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ABSTRACT 

Theoretical and experimenta l studies into practical 

filters using distributed RC structures are described. 

Various techn iques to sur~ount the transcendental nature 

o~ the ci rcuit parameter s of such structures are considered 

and sho;vn to ve :nostl y too cluinsy or restricted for 

practica t use. The use of computer - aided analysis 

toee ther with a sound physical understanding is suggested 

a s an alternative. 

Applic3tion of the struc tur es to active filters 

lS considered and the experimenta l d eve lope~en t of lowpass 

and bandpG.ss amplifiers using th e:11 described. This l eads 

to the presentat ion of a general design proc edure -for 

bandpass amp l. :i.fiers using di s tri bute d RC null circuits. 

It i s <~oncluded t hat distributed RC filters suffer 

fro m a number of limitations but have a par t to play as 

a circuit ele1oen t and are now ready to advan ce to the 

stage of prac -~ ica l i mplementation. 
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CHAPTER I 

Introduct ion 

I , I Integration T0chni~~£ 

A major developement in electrica l engineer ing dur ing 

the last decade ha s been the growth of integrated circuit 

concepts and applications. This trend is expected to continue. 

Advanteg~s co( 'Tlonly found are x·educed size, increased reliability 

nd eventual lower costs. These developements have led to the 

intr oduction ~f comp lex electronic systems that would not ha-e 

been considered feasible a decade ago. Examples are mini-

comput ers and auto-correlators for signal pr oces s i ng. 

The ter~ ~ Integra ted Circui t " has been applied to severa l 

types of st1ucture~ Th e greatest aJvances so far have been 

with ~ilicon monolithic circuits, which lend themselves to th e 
-

.se of large numbers of active elements for use in .gates or 

opera tional af plifiers. Absolut e resistor tolerances are 

generally low ~ In contras t r esistors and capacitors of very 

high pr ecision and stability can be formed using thin film 

technique s ~ while thick film circuits provide lower cost 

vers1ons . Other techniques such as MOS are also under 

developement. 

1. 



CHAPTER 1 

Introduction 

1.1 Integration Techniques 

A major developement in electrical engineering 

during the last decade has been the growth of inte ~rated 

circuit concepts and applications. This trend is expected 

to continue. Advantages co~~only found are reduced size, 

increased reliability and eventual lower costs. These 

developements have led to the introduction of complex 

electronic systems that would not have been considered 

feasible on a large scale a de cade ago. Examples are mini

computers and auto-correlators used for signal processing . 

The term " Inteera·:ted ~ircui t " has been applied 

to several types of structure. The grea test advances so 

far have been with sili con monolithi c circuits, which 

lend themselves to the use of large numbers of active 

elements for use in, for example, gates and operational 

amplifiers. Absolute res istor tolerances are generally 

low in this form. In contrast resistors and capacitors 

of very high precision anJ stability can be formed using 

thin fil~ techniques, while thick fil lli circuits provide 

1. 



lower cost vers~ons. Other techniques such as ~OS are 

also under developement. 

1.2 Thin Film Technology 

The term " Thin Filw " is used to designate 

techniques using films of resistive, conductin~ and 

insulating material ran gin~ roughly fro~ 80 R to 8,000 R 
. . . bl b 45 18 19 

th~ck depos~ted on some su~ta e su strate ' ' 

Deposition may be by vacuum evaporation, sputterin? or 

some other method. The area of film may be controlled 

2. 

by a mask during deposition or by photo-etching afterwards. 

Thickness may be monitored directly although the dependence 

of the re~istivity of a fiJm on its thickness ~s hi ghly 

complex. Conducting contacts and paths may be laid down 

to interconnect resistive and capacitive elements to form 

an electrical network. 

Thin films, usually requ~r~ng vacu~~ processes, 

are to be contrasted with " Thick Film '' circuits produced 

by a process essentially similar to silk screen printing . 

