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ABSTRACT 

The application of uniformly distributed RC networks as feedback 

elements in the design of active circuits has been inves t igated. 

Distributed RC structures were fabricated using Mylar Fi l m, Teledeltos 

resistance paper and metallic foil, and used to experimentally verify the 

predicted responses of particular active and passive configurations. 

By exploiting the frequency selective feedback provided by a 

distributed notch filter it was possible to construct an active band-pass 

filter operating at 1 MHz which achieved a Q of 50 without the use of 

inductance. For the design it was important that the notch parameter was 

deliberately chosen to be less than optimum (i.e., a< 17.78) so that the 

feedback circuit did not apply positive feedback in the region of the 

notch frequency. 

Application of positive feedback (a> 17.78) and sufficient ampli

fier gain would convert the active filter into a feedback oscillator. As 

predicted, the band-pass filter response was strongly influenced by the 

amplifier gain and phase characteristic, while amplifier impedance exerted 

only minor effects. 
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·cHAPTER I 

INTRODUCTION 

1.0 History and Development 

In a sense, all systems are distributed and require the use of 

partial differential equations for their exact mathematical description, 

their dynamic response being a function of spatial location as well as 

time. When an excitation is applied to a distributed system the response 

is not instantaneous but takes a finite time to propagate. These time 

delays are particularly marked when the physical dimensions of the netwo rk 

are large in comparison to the wavelengths associated with the signals 

propagating through the system. 

There are many cases where these propagation delays are negligible 

and these lumped systems may be analysed using ordinary differential 

equations, because spatial variations need no longer be considered. This 

approach is valid providing the system dimensions are small in comparison 

to the wavelengths of the propagating signals. 

The analysis and synthesis of distributed circui t s is not a 

trivial problem and this probably accounts for the fact t hat until the 

late 1950 's, with the exception of transmission-line theory, there had 

been little interest in the subject. 

However, by the early 1960's the availability of general purpose 

digital computers at least partially solved the analysis problem, and 

people began to realize that several benefits could accrue from the use 

of distributed parameter networks. 

(1) 
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The Thick and Thin Film technologies that had been developed for 

the manufacture of lumped resistors and capacitors could be easily 

adapted to economically produce distributed circuits capable of very high 

packing densities. Often the use of distributed parameter circuits could 

result in greater system reliability, by reducing the number of components 

and component interconnections, required to achieve a specified function. 

These factors, coupled with the possibility of achieving novel 

networks unattainable with lumped components, explain the interest that 

developed in the early 1960's. Though intensive theoretical studies were 

completed, only a few circuit designs evolved that were of practical value. 

1.1 Scope of this Thesis 

This thesis is concerned with a study of distributed parameter 

networks as applied to bandpass filter and oscillator circuits. Thi n 

film distributed circuits operating over the frequency 100 KHz to 32 MHz 

were constructed using Teledeltos paper, Mylar film and brass foil. A 

1 MHz band-pass filter and two 1 MHz oscillators were built and tested. 

Chapter II of this thesis is devoted to a survey of distributed 

parameter network analysis and synthesis techniques, while Chapter III 

presents an analysis of the uniformly distributed resistance and capaci

tance (URC) network, as particularly applied to a simple low-pass filter 

and to a high-Q notch (rejection) network. 

Chapter IV reviews the mathematics of linear feedback t heory 

including conditions for sustained oscillation and stability criteria. 

Following this review, an extremely simple phase-shift oscillator is 

described in which a distributed parameter network is used to replace 
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the three section lumped RC feedback network of conventional designs. A 

second design is proposed which exploits the phase characteristic of the 

distributed notch filter to achieve an oscillator with very good frequency 

stability. The modifications to this design that would be necessary to 

obtain a stable active band-pass amplifier are discussed. 

The experimental details of the construction and evaluation of 

the low-pass and notch filters are included in Chapter V. 

Chapter VI is devoted to the evaluation of the feedback circuits, 

with particular emphasis on problems of stability and amplifier limitations 

as applied to operational distributed circuits. 



CHAPTER II 

REVIEW OF ANALYSIS A.ND SYNTHESIS TECHNigUES
I <. , . < < ~ < s '< • c c c 

2.0 Introduction 

A brief survey of distributed parameter linear ci rcuit analysis 


and synthesis techniques is included in this chapter to give perspective 


to the research which will be described in this thesis. 


2 .1 Analysis 

The general case of a three layer thin film distributed resistance 

and capacitance network is shown in Figure 1, and consists of a dielectric 

film sandwiched between a resistive layer and a conducting sheet. The 

resistance per square R(Xl,X2) and the capacitance per unit area C(Xl,X2) 

are determined by the thickness of the resistive and dielectric layers 

respectively. Though structures consisting of more than three layers 

have been proposed1 ' 2 , the complexity of the mathematics involved in the 

. analysis of these mul tila:'ered structures precludes them from the scope 

of this thesis. Referring to Figure 1, the geometry of the resistive 

layer and the location of the conducting strips A and B are arbitrary. 

The analysis of this structure is a boundary value problem which is in 

general anything but a trivial exercise. 

This thesis will be restricted to distributed networks which 

support only I-dimensional current flow. Expediency is the main justi

fication for this approach which permits the application of uniform 

transmission l i ne theory to the problem. In general, the terminal 

( 4) 
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I 
characteristics of a tapered transmission line must be expressed in the 

form of a series solution, but interest will be focused on uniformly 

distributed RC networks (URC) for which closed form so l utions exist. 

3Closed form solutions also exist for certain geometrically defined tapers 

As these systems are considerably more difficult to analyse and introduce 

only a minor degree of flexibility in design, they wil l only be given 

cursory consideration. 

2.2 Synthesis 

Unlike lumped parameter networks, distributed systems are usually 

characterised by irrational functions of the compl ex f r equency s and as 

a consequence are considerably more difficult to synthesise. Several 

approaches have been developed to overcome this problem. 

The simplest of these methods are empirical. Th e design which 

will satisfy the specifications being selected on the basis of response 

curves obtained by analysis 4 , or upon approximations such as the use of 

dominant poles
3 These techniques have only limited application. 

Heizer5 has investigated the use of specially defined distributed 

parameter networks whose immittances are rational funct ions of s,so that 

conventional lumped parameter synthesis techniques can be used. Unfortun

ately, the elaborate mathemat i cs of this technique does not lend itself 

to practical engineerin g. 

Several conformal transformations have been suggested such that 

the distributed parameter networks when described in the transformed 

frequency domain W are characterised by rational funct i ons of W, so that 

the distributed parameter synthesis problem is reduced to an exercise in 
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lumped parameter synthesis. Having completed the design in the W domain 

the inverse transformation is applied to yield the distributed parameter 

realisation Figure 2. 

A major problem associated with these methods is the difficulty 

in defining an engineering specification in a form appropriate for the 

transformed frequency W domain. 

6Wyndrum has developed a cascade synthesis procedure using 

uniformly distributed RC sections as building blocks based on the trans

formation W = tanh (RCs). Where R is the total distributed resistance, 

C the total distributed capacitance ands the complex frequency. This 

converts the distributed circuit synthesis into an LC lumped parameter 

problem. 

O'Shea7 has proposed a synthesis technique based on the trans

formation W= cash (RCs) which enables the distributed synthesis to be 

treated as a lumped RL problem . Though these methods may be attractive 

to network theorists their mathematical sophistication and limited appli

cation renders them less than attractive to the practising engineer. 

O'Shea's synthesis has the additional disadvantage in that its implement

ation often produces elaborate design involving the complex inter

connections of many URC elements. This aggravates the problem of reliab

ility, instead of alleviating it . 

