. required 

in order to maintain stable attenuation pole frequencies. The best one 

can hope to get in this respect for any inductorless filter is to have 

the attenuation pole frequencies determined solely by RC products. Both 

techniques just described do this. The gyrator will need to have all of 

its resistors made by stable thin film techniques. The analog Brune 

section on the other hand can have most of its resistors made by the 

more economical monolithic process and only the six resistors per section 

that determine its a.c. properties need to be thin film. The most 

important consideration, however, is that both techniques contain a 

basic circuit that can be common to all filters and therefore enable 

them to be produced economically. 
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gyrator, derives a set of requirements for high- 
quality performance and describes a specific circuii 
which meets them. Experiments on a complex band¬ 
pass filter confirm that it is possible to obtain 
low sensitivity filters by this means. The 
second method simulates the LC filter structure by 
making a complete model in the manner of an analog 
computer. Conventional analog computer circuitry 
proved inadequate and it was necessary to devise 
two special circuits to perform, very precisely, 
the operations of subtraction and integration. 
These were designated the Difference Amplifier and 
the Difference Integrator. In an attempt to pro¬ 
duce a universal circuit arrangement that would be 
applicable to all classes of filter, these basic 
units were used to build the principal canonical 
tandem section due to Darlington and Brune. These 
simulated Brune sections were used to construct a 
low-pass, a high-pass, and a band-pass filter. 
Experiments on these filters showed that this also 
is a suitable way to produce low sensitivity filter^. 

It was found for both techniques, that, in order 
for the simulation to be successful, the original 
LC design should not have widely different L/C 
ratios in its resonant circuits. The dissertation 
compares the two techniques from several points of 
view and notes that the inductor simulation tech¬ 
nique has a distinct practical advantage in that the 
filter capacitors isolate the bias circuits of the 
separate gyrators. The two techniques are com¬ 
pletely integrable as they use only resistors, ca¬ 
pacitors, transistors and diodes. The tolerance 
and stability required of the resistors and capaci¬ 
tors can be achieved with modern thin-film technology, 
Both techniques clearly show that complex filters 
can now be built in integrable form. 
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