Discrete active devices, based on silicon mono-

lithic technology for instance, may be bonded onto a 

substrate with thin film components already deposited on 

it to form a hybrid thin filw integrated circuit. Such 

circuits find applications in military and aerospace 



systems; they ffiay shortly be applied to consuffier 

46 products 

1.3 Distributed RC Circuits 

A natural form for thir. film fabrication is the 

3. 

distributed RC element. This is built up in its si~plest 

form fro~ three layers of material, as shown in Fig, 1.1, 

which also shows its co~only accepted circuit sy~bol. 

Resistive and capacitive elements are so closely 

associated that the circuit must be considered an 

infinite cascade of infinitesimal elements, as shown ln 

Figure 1 . 2. This way be analysed to give a version of 

the standard trans~ission line equations:- 3 

dV(s,x) 
dx 

di(s,x) 

dx 

= ~r(x) I(s,x) 

= -sc ( x) V(s,x) 

This formulation assumes that serles inductance 

and shunt conductance are negligible, which ls reasonable. 

For uniform widths and thicknesses with isotropic 

materials the circuit is known as a Uniform Distributed 

RC network, or ~RC for short. Variations of taper will be 

considered later. The URC is a three terminal device and 
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Resistive layer 

Jielectric 
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Conducting Layer 

3 

1 - Vimensional Current Flow Contact 'Pads 

(b) 

( c) 

3 

PHYSICAL STRUCTURE AND CIR8UIT .s-r..mOL FOR A 

UNIFORM RC N:STV,'ORK 

Figure 1.1 
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Figure LA DISTRIBUTED RC NOTCH FILTER 



may be connected to form a two-port network in several 

ways, as indicated in Fi gure 1.3, which also indicates 

the corresponding responses. 

~ore complicated morphologies and topologies are 

possible. These have been extensively investi gated by 

Happ and others ( see section 2.3 ). By connecting an 

external resistor as in Figure 1.4 a phase and amplitude 

cancellat~ on can be arranged at the output for a 

particular frequency g iving a notch in t he transfer 

h . . . 1 5 1 8 ' 42 . .l h c aracterlstlcs, Flgure • • Slml ar note es may 

8. 

be obtain~ d in various ways as illustrated in Figure 1.6. 

The early workers in the field ( 1959 - 1952 Refs. 

1, 2, 5, 5, 7, 8, and 9 ) saw promise of the application 

of RC filters in the construction of oscillators, 

amplifiers and filters, pe~haps in conjunction with tte 

thin film transistors then under investigation. They 

were also attracted by the reduced number of interconnections 

among circuit elements required when using distributed 

circuits. 

1.4 Scope of this Thesis 

This thesis investigates the use of distributed 

RC circuits as filters both in isolation and also in 

relation to recent developements in active filters and 

integrated circuits. 
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~a) (b) 

( c ) (d) 

Figure l. 6 SOME RC ARRANGEI,;"SNTS GIVING NOTCH FILTERS 

( See Ref. 8, page 605 for more details. ) 
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CHAPTER 2 

Analytical Treatment 

2.1 Solution for uniform Tap8r 

It was pointed out in section I.3 that distributed 

structures must be analysed as a series of 

incremental networks as in Fig. 1.2 • Network analysis yields 

a version of the standard transmission line equations with 

series Land shunt G neglected.(see Eqn. ( I ) ) This assumes 

f or the sake of simplicity one-dimensional current flow. In 

practice it ~ay be necessary to extend the treatment for non

uniform structures using transformations or a curvilinear-square 

approach, see Oehler, Ref. 12 • 

For the Uniform RC, r
0 

and c
0 

the resistance and capacitance 

per unit length respectively are not functions of x so that 

Eqns. I may be differentiated~to glve :-

d2 v - ( sr
0

c
0 

)V = 0 

dx2 
-- 2.1 

and 

d2 I - ( sr c )I = 0 

dx2 0 0 -- 2.2 

These are second order linear homogeneous differential 

equations with solutions known to be :-
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1 3. 