Thes e trans form techniques fail to develop the full potential of 

distributed parameter network synthesis, because only URC elements are 

used and for a given desi gn the RC product of each section must be con

strained to a certain common value. These constraints do not stem from 

physical considerations such as limitations in fabrication techniques, 



COMPLEX JREQUENCY TRANSFORMED FREQUENCY 
s-DOMAIN W-DOMAIN 

SPECIFICATION : f(s) 

BUILDING-BLOCKS 
CONFORMAL 

TRANSFORMATION 

SPECIFICATION: f (W) 

BUILDING-BLOCKS 
distributed URCs 
(transendental 

functions of s) 

~ _. Lufllped R,L(W),C(W) 
URCs now described 
by simp le rational 
functions of W and 
appear as 
el~ments 

lumped 

'-JI 

SYNTHESIS 

DISTRIBUTED 
PARAMETER 

NETWORK 
REALIZATION . 

INVERSE 
TRAi~SFORMATION 

.L 

I' 
I 

Distributed problem 
has been reduced to 
an exercise in lumped 
synthesis . 

Figure 2 Synthesis Using Conformal Transformat ion 


00 



9 

but are artificially imposed by the mathematics of the transformation. 

This inadequacy was recognised by Chinn 8 who developed these synthesis 

techniques to incorporate exponentially tapered sections. Possibly a 

more promising approach would be the use of numerical optimization tech

niques to improve the initial design derived, using transform synthesis 

21methods . 

Rather than develop a comprehensive synthesis theory, which would 

be a mammoth task, it was decided to f ocus attention on two simple dis

tributed circuits and their application as feedback elements in active 

filter and oscillator design. 

It was decided to develop a high-Q band-pass filter based on a 

design proposed by Kaufman 10 in 1960, which used a distributed notch 

filter as a feedback element across a high gain wide-band amplifier. An 

oscillator was constructed by modifying the band-pass amplifier circuit. 

A literature search has failed to reveal any reports of the successful 

implementation of these designs todate. 

As a preliminary exercise a phase shift oscillator was constructed 

using a URC element as a feedback network 11 . This was not original work 

but it was felt that useful experience could be gained from the exercise. 



CHAPTER III 


URC LOW-PASS AND URC NOTCH FILTERS 

3.0 Introduction 

This Chapter is devoted to an analysis of the URC low-pass and 

URC notch filters. A clear appreciation of the operation of these cir

cuits is a prerequisite to an understanding of their application as feed

back networks in the design of active circuits. 

The uniformly distributed RC structure is .treated as a two port 

network and transmission line theory is applied to yie l d the open circuit 

impedance matrix description of the terminal characteristics of the device. 

The use of this circuit element as a low-pass filter will then be dis

cussed, and the URC notch filter will be analysed using standard two port 

network theory. 

3.1 URC Element 

The construction of a URC element is shown schematically in 

Figure 3. It consists of a dielectric layer sandwiched between a resistive 

layer and a highly conducting film, each layer has uniform thickness and 

uniform material consistency. The structure is assumed t o be rectangular 

in shape with contacts extending completely across the ends as indicated 

in the diagram. Assuming that the fringing effects are negligible, the 

lines of electric flux in the resistive layer will be parallel to each 

other and perpendicular to the X-axis as shown. These s i mplifications 

enable the network to be treated as a I-dimensional transmission line 

problem, and avoid the necessity of tackling the much more complex problem 

(10) 
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of 2-dimensional flow. 

A lumped equivalent circuit for an incremental section of thin 

film structure is shown in Figure 4. The dielectric material is assumed 

18to have negligible losses and leakage conductance . The resistance of 

the conducting film is neglected because it is several orders of magnitude 

smaller than the resistance of the resistive layer. 

The series inductance of the thin film network will also be 

neglected. This is best justified by the fact that the resulting theory 

is in close agreement with the experimental results which were obtained. 

The lumped circuit model representing an incremental section 

length AX becomes increasingly more accurate as ~X tends to zero. In the 

limit the time domain description of the infinitesimally small section is 

given by equations (3.1) and (3.2), where r and c are the distributed 
0 0 

capacitance and resistance per unit length. 

av (x, t) = -r i(x, t) (3 .1)
ax 0 

ai 
= -c av (x, t) (3. 2)ax (x, t) 

0 ax 

' 
The complex frequency domain description (Laplace) of the element is 

given by equations (3.3) and (3.4). 

dY~ (~ s) = -r I(_x, s) (3. 3)
dx ' 0 . 

dI 
dx (x, s) = -sc V(x, s) (3. 4)

0 
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r Ax 
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Equations (3.1) and (3.2) are then combined to obtain a parabolic second 

order differential equation, also known as the Heat or the Diffusion 

Equation. 

= (3.5) 

= (3.6) 

The Laplace-transformed equati ons are then 

d2 I 
-- (x, s) = r cs I(x, s) (3. 7)

0 0dx2 

d2 V 
-- (x, s) = r c s V(x, s) (3.8)

0 0dx2 

The initial conditions are assumed to be zero when obtaining the Laplace-

transformed equations. Partial derivatives do not appe ar in the trans

formed equations. In the complex frequency domain the response is an 

explicit function of position alone; temporal variations have been 

13
'frozen' . 

The solution of equation (3.8) is of the form14 

V(x, s) = A.cosh(yx) + B.sinh(yx) (3. 9) 

where the propagation function y is defined by equation (3.10). 

= r c s (3.10)
0 0 
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The characteristic impedance of the line Z given by equation (3.11)
0 

(3.11) 

Combining equations (3.3), (3.9) and (3.11) yields a solution for the 

current distribution along the transmission line equation, 

I (x, s) = l/Z IA.sinh(yx) - B.cosh(yx)J (3.12)
0 

Because equation (3.9) is the solution of a second order differential 

equation it contains two arbitrary constants A and B, whi ch must be chosen 

to satisfy the boundary conditions of the problem. Figure 5 shows the 

transmission l i ne represented as a t wo-port 'black-box'. The boundary 

conditions are specified by the terminal currents and voltages . Thus, 

equations (3.13) through (3.16) are obtained, where L is the total length 

of the structure. 

V(o, s) (3.13)v1 = 

v2 = V(L, s) (3.14) 

= I (0 ~ s) (3.15 ) 11 

-L (L, s) (3.16)12 = 

Note the minus sign used in equation (3 .16), by convention I 2 is assumed 

to be po&tive when it flows into the upper terminal of the output port. 

The arbit rary constants may be eliminated from the equations by combining 

(3.9), (3.12) and (3.13) through (3.16). The terminal characteristics of 
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the network can then be described by the short circuit admittance para

meters defined by 

Where 

(3.17) 


coth (yL) -csch(yL) 

(3 .18)[y ..J 1 
lJ =z

0 

-cs ch (yL) coth (yL) 

The chain matrix parameters and the open circuit impedan ce parameters may 

be derived from the admittance parameters by using standar d formul ae3 . 

The open circuit impedance matrix defined by 

(3 .19) 


i s given by equation 

coth (yL) cs ch (yL) 

(3.20)Iz . .J = z 
lJ 0 

cs ch (yL) co th (yL) 

and the chain matrix defined by 

(3. 21)[::J :1[::J= [: 
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where 

cosh(yL) Z0 sinh(yL)] 
[ (3. 22) 

~ sinh (yL) cash (yL) 
0 

Note that in equations (3 .18), (3. 20) and (3. 22) the mat rix coefficients 

are hyperbolic trignometric functions whose argument is the square root 

of the ·complex frequency s. These functions are charact erised by a.'1 

infinite number of poles and/or zeros. The pole-zero locations may be 

defined by considering the infinite product expansions of these hyper

bolic functions. 

sinh (x) 
00 

(3.23)
x 

00 

2x 2cash (x) = (3.24)n~l Il + ((2n-l) IT ) J 

3.2 URC Low-Pass Filter 

The open circuit voltage transfer characteristic T(s) = v2;v1 

can be derived from matrix equation (3.17) by considering t he special 

case when 12 = 0 to obtain equation (3.25) , 

= 0 (3 . 25) 

Therefore, 

T(s) = (3. 26) 
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and combining equations (3.18) and (3.26) yields 

1 . 
= (3.27)T(s)URC Low-pass · co sh (yL) 

If the following substitution is made for convenience 

w = 1 
(3 .28) 

0 r c 12 
0 0 

Then the frequency response is given by 

1T(jw) = (3.29) 
cash jj:

0 

The phase and amplitude responses of this funct i on are shown in 

Figures 6 and 7 where the URC low-pass characteristics are compared with 

a simple lumped RC filter. In these figures the cut-off frequencies of 

the filters are normalized so that they exhibit the same - 3dB point. 

Note that at high frequencies the URC network has an exponential 

cut-off and a phase shift that increases without bound wi th me asuring 

frequency. These features can be easily deduced from a study of the trans 

fer function12 . The polar plot of the URC low-pass response is shown in 

Figure 8. 

3 .3 The URC . Resistive Notch Fi ~ ter (Mathematical Description) 

The URC low-pass characteristic can be converted to a frequency 

selective null network by the sui table interconne ction of one additional 

component. It can be seen from Figure 9 that a transmission null will be 
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produced by either connecting an impedance Zs = -Zb in series with the 

URC, or by shunting the URC element with an admittance Yp = -Y2 . 

15Distributed networks have been studied by Fuller and Castro , 

. 16 
and by Ste1n . Stein has shown that an infinite number of designs exist 

which use one lumped element to achieve a notch characteristic. However, 

practical considerations limit interest to the two designs shown in 

Figure 9. 

The limitations of the thin film technology usually rule out 

those solutions involving inductance or negative resistance. Other 

notches can be produced using only res istive or capacitive lumped elements. 

These designs produce notches which occur at higher frequencies but they 

do not exhibit any advantages over the two basic designs in Figure 9 . 

The decision to use the resistive notch circuit in preference to 

the capacitive equivalent was influenced by several facto.rs. Generally 

it is good engineering to use resistors where possible and avoid the use 

of capacitors, which are more costly to manufacture, may be less reliable 

and are more difficult to manufacture to a close tolerance. A secondary 

advantage of this design is that simply by varying the distributed 

capacitance of the URC, the notch frequency could be tuned through a band 

of frequencies and still maintain the optimum notch condition. Using 

Mytar-Telede ltos models the capacitance can be changed by varying the 

pressure holding the structure togethe r . 

For a mathematical treatment of the analysis of the resistive 

notch filter it is convenient to use the z -parameters because the URC 

element and the notch r esistor are in series-series connection . The z-

matrix of the composite network is obtained by surruning the z matrices of 

http:facto.rs


TI Equivalent of URC T Equivalent of URC 

..L'I()- Y2 

Yl Yl 

- 1' 
""' Where Za = (zll - z21) 
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Y2 = -y = -y21
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the ' URC and the notch resistor, to yield 

(_Z coth(yL) + R ) ( Z cs ch ( y L) + R ) 
o 	 n o · n 

(3.30)Iz .. J = lJ 
(Z coth(yL) + R ) 

o 	 n 

The open loop transfer funct i on is obtained from the z parameters as 

follows: Substituting I 2 = 0 into matrix equation (3.19) yields 

= 	 (3.31) 

= 	 (3.32) 

Hence the transfer funct i on T(s) may be defined 

T (s) = (3.33)= 

Combining equations (3.30) and (3.33) to obtain 

Z + R sinh (yL)
o nT(s) = 	 (3.34 )Z cosh(yL) + R s inh(yL)

o 	 n 

In order to specify the condition for optimum notch (optimum in the sense 

of zero transmission) it is necessary to solve equation (3.3 4) for R 
n 

such that T(s) = (0, jO). The solution of this trancendental equation 

i s an exercise in al gebra and numerical methods which is tedious and 

contributes little to the 	physical understandi ng of the network , so only 

12
the results will be quoted . As stated earl i er, the solution is not 

unique; however, the solution which is of practical importance is defined 
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by equations (3.35) and (3.36). 

Notch parameter a = r L/R· o n 
(3.35) 

(For optimum notch depth an= 17. 78) 

Angular frequency of notch w = ll.19w (3.36)n o 

The voltage transfer function for the notch filter was evaluated for different 

values of notch resistance. Had this been the only circuit of interest, 

the response could have been evaluated directly from equation (3.34) 

using a digital computer. As many distributed circuits would have to be 

analysed, a more flexible computation system was required such that a 

change in circuit configuration could be easily accommodated and not 

necessitate drastic modifications to the analysis program. The solution 

was to develop a strategy based on t he use of a comprehensive set of sub

routines and two port network theory. The subroutines define the t wo 

port parameters for each circuit element, and perform all the operations 

of matrix algebra. With such a scheme a change in the configuration of 

the circuit would result in only minor changes in the program which calls 

the subroutines. A flow chart for the calculation of the transfer function 

of the notch filter is shown in' Figure 10. 

The phase and amplitude characteristics of the filter are shown 

in Figures 12 and 13. The phase rises s teeply in the ran ge of frequenci es 

straddling t he notch when the notch parameter a is less than optimum 

[i .e., a< 17.786), and the phase falls steeply when the notch parameter 

is equal or greater than the optimum value . This feature is of more than 

just academic interest. The stability of a circuit using a notch network 
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as a feedback element is controlled by the phase and amplitude character

istics of the null network. This will be discussed in greater detail in 

Chapter IV. The polar plot of the notch filter response is shown in 

Figure 14. 

3.4 URC Notch Filter (Physical E.xplanation) 

A physical appreciation of the operation of the distributed notch 

network can be gained by studying the phasor relationships of the voltages 

across the input and output of the URC and t he voltage developed across 

the notch resistor (Figure 11). 

A signal applied at the input of the URC will propagate alon g 

the structure to the output where it will be reflected back towards t he 

input. Because the structure is very lossy the reflected wave has 

negligible amplitude when it reaches the input. Consequently, the 

impedance when 'looking ' in the input of the URC is essentially Z t he 
0 

characteristic impedance of the line. 

Because the URC and the notch resistor are connected in series 

the current makes an appropri ate reference phasor. v3 i s the voltage 

developed across the notch r esistor and is in phase with the input current 

I. and has a magnitude v3 = I.R . v1, the voltage developed across the 
1 1 n 

input of the URC, is defined by v1 = Z I.. The input i mpedance, Z , is 
0 1 0 

capacitive and r esisti ve and so the voltage l ags the current by 45°. The 

total voltage applied to the input V. is the vector sum of the voltage 
1 

across the input of the URC and across the notch resistor. Thus, 

vi = v1 + v3. 

The output of the URC s t r ucture v2 l ags V1 , and is attenuated by 

the losses. The notch filter output :is defined by the vector sum of the 
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vol~age across the output of the URC and voltage across the notch 

resistor. Thus, = + v3 , and it can be seen that for a transmissionV0 v2 

null v2 must be equal to v3 in magnitude but in phase opposition. For a 

17fuller treatment of this approach see Campbell who develops this 

physical interpretation to deduce the conditions for optimum notch. 



CHAPTER IV 


DISTRIBUTED NETWORKS AS FEEDBACK ELEMENTS 

4.0 	 Introduction 

A survey of the techniques that are available for the analysis of 

feedback systems is given and their ability to deal with distributed 

parame~er system discussed. The designs of t wo types of feedback oscil

lator and an active band-pass filter are presented. Bode plots are used 

. f h . . 25,26,27,28to ana1yse t h e operation o t ese circuits . 

4 .1 	 Analysis of Feedback Systems 

A feedback system is one in which some fraction of the output 

signal is combined with the input signal to modify the system response. 

The block schematic diagram representing a single loop feedback system 

is presented in Figure 15 where H(s) is the transfer function of the feed

back network, and G(s) the amplifier transfer function. The closed loop 

response of this system is described by equation (4.0). 

· Closed Loop Response 

v 
G(s)~ (s) = 	 (4.0)v. 1 + GH(s)

i 

Several assumptions are implicit in equation (4.0). These are: 

(1) 	 Linear system, 

(2) 	 Unidirectional signal flow through amplifier and 

feedback path, 

(3) 	 There are no loading efforts when the networks are 

(33) 
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connected together . 