v ( s,x ) = h 
v . v 

A I c o s . o x -t· A 2 s l. nh u x -~2.3 

--2 .. 4 

where '6 = J s r 
0 

c 
0 

and is referred to as the Propaga tion 

C:.S>.ns \Q:.£1 and may be split into parts 't = eX + j /J to 

repre sent the attenua tion and phase shi~t per unit leng th 

of line c Then (9 = '({ d applie s for a fixcJ length d of line o 

Another par ame t er of inter est is 

the Characteristic I mpcdan ce o 

Applying the boundary conditions of Fig. 1.2 to Eqns 2oi to 2.4 

and then applying the results to the chain matrix fo~mulat i on 

of Fig. 2.1 yields : - 3 

v ( s,q ) cosh 't d zo sinh '0 d v ( s,d ) 

= 
I ( s,O ) sinh 'I d cosh 't d -I ( s,d ) 

zo 

The other basic t wo- port parameters may either be obtained 

from this result or fro:u the equations by suitable manipulation. 

All the par ameters are non- rational and hyperbolic in form. 

Of part i cular interest 2s the open- circuit voltage trans~er 

f unction : -



Vo ut 
Yin- = 1 ' · 

cosh 8 d 
= l 

Cosh S 
3 

Now the transcendenta l co sh t erm ~ay be expanded : -

cosh e = l~l r + 49
2 J 

(2n- r )2 2 
n=I 1 

14 . 

Note that this g1.ves 1 / cosh S an infinity of poles along the 

negative real axis with all t he zeroes at infinity. It is this 

infinity of poles that is responsible for many of the 

characteristics of distributed RC circuitse 

The characteristics of URC's may readi ly be plottej 
I I3 

fro :n t he par atneters g1.ven a boveo For example Fig. 2. 3 shows 

the amplitude and the phase of the open-circuit 

voltage transfer functione The c~ulative effect of poles as 

the frequency 1.s increased can c learly be s een in both cu:r·ves. 

This mo;y also be seen in Fig. 2. 4 which compares the l o\';~ pass 

characterist ics of discrete and distr ibuted c ircuitso 
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2.2 Other Closed Form Solutions 

So far attention has been focused on uniform 

structures with r
0 

and c
0 

constant. It is possible to 

extend t~e treatment to cover exponential and linear 

16 

. 1 '1 4 tapers falr y readl y • After that the situation becomes 

1 . 11 h · 14 h h .. comp lcated. Ke y anc G ausl ave s own that lt ls 

possible ~ o define a class of networks having closed 

form solutions and similar pole-zero patterns. The class 

is shown to iuclude uniform, exponential, hyperbolic, 

square ana trigonometric tapers. The analysis is in 

each case basel on a common basic set of solutions, 

giving a class of networks with si~i lar immitance 

characteristic :3. ~lore general non-analytical methods 

for treating arbitrary non-uniform tapers will be 

discussed in SE ~ c tion 4 .1. 

In every case using the basic topolo~y of Fig. 1~1 

it will be found that there is an infinity of poles on 

the negative rEal axis with zeroes at infinity. This 

and other ,general analytical properties of RC transmission 

lines are glven in a full treatment by Protonotaries 

and Vling15 • 



17. 

2 ~ 3' Other Configurations 

So far attention has been focuseJ on circuits of the form 

shown 1n Fig. Ioi, which are the most readily analysed. Other 

a t ernatives are possible and may be grouped under various 

categories. r~1any of them have been investigated by Happ and 
. . 5 6 7 8 II 

assoc1ateso~ ' ~ ' 

Alternative ~~:?rJ2hologies o A 5- layer structure as in 
---,--.-

Figure 2o5 may be construc~ed and is the bas is of much of the 

work of Heizer and others in this field. (sce chap ter 3 ) 

Other alternatives are a radial tr nsm "ssion l ine 11 and an 

arrangement with a number of nodes capac itively coupled to a 
I7 common dis t:Pi buted res is ti ve lay ere 