Im unstable system is characterised by transients which grow 

exponentially with time and are associated with poles located in the 

right half of the complex frequency planes (R.H.P.). The poles of the 

closed loop system are defined by the zeros of the denominator of equation 

(4.0), i.e., the zeros of the characteristic equation and the poles of 

G(s) the amplifier response., 
Characteristic Equation 

1 + GH(s) = 0 ( 4 .1) 

Since the amplifier itself is usually stable the closed loop response will 

only be stable if the characteristic equation does not possess zeros in 

the R.H.P. 

All the analysis techniques which will be discussed involve an 

investigation of the location of the roots of the characteristic equation. 

The Classical Approach and Root Locus methods involve finding 

the exact location of these roots, while Routh Hurwitz, Bode, and Nyquist 

methods involve defining the region within which the roots are located. 

The Classical Approach involves factorizing the characteristic 

equation to locate the zeros, and is so mathematically tedious that it is 

unattractive even for the analysis of simple lumped parameter systems. 

The method is nothing but an algebraic endurance test and does not afford 

the user with any appreciation of the physical operation of the system. 

In most practical situations the coefficients of the characteristic 

equation are not directly available so this method is difficult to apply. 
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I 
' 

The Root Locus method presents the user with the additional 

physical insight necessary to devise system modifications, should these 

be required. But the infinity of poles associated with hyperbolic 

ftmctions makes it difficult to apply these methods to distributed para

meter systems. Several researchers have developed Root Locus techniques 

for distributed systems but this approach will not be prosecuted as more 

convenient alternatives exist 3 . 

The Routh Hurwitz criterion is an algebraic procedure to test 

system stability. It is performed by examining the coefficients of the 

characteristic equation without actually havin g to find the roots of t he 

equation; otherwise, this system suffers from most of the short comings 

associated with the Classical Approach. 

The Nyquist method is a graphical procedure for stability analysis, 

based on a plot of the open loop ste ady state sinusoidal system respons e 

in the complex plane 'T'. A derivation of the Nyquist stability criteri a 

is based on the Complex Variable theory and can be stated thus: 

"A feedback system is STABLE, only if its open loop 

transfer locus does not pass through the (-1, 0) 

point and the number of anticlockwise encirclements 

of this point equals t he number of poles of the open 

loop response which are located in R.H. P." 

The networks which will be discussed have stable open loop r esponses so 

that the Nyquist criteria may be restated: 

"A feedback system will be stable if the open loop 

response is stable and if the transfer locus does 

not encircle or pass through the point (-1, 0) in 

the complex plane 'T'. 
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The plot of the open loop trans fer locus in the complex 'T' plane is 

called the Nyquist Diagram. The Nyquist method offers several advantages 

over the Cl assical Approach, Routh Hurwitz and Root Locus methods in that 

it does not require a knowledge of the coefficients of the characteristic 

equation. The Nyquist plot can be obtained experimentally and the open 

loop response of a distributed system can be measured just as easily as 

a lumped system. The Nyquist method also yields information about the 

relative stability (or instability) of a system. 

One inadequacy of the Nyquist method should be considered. To 

obtain the Nyquist diagram interest has been narrowed from the entire 

complex frequency s plane to the s = jw axis. Consequently this method 

automatically discards important information about the transient response 

of the closed loop system, and is in sharp contrast with the Root Locus 

method which by searching the entire s plane simultaneously yields in

f ormation about both,the steady state and transient responses. 

Bode plots are an alternative means of presenting the phase and 

amplitude information of the Nyquis t diagram. This method is adopted 

because the netwirk analyser used to measure the open loop transfer 

function uses Bode format to display the system response. Should com

pensation be necessary it is generally easier to interpret Bode diagrams, 

than work directly with the Nyqui st plots . If the open loop response is 

stable the closed loop system will be unstab l e if at any f requency the 

net phase shift of the open loop response is zero (or integral multiples 

of 360°) and the net loop gain is greater than 0 dB. 
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4.2 Feedback Oscillators 

The application of fee dback to an amplifier may induce oscillation. 

The Barkhausen criteria for oscillation require that the total loop phase 

shift be zero (or an integral multiple of 2IT radians) and the voltage 

gain of the loop be unity, 0 dB. 

4.2.1 Phase Shift Oscillators : 

A phase shift network which will introduce - IT radians of phase 

shift (or ~2n - l)IT radians) can be used to convert a wide band amplifier 

into an oscillator. For oscillations to be sustained,the amplifier gain 

should exactly compensate for the losses of the feedback network : (see 

Figure 16). 

The frequencies at which the URC low-pass filter introduces a 

ph ase shift of - IT radians or -(2n - l)IT radians, are defined by the 

. 20expression 

(4. 2)= 

where n = 1,2,3,4, etc. 

Note that there an infinite number of oscillation modes designated by 

the integer index n. However, the oscillation of practical interest is 

defined by n = 1. For oscillations to be sustained the amplifier gain 

should be sufficient to compensate for the losses of the feedback network . 

From Figures 6 and 7, it can be seen that the URC phase shift network 

introduces an attenuation of 22 dB at the frequency ' associated with the 

phase shift of -IT radians. Conventionally a 3 section lumped RC network 

is used to obtain the -IT radians of phase shift. This network introduces 
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29 dB attenuation to achieve this phase shift. By reducing the number 

of components required,the URC feedback network not only results in 

cheaper and more reliable designs,but the amplifier gain requirements 

have been reduced from 29 dB to 22 dB. Even further improvement could 

accrue from the use of exponentially tapered structures which could pro

vide II radi ans of phase shift with even less attenuation 18 . In this 

simplified analysis terminal phase shifts and loading effects have been 

neglected. 

4.2.2 Frequency Stability: 

Frequency stability is an important design consideration i n many 

oscillator applications. Frequency deviations are attributable to 

fluctuations in the system phase and amplitude characteristics or to 

changes in the load to which the oscillator is coupled. For good fre

quency stability the slope of the open loop transfer function should be 

as steep as possible in the region of the oscillation frequency. The 

steeper the phase and amplitude characteristic, the smaller will be the 

frequency deviation necessary to compensate for these undesirable 

fluctuations. 

In considering this problem, Happ and Castro 4 compared the 

responses of the URC network with the conventional 3-section RC filter> 

and ~howed that in the region of frequencies associated with 180° phase 

shift,the URC network exhibited a much steeper phase and amplitude 

characteristic. Thus better frequency stability should accrue from the 

use of the URC phase-shift network. 
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4.2.3 Spectral Purity: 

There are two different aspects to this problem. If the loop 

gain were sufficiently high the URC phase oscillator could support a 

multitude of oscillation modes, each mode being associated with an extra 

360° phase shift in the URC. These modes are not generated by system 

non-linearities. The frequencies of these extra modes are not harmon

ically related. They depend on the URC phase characteristic. 

Fortunately the problem of multi-mode oscillation is unlikely to 

arise in practice as an excessive amount of gain is necessary to support 

even the lowest of these higher order modes. The gain of 22 dB necessary 

to sustain the fundamental oscillation is to be contrasted with a gain 

of 76 dB that would be necessary to support the next mode. 

Multi-mode behaviour cannot exist if a 3-section RC phase shift 

network is used, as the maximum phase of this network is limited to 270° . 

If the amplifier is perfectly linear and if the loop gain is 

greater than unity the amplitude of the oscillation will grow exponentially 

with time. In practice the amplitude does not increase indefinitely, but 

will be bounded by system non-linearities and amplifier saturation effects. 

It is these system non-linearities which generate harmonics and degrade 

the waveform purity. 

To achieve good spectral purity the amplifier should be designed 

with stabilizing ne~works to automatically restrict the signal amplitude 

and avoid hard limiting. Further improvement should result from exploit 

ation of the low-pass filter action of the phase shift network. The 

oscillator signal should be derived after it has passed through the phase 

shift network rather than directly from the amplifier output . Though the 
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improved high frequency rejection of the URC should result in lower 

harmonic conten~ a rigorous comparison of distributed and lumped component 

oscillators would be difficult, as it would be necessary to incorporate 

phase as well as amplitude effects into the analysis. 

4.2.4 Amplitude Stability: 

The os:.:illator output power level will be susceptible to any 

fluctuations in system parameters. Because they utilize similar design 

configurations1 both the URC and lumped RC phase shift oscillators should 

be effected in a similar manner. The problem of minimising this i nstab

ility requires careful selection of system components and careful amplifier 

design / and is beyond the scope of this thesis. 

Loading is another factor influencing oscillator signal level. 

Because of the similarity in impedance levels of the discrete RC and 

distributed RC phase shift networks 1both oscillator designs should show 

similar loading effects. 

In situations where amplitude stability is important,the 

oscillator should be isolated from the load by a buffer amplifier. 

4.2.5 Notch Oscillator: 

As explained earlier, the frequency stability is controlled by 

the steepness of the open-loop transfer function. By exploiting the very 

steep phase response associated with the distributed notch f i lter it 

should be possible to obtain a very stable oscillator. This design was 

first proposed by Kaufman 10 

At both low frequencies and high frequencies,the notch f ilter 

introduces negligible attenuation and phase shift,and so large amounts 
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of negative feedback are applied to the amplifier. Near the notch 

frequency the amount of attenuation is greatly reduced and the phasing of 

this feedback will depend on the value of notch parameter. For positive 

feedback it is necessary for the notch filter to introduce 180° phase 

shift to the open loop response. To achieve this the value of notch 

parameter a should not be less than the optimum value. Oscillations will 

then be sustained if the gain of the amplifier is adequate to compensate 

for the transmission losses in the feedback network (see Figure 17). 

4.3 Notch Band-Pass Filter 

4.3.1 Introduction: 

One form of band-pass filter could be obtained by using a notch 

oscillator which has had the gain of the amplifier reduced so that the 

loop gain is inadequate to sustain oscillation. However, this would be 

poor engineering as the use of positive feedback increases the system 

noise and the sensitivity of the circuit to parameter changes. In order 

to prevent positive feedback from being applied to the amplifier the 

notch parameters should be constrained to be less than optimum, ie a < a 
n 

(so that the phase shift of the notch filter is restricted between 

approximately ±90°). This can be seen by studying Figure 14. 

· 4.3.2 High-Q Band-Pass Filter (Ideal Analysis) : 

This analysis is based on the circuit shown in Figure 18. The 

amplifier characteristics are assumed to be ideal. Referring to the 

equivalent circuit in Figure 19 this implies 

z. -+ 00 

in 

z -+ 0
out 
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A + oo 

<I> + II 

The voltage transfer functions for the network can then be described by 

v 
0 = -A 	 ( 4. 3)v: 
1 

where the y parameters refer to the feedback network. Since the amplifier 

gain is very large equation (4.3) can be approximated by the expression 

v 
0 1 = 	 (4. 4)v-: 
1 

To understand the operation of this circuit~the nature of y12 should be 

considered in Figure 20. The t heoretical response defined by equation 

(4.4) has been evaluated and i s shown in Figure 21. 

4.3. 	 Analysis of Band-Pass Filter Incorporating Non -Ideal 
Amplifier Characteristics: 

In practise the assumptions implicit in the ideal analysis can

not be justified, because the gain and input impedance of the 'real' 

amplifier wi ll be finite. A m?re elaborate analysis was required which 

would incorporate the influences of the non-ideal amplifier character

istic on the active filter response. The amplifier was modelled by the 

equivalent circuit shown in Figure 19 and the analysis was based on 2

port network theory. It essentially involved determining the y para

meters for the notch filter and for the amplifier,and summing them to 

obtain the description of the closed loop response. The flow chart for 

this analysis program is shown in Figure 22. 



fi~ure 22 Flow Chart for th~ Pror: r an to CAlculatc the Response 
of the Act ive Filter using ~fotch Filter Feedback. 
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CHAPTER V 


URC LOW-PASS AND URC NOTCH FILTER 


CONSTRUCTION AND EVALUATION 


5.0 Introduction 

This Chapter is devoted to the practical details of construction 

and evaluation of the passive distributed filters. 

5.1 Design and Construction 

URC elements were constructed using ~eledeltos paper for the 

resistive layer, Mylar film as the insulator material and brass foil for 

the conducting plane, and were he ld clamped between two sheets of 1/4 

inch 'Perspex'. Using these materials the distributed parameter networks 

could be built quickly and cheaply and any design modifications (when 

they were required) usually involved nothing more drastic than the judi

cious application of a pair of scissors. These structures accurately 

model the behaviour of the evaporated thin film devices and because of 

the scaling involved (the Teledeltos-Mylar models are much lar ge r t han 

the equivalent thin film devices) are a much more convenient size to 

work with. 

. h . 23 d h b . .Vacuum coating tee niques were not employe for t e fa ricat1on 

of the URC e lements because these methods are time consuming, require 

considerable expertise and are rather inflexible in that any changes in 

the structure geometry (except layer thickness) would require the manu

facture of a new set of shadow masks -- a t ask in itself. 

(51) 
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Several factors were considered in the design of these structures. 

It was important for these networks to operate at frequencies commensurate 

with the (0. 3 - 32) MHz range of the automatic network analyser system 

used to experimentally evaluate their performance. The operating frequency 

is governed by the characteristic radiancy of the structure w0 , defined 

by equation (3. 28). If the width of t he structure is W and the length L 

then the distributed r esistance and capacitance per unit length are 

defined by equati ons (5. 0) and (5. 1) , where P is the sheet resi stivit y s 

of the Teledeltos (ohms/sq.), tis the thickness of dielectric ands t he 
r 

relative permittivity. 

p 
r = s (5. 0 ) 

0 w 

E E WL 
c = 0 r (5 .1)

0 t 

Substituting equations (5.0) and (5 . 1) into (3.28) yields an expression 

for w0 as a function of t he structure dimensions. 

w = t 
(5 . 2) 

0 
E E P L2 

o r s 

The de cision to use Mylar and Te l ede ltos pape r (chosen becaus e t hese 

materi al s were readi l y availab l e) automat i cally defined the val ues of 

s r and Ps so t hat the characteris t i c radiancy was pri mari l y control l ed 

by L the length of t he s tructure . The choi ce of t, the thickne s s of 

t he die l ectric , afforded some addi t i onal contr ol. I t should be noted 

t h at the characteris t ic radiancy w is i ndependent of the s t r uctur e 
0 

width W. 
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The choice of structure dimensions also governed the character-

i'stic impedance Z . When these distributed circuits are used as feedback 
0 

networks they load the amplifier, so the characteristic impedance should 

be made as high as possible. Unfortunately, high impedance levels make 

measurements more difficult by aggravating the loading effects of the 

signal sensing probes. The final design was a compromise between these 

conflicting requirements. Substituting equations (5.0) and (5.1) into 

(3.11) yields 

p t 
sz = (5. 3)

0 
e: e: w2 

o r 

Note that the characteristic impedance is primarily governed by the width 

of the stucture W, but the thickness of the dielectric film t, is another 

controlling factor. The characteristic impedance is not influenced by 

the length of the structure L. 

The accuracy to which these structures can be built is limited. 

Inaccuracies due to marking and cutting errors and due to stray capac

itances will be increased in designs with wide width-to-length ratios. 

As non -uniformity of distributed capacitance is largely attributed to the 

inability to apply uniform pressure to the structur~ the layout of the 

URC was designed to be compact and occupy as small an area as possible. 

All these factors indicated that the structure should be square, i.e., 

the width and length should be t he same. 

It was necessary to use a resiliant pad between the Perspex and 

the Teledeltos to ensure that the Teledeltos was held firmly against the 

Mylar to obtain a uniformly distributed capacitance. Ordinary foam backed 

household place mats were ideal for this purpose. Eccobond solder (type 
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Figure 23 Photograph of URC constructed from Mylar 
film and Teledeltos paper. 
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#56C) was used to obtain low contact resistance between the Teledeltos 

paper and the brass foil equipotential strips. Thick copper strips were 

used to obtain low impedance connections between the URC conducting plane 

and the BNC connectors. For the final design the length and width of the 

structure were chosen to be 4 .6 ems and 3/1000" Mylar was used, yielding 

a theoretically predicted notch at 1.4 MHz. A photograph of the actual 

structure is shown in Figure 23. 

Initially miniature carbon potentiometers were used to obtain the 

required value of notch resistance,but they were unsatisfactory as they 

were difficult to adjust to the precision necessary to achieve a deep 

notch. Another problem associated with the use of these components was 

how to maintain the optimum condition once it had been achieved. Attempts 

to seal the potentiometers in wax were unsuccessful because the value of 

resistance was perturbed. The problem was finally overcome by usin g t wo 

or three fixed carbon resistors in parallel combination to synthesis the 

required values of notch resistance. 

5.2 Measurement of URC Parameters 

5.2.1 Capacitance: 

The dielectric properties of the Mylar and hence the distributed 

capacitance of the URC are frequency dependent. In order to compare the 

theoretically predicted notch frequency with the measured value,the dis

tributed capacit ance should therefore be measured at the notch frequency . 

If the URC input terminals were connected to a capacitance bridge 

the values obtained would be a me asure of the effective capacitance 1 Ce ff 

associated with the reactive component of the input impedance, namely, 
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1 
= (5. 4)

2TifCeff 

Combining equation (5.0) with equation (3.20) yields an expression for 

effective capacitance as a function of frequency 1 equation (5.5) 

1 = (5. 5)2Tif I {Z coth yL}
m o 

The ratio of Cef/C0 L was then evaluated as a function of normali zed 

frequency (Figure 24). The ratio does not depend on the relative size 

of the distributed resistance and capacitance, only on the normalized 

frequency. At normalized frequencies much less than l,the ratio becomes 

l,so that the effective capacitance is equal to the total di stributed 

capacitance. At low frequencies the distributed resistance is insignifi

cant in comparison to the capacitive reactance of the structure. 

The distributed capacitance was measured by measuring the effect

ive capacitance Ceff of the input impedance at a frequency of 100 Hz. 

To correct for the change of capacitance with frequency a capacitor was 

constructed with similar geometry to the URC,but with the Teledeltos 

paper rep laced by a sheet of brass foi 1. A capacitance bridge, General 

Radio Type GR 1615A, was used to obtain the capacitance and dissipation 

measurements as a function of frequency. From Figure 25 it can be s een 

that there was a 5% decrease in capacitance over the frequency range 

lOOHz to 1 . OMHz . 

5.2.2 Dielectric Losses 

A nonideal capacitor may be represented by the equivalent circuit 

shown in Figure 27, where G represents the total leakage conductance 
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and R the effective dielectric loss parameter. The dissipation factor 
s 

Dfor the capacitor is defined by 

D = wR C (5. 6)s 

and is frequency dependent. Carson18 has investigated the influence of 

dielectric loss on the response of the network, as a function of the 

parameter B defined by 

R 
B = s (5. 7)

r L 
0 

The value of R was calculated from the dissipation factor (see
s 

equation (5.6)) and plotted as a function of frequency (Figure 26). At 

-2 -61 M-Iz, R was 1.10 ohms and B less than 5.10 so from Table 1 it can 
s 

be seen that the dielectric losses had negligible influence on the net

work response. 

B w /wn o a. n 

0 

10-4 

10-3 

10 - 2 

1.5 x 10 -2 

11 .190 

11.200 

11. 365 

13.791 

16.800 

17. 786 

17. 865 

18. 525 

29 .960 

48.700 

TABLE 1: Influence of Bon Notch Filter Characteristic 
18(After Carson ) 
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5.2.3 D.C. Leakage Conductance: 

The 	 influence of D.C. leakage conduction on the notch filter 

18 response has also been studied by Carson , who defines a parameter A 

such that 

A = Gr L (5. 8)
0 

where G is the total leakage conduction. He has shown that for A< 0.1 

the leakage effects are negligible. 

A digital multifunction meter, Hewlett Packard type H. P. 3450A, 

-9 was used to measure this leakage. The value of G = 5.10 ~~10S was 

-5obtained and this resulted in a value of 1 x 10 for A; hence leakage 

effects could be neglected as being insignificant. 

5.3 Open Circuit Voltage Transfer Function Measurements 

5.3.1 Introduction: 

An automatic network analyser system was used to obtain the 

filter characteristics experimentally. Sweep frequency techniques were 

particularly useful in locating the optimum notch condition. 

The block schematic diagram for the system is shown in Figure 28. 

It consists of a sweeping signal generator, Hewlett Packard HP 67SA, a 

phase/amplitude tracking detector, HP 676A, and two high impedance volt

age probes HP 1123A. In addition, a log-converter, Hewlett Packard 

7562A was used to obtain a logari thrnic frequency display on the 'scope. 

This was necessary for the Bode presentation of the filter characteristics . 

A photograph of the measurement ~stem is shown in Figure 29. 

It was found necessary to use slow sweep rates in order to obtain 

accurate measurements in the region of the null. 
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Using the logarithmic frequency display it was difficult to obtain 

good photographs of the oscilloscope traces because of the non-uniform 

progression of the 'spot' across the screen. 

5.3.2 URC Low-Pass Filter: 

The low-pass characteristic of the URC structure is shown in 

Figure 30. The presence of a spurious not.ch was detected at 16 MHz . This 

was due to the small but finite contact resistance to the bottom plate of 

the URC18 . This non ideal behaviour will have had some influence on the 

performance of the URC phase shift oscillator; the filtering action will 

be adversely effected. However, because this notch occurred at a very 

much higher frequency than the frequency of oscillation and because the 

attenuation was sti 11 better than 40 dB these effects should be negligible. 

5.3.3 URC Notch Filter: 

The notch filter characteristics for three different values of 

notch resistor are shown in Figures 31, 32, and 33. Figure 33 represents 

the deepest notch and is the nearest to the optimum notch condition. In 

the region of the notch the phase characteristic rises sharply indicating 

that the actual value of R was very slightly greater than the optimum
n 

value. The notch resistance R was 93~ . Using the measured values for 
n 

the distributed resistance and capacitance, the theoretical notch frequency 

was calculated. The notch frequency was measured using an electronic 

counter, Hewlett Packard Model 5216A. 
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Figure 29 	 Photograph of the Auto~atic Network Analyser 
used to obtain open-circuit volta~e transfer 
function measurements. 
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Notch Filter Parameters (Measured) 

Total distributed resistance r L 1.676 KQ
0 

Total distributed capacitance c L 850 pf
0 

Notch resistance R 	 93Q 
n 

Bandwidth 19 ,5 KHz 

Q Factor 	 63 

Theoretical Measured 

Notch Frequency 1.250 MHz 1.236 MHz 

Notch Parameter 17. 786 18.020 

TABLE 2: 	 Comparison of Measured and Theoretical 
Notch Characteri s tics 

The experimental results obtained show close agreement with 

theory and emphasise the suitability of Mylar Teledeltos models. 

The phase response of the filter (Figure 33) would indicate that 

the notch parameter a. was slightly less than 17 .78, the measured value 

of 18.02 can be explained by the error introduced into the measurement 

of the distributed resistance due to the presence of a finite contact 

resistance, the actual value of distributed resistance being sl i ghtly 

less than 1.676 KQ. (This also implies that the theoretical notch 

frequency should be higher.) 

The presence of some parasitic inductance in the notch impedance 

can explain the discrepancy between the measured and predicted notch 

. 19
frequencies 



CHAPTER VI 


CONSTRUCTION AND EVALUATION OF ACTIVE CIRCUITS 

6.0 Introduction 

This chapter is devoted to the practical aspects of the con

struction and evaluation of the distributed parameter feedback circuits. 

The method of experimentally determining the open loop response is 

described. The high frequency compensation necessary in order to obtain 

a stable band-pass characteristic, and the influence of the notch and 

amplifier parameters on the band-pass characteristic are considered. 

6.1 Open Loop Measurements 

6.1.1 	 Introduction: 

In order to determine the open loop response the output of the 

feedback network should be terminated with the impedance that it would 

'see' when the loop is closed. For the oscill ator circuits the open loop 

should be terminated with the amplifier input impedance, while for the 

band-pass circuit the loop should be terminated with the parallel com

bination of the amplifier input, and the signal generator impedance with 

the resistance R. . It was therefore necessary to know the amplifier 
. 1SO 

input impedance. Having correctly terminated the network the open loop 

response was obtained using the system shown in Figures 28 and 29 . 

6.1.2 	 Amplifier Input Impedance: 

A simple parallel combination of resistance r. and capacitance
in 

c. was 	 used to model the amplifier input impedance. In principal thein 

(69) 
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values of R. and C. could be found by comparing the voltage developed
in in 

across a known resistance (connected in series with the amplifier) with 

that across the input terminals of the amplifier (see Figure 34). In 

order to minimi ze the effects of loading, high impedance probes were 

required. However, as only one probe was available it was necessary to 

modify the technique because the phase information could not be obtained. 

Instead, the values of R. and C. were found by comparing the magnitudes
in in 

of the voltage across the known resistance and the anrplifier input at t wo 

different frequencies. 

Even though a high impedance probe (Tektronix P6045) was used, 

it still loaded the network at frequencies greater than 5 ~t!z . (This was 

detected by monitoring the output level of the amplifier ru1d observing 

the reduction in signal level when the probe was shunted across the input.) 

This loading was attributed to the shunt capacit ance of the probe 

which was of the same order of magnitude as t he capacitance across the 

amplifier input. The probe conductan ce was very much smaller than that 

of the amplifier and so had negligible effect. 

The experimental system used to measure t he input impedance is 

shown in Figure 35. Cp was the small 5 pf capacitor which was used to 

simulate the loading effects of the probe. To measure t he switch s1v1 

is connected to position 1 and the capacitor C is connected to the 
p 

amplifier input terminals. To measure v2 the switch s1 is connected to 

position 2 and the capacitor C is disconnected from the amplifier input . 
p 

The equivalent circuit for the system used to measure the ampli

fier input impedance is shown in Figure 34. By inspection, the ratio of 

v2 to vl is defined by 
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R.ln I 
(6. 0)= R.ln

R d +st 1 + jwR. (C + C. )ln p in 

At low frequencies this reduces to 

R.in 
= (6 .1)

R d + R.st in 

Hence R. may be found. Knowing R. , C. can be obtained by solving
in in in 

equation (6.0) knowing the ratio of the voltages measured at a higher 

frequency. 

Rstd was measured using a multifunction meter, Hewlett Packard 

HP 3450A. The values for the input impedance were found to be 

R. = 2. 25 Knin 

C. = 10 pfln 

The theoretical response associated with these values was evaluated as a 

function of f:requency and compared with experimental values, (Figure 36) 

and the close agreement confirms the validity of this simple equivalent 

circuit. 

6.1.3 Control of Loop Gain : 

To control the overall level of gain in the loop a resistive 

potential dividernetwork was incorporated i n the amplifier input . (In 

adjusting the overall loop gain the potentiometer settin·g affect ed the 
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amplifier input impedance and so the open loop terminations had to be 

~djusted accordingly.) 

6.2 Oscillators 

6 .2 .1 URC Phase Shift Oscillator: 

The URC oscillator was set up with the loop gain adjusted to a 

large value to ensure oscillation. This use of excessive gain caused the 

amplifier to overload and so the oscillator output was of poor quality. 

The open loop response was measured and it was seen that the loop gain 

was 15 dB in excess of the value required to sustain oscillation (Figure 

37) . 

· In order to check the validity and accuracy of the Bode stability 

analysis the circuit was connected in closed loop and the amplifier gain 

was progressively reduced until there was just sufficient gain to sustain 

oscillation. The open loop response associated with this condition may 

be seen in Figure 38. Note that at the frequency at which the loop phase 

shift is zero the loop gain has fallen to 0 dB just as expected. 

This was the limiting case so that the gain was increased by 

several dB before the loop was closed and the oscillator was subjected 

t o further tests. 

The oscillator wave forms derived at the amplifier output and 

after filtering by the phase-shift network may be seen in Figure 39. 

Note the pre~nce of distortion due to amplifier non linearity which was 

effectively removed by the filtering action of the URC. The frequency 

of oscillat ion was measured using an electronic cotmter (Hewlett Packard 

5216A) and found to be 1.008 MHz . This is in contrast to the value of 
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2.d Mfz predicted by equation (4.3). The large discrepancy is primarily 

due to the amplifier phase shift which at 1 ~n-Iz had fallen to 115°. 

From Figure 7 it can be seen that the URC has a phase shift of 

-115° at a normalized frequency of w/w = 9.9. This value would predict
0 

an oscillation at 1.1 MHz. The small difference between this and the 

experimental value is due to excessive amplifier gain which will create 

a reduction in the frequency of oscillation. 

The spectrum analysis system shown in Figure 43 was used to obtain 

an indication of the short term oscillator frequency stability. The 

spectrum analyser required an external V.F.O. signal and this was obtained 

from the Hewlett Packard HP 8601A signal generator. An indication of the 

residual F.M. of the oscillator output was obtained by using a relatively 

long exposure (30 seconds) when photographing the display from the spect

rum analyser. The presence of any residual F.M. on the V.F.O. signal 

would con tribute to the apparent residual F.M. of the oscillator under 

test so the V.F.O. should have good frequency stability. The V.F.O. 

signal was specified to have less than 50 Hz residual F. M. and the spect

rum analyser output associated with this signal has been included for 

comparison purposes. 

6.2.2 URC Notch Oscillator: 

The URC notch f ilter was adjus ted for maximum notch depth and with 

a~ 17.786 so that the phase r esponse fe ll f rom 0° through -1 80° t o -360°. 

The feedback path was then closed and the amplifier gain increased until 

oscillation was sustained. The open loop re sponse of t he system is shown 

in Figure 40. In Figure 41 an expanded frequency scale h as been used to 
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display the response in the region of the notch. It can be seen that 

the frequency of oscillation is not located in the region where the open 

loop phase response has the maximum steepness, but due to loss of amplifier 

phase shift the oscillation occurred at a lower frequency. Even so, 

Figure 42 shows that the residual F.M. associated with this design is an 

improvement over that of the URC phase shift oscillator. If frequency 

stability were a crutial design consideration amplifier phase compensation 

could be employed to counteract the loss of amplifier phase shift and 

insure operation in the region's steepest phase. 

The oscillator waveform is shown in Figure 39. It is highly 

distorted by the presence of high frequency components (due to the non

ideal phase shift of the amplifier). Considerable improvement in spectral 

purity could have been achieved by using a low-pass filter to couple the 

oscillator to the load. This idea was not developed as the main object 

of the research was to design a stable band-pass amplifier. A study of 

the notch oscillator was only important in that it provided insight and 

understanding of the operation of the band-pass active filter, which also 

employed notch filter feedback. 

6.3 Active Band-Pass Filter 

6.3.1 Amplifier Compensation: 

Initial attempts to set up the circuit in Figure 18 to obtain a 

band-pass filter characteristic were unsuccessful. The circuit was un

stable and oscillated at high frequencies. 

High frequency compensation was required to pull the system loop 

gain to 0 dB before the loop phase shift had fallen to 0 degrees. The 
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wide band amplifier that was used for these experiments had been desi gned 

9and tested by Mr . John Wragg and it was he who implemented the necessary 

h.f. compensation. 

The compensation was designed to reduce the amplifier gain at 

high frequencies. Figure 44 shows the relative gain of the amplifier 

under various degrees of compensation. The influence of this compensation 

on the system open loop response may be seen in Figures 45, 46, and 47. 

Only the system characterised by the response (shown in Figure 47) is 

stable. 

It was possible by using excessive compensation to induce oscil

lation in the region of the notch frequency. This is difficult to under

stand if only the amplitude response is considered. However, compensation 

also modifies the system phase response; it causes a reduction in the 

loop phase shi ft, and when large amounts of compensation were employed 

the system phase shift fell to zero at the notch frequency and oscillation 

occurred. The circuit oscillated even though a< 17.78 because the actual 

amplifier phase shift instead of being 180° had fallen to about 100 

degrees at the notch frequency , resulting in zero .phase shif~ round the 

loop (Figure 48). 

6.3.2 Notch Parameter a : 

The nature of the closed loop response is critical l y dependent 

on the value of the notch parameter because of its influence of the loop 

phase response. It has earlier been shown that the choice of notch para

meter a~ 17.786 produces positive feedback at the notch frequency and 

this feature was exploited in the design of the URC notch oscillator: By 

limiting the loop gain so that oscillation is not sustained , a form of 
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band-pass characteristic is obtained. However, this design represents 

poor engineering practise as positive feedback is associated with prob

lems of noise and parameter sensitivity. 

Positive feedback can be avoided by restricting a < 17.786 which 

constrains the notch filter phase shift to lie between approximately ±90°. 

In this discussion the phase shift of the amplifier has been assumed to 

be ideal (i.e., ¢ = 180°), ·but any loss of amplifier phase will tend to 

create positive feedback even though a < 17.786. The influence of the 

amplifier phase shift on the closed loop characteristic wi l l be discussed 

later. 

6.3.3 	 Isolating Resistance Riso= 

This resistance serves t wo functions. It is necessary for the 

application of feedback, and it prevents the low impedance of the signal gene r 

'!~or from loading the output of the URC notch filter by shunting the 

amplifier input impedance. RlSO was chosen to be 10 KQ, but the actual 

value used was not critical. 

6.3.4 	 Non-Ideal Amplifier: 

The frequency response of the active band-pass filter is 

influenced by the characteristics of the amplifier. 

The influence of the amplifier input impedance and output 

impedance was not critical. The input impedance of the amplifier loads 

the URC notch filter, and since reason ab le trans fer characteristics were 

obtained when t he notch filter was terminated in SOQ, the actual i mpedance 

of 2.25 KQ shunted with 10 pf introduced negligible loading at the 

frequencies associated with the notch. 
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Ideally, the amplifier output impedance should be as small as 

possible. An amplifier with high output impedance used to drive a low 

impedance load would result in a loss of effective gain. The amplifier 

output impedance was measured to be 12 Q and as the input impedance of 

the notch filter even at hi gh frequencies was greater than that of the 

notch resistance (R ~ 90 Q) this introduced negligible amplifier loading. 
n ' 

The closed loop response was profoundly effected by the amplifier 

gain and phase shift. The influence of gain on the band-pass character

istic was investigated experimentally (see Figures 49, SO, and Sl) and 

the salient features are summari zed below (Tab le 3) . 

Amplifier Gain 
(at notch freq.) 

dB 

Centre Frequency 

MHz 

Mid Band 

dB 

Gain Q 

2S dB 0.912 MHz 10 dB 10 

3S dB 1.079 MHz 29 dB so 

40 dB 1.176 MHz 32 dB 102 

Notch Filters 1.236 - 63 

TABLE 3: 	 Influence of Amplifi er Gain on 

Filter Response (Experimental) 


Using an amplifier with 40 dB in the region of the notch it was 

possible to obtai n a Q-factor of 102. This is much hi gher than the value 

of 63 associated with t he notch filter itself, and this indi cates the 

presence of positive feedback. When the amplifier gain was reduced to 

3S dB positive feedback was still present even though the filter Q was 

,....... 
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les's than the measured Q for the notch. The positive feedback was due to 

loss of amplifier phase shift which at the frequencies of interest has 

fallen to 103°. The theoretical response of the filter was computed 

using the measured values for the notch filter and amplifier parameters, 

and the frequency response is shown (Figure 52), and should be compared 

with Figure 50, which is the oscillograph of the actual system response. 

The close agreement between theoretical and experimental results may be 

seen in Table 4. 

Predicted Measured 

Midband Frequency MHz 

Midband Gain dB 

1.168 

29 

1.079 

30 

TABLE 4: 	 Comparison of Measured and Predicted 
Band-Pass Response 

Had the amplifier phase shift been 180° the amplifier gain of 65 dB 

would have been required to produce a midband gain of 30 dB , confirming 

presence of positive feedback . The detailed specifications of the active 

filter are shown below. 

Band-Pass 	Amplifier Specifications 

Band-pass gain +30 dB (output open circuit) 

+25 dB (SOrl load) 

Centre F~equency 1.08 MHz 

Bandwidth 22 KHz 

Input Impedance (at 1.08 MHz) lOK 

Maximum input signal for linear operation 2DmV (3 dB compensation) 
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6.3.5 Cascaded Notch Feedback Elements: 

The bandwidth of the active filter could be increased by 

deliberately choosing the amplifier to have low gain, or by adjusting 

the value of notch resistance away from the optimum (deepest notch) 

condition. Unfortunately, both these approaches result in poor out-of

band rejection characteristics. 

The use of two notch filters with staggered frequencies and con

nected in series ,was investigated experimentally in an attempt to obtain 

increased bandwidth and still retain good out-of-band rejection24 This 

approach was unsuccessful. It was impossible to obtain a stable closed 

loop response. 

The Q of each notd1 filter was high so that the frequency 

separation of the not cil filters was small. As a good approximation, t he 

frequency separation can be neglected and the phase shift of the feed

back network is simply twice that due to a single notch filter (loading 

effects are neglected). Consequently, a low frequency oscillation ensues 

as the phase falls from 0° to -200° when the frequency is increased from 

zero the notch frequency. Note that it is possible to obtain a stable 

response using cascaded notch filters in the feedback path if the 

separation of the notch freque~cies is sufficiently large 24 



CHAPTER VII 


CONCLUSIONS AND REC0~~1ENDATIONS 

The frequency selective feedback provided by a distributed notch 

filter has been used to develop an active 1 MHz band-pass filter. The 

design is attractive for its engineering simplicity (the notch circuit 

consists of only t wo elements one lumped and one distributed) , and 

because high Q's (Q > SO) can be achieved without the need for i nductance. 

The filter characteristic is dependent on the value of the notch 

parameter ct and should be restricted to values of ct < 17. 786 in order to 

avoid positive feedback being applied in the region of the notch frequency. 

Positive feedback aggravates problems of noise, makes the filter response 

more sensitive to parameter variations and may cause instability. 

The influence of the amplifier parameters on the filter response 

has been investigated. Research has shown that the choice of amplifier 

input and output impe dances is not very critical but the amplifier gain 

and phase response requires careful consideration. The gain should be 

large to reduce parameter sensitivity and to achieve high Q, but should 

be considered in conjuncti~n with the phase response in order to avoid 

instability problems associated with the loss of amplifier phase shift 

at high frequencies. 

For convenience the distributed RC structures were constructed 

from Mylar film and Teledeltos paper, and the close agreement between 

predicted and measured filter characteristics emphasises t he validity 

of using these models to simulate the performance of evaporated thin 

(95) 
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film stnictures. 

The maximum usable Q is limited by the frequency stability of the 

filter. Frequency drift induced by system parameter fluctuations (part

icularly amplifier gain) results in large signal variations if the filter 

response has high selectivity (Q). The use of a voltage tunable notch 

filter in conjunction with corrective feedback should be investigated as 

a possible solution to the problem of drift. The notch frequency is a 

function of distributed capacitance so voltage tuning can be achieved by 

exploiting the C-V characteristic of a reversed biased p-n junction. 
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