Altet native Interconnec tions o The basic RC is a three 

terminal device and may be conne cted to make a t wo port J_n 

different ways as shown 1n Figg I.3o For a fiv e l ayer 

structure the situat ion 1s o.~.e complica ted as indicated 

in part in Figo 2.6 • 

Alte~native Geometrieso When both the abo ve have 
I -

be~n decided there still remains the problem of the par ticular 

geometry or taper to use .. Figure 2.7 indicates some 

possibilities among analytically definable shapeso 

I 
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See also Ref 6, page 458 for more details ) 
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2 . 4.I Introduction 

I t is possible to t aper the incremental resistance and 

ca paci tance of an RC structure acc ording to an exponential law 

giving an expo11rential RC , or ERC, as shown .ln fi gure 2o8 • It 

was mentionej in section 2 .2 that analyti ca l solutions are 

poss ible for s Qch circuits. Such a t reatment may be found 1n 
19 4 

Carson and Chirlian • This s ection presents an appi oach to 

t h8 physical understanding of t he effects of tEJpDb'. 

which 

or 

2.4.2 Analysis and Characteristics 

Exponential tapers ma;y be characterised by 

r ( x ) = r emx 
0 

c( x ) = c emx 
0 

g1.ves for a length A 

r( A ) == e mA 
r16 ) 

':'hi s factor mA 1.s often put 

mA = 2D 

and D 1s used as a parameter deterin ining the degree of taper. 

22. 
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D may be positive or negative depending on ihich port 1s ch osen 

a s t he input~ see figure 2.9. 

It is interesting th nt s ince 

= 

if W 1s t aken as the width of t he section wi th uniform l ayers then : 

Zo ( x= A ) 
z

0 
( x-·O ) 

= ---- = 
r ( 0) 

W( 0 ) 

W( /-- ) 
= = 

Thus D determines the r a tio of i mpedances at ea ch end of 

t he structure 9 which correspond to t he i nverse ratio of widths. 

The vnr1ous ch9.racterist ic s of exponential filters ( 'SHC'S ) 
4 

are obtained by a moiificati on of the ~ethod o£ section 2.1 • 

·They are presen ted i n figs 2.10 and 2.10. These curves show that 

a high posi tive valu e of D can g ive a sharper c ut-off~The r eas ons 

fo r thi s will be dis~ussed be low. 

Eke Not ch Fi lters 

An ERC may als o be used to construct a notch filter as for 

any RC. The ampliL.1de of the Voltage Transfer Function fo r 

var io us degrees oi' t 3. per is disployed in Figure 2.12 • At first 

glance it appears th.3t negative D values g ive a less selective 
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filter but close inspection will reveal a more complex 

me chan i sm. 

The notch lS formed by phase and a:npli tude c ancellation 
42 

as shown by Campbell. For " optinum notch " conditions the 

phase cancellation determines the shape in the notch vicinity & 

igure 2.12 shows similar shapes for the notch in this region 

f or all t apers. Ho~ever the low-pass amplitude characteristics 

Fi gure 2.10 show that for negative values of D significant 

attenuation occurs well before the frequency of the notch of 

Fi gure 2.12 is reached. 

It is therefore postulated that the apparent l ack of 

sensitivity for notch filters with negative values of D is 

merely a reflection of the curves of Figure 2.10. It remains 

to consider the mechanism behinJ the variations of Fig. 2.10. 

2.4 .4. Uodels For Tapered Structures 

Various ~odels of a distributeJ circuit are possible if 

the loading effects of adjacent sections are ignored. Figure 

2~13(a) shows the traditional l umped approxi::nation while Fie;ure 

2.13(b) shows a tapered structure represented by a cascade of 

uniform lines. The latter form has recently been treated 

rigoro usly by ~i/D lsh an,: :;lose~ 7 For our purpose each serrmen t 

may be considered a low-pass filter with frequency dependence 
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characterised by a " cut-off frequency " f • 

2.4.5 Physical Explanation 

The effect of taper is to vary the character

istic i k pedance of the transmission line and therefore 

the loading Nhi ch each succesive elemental Lowpass 

filter imposes on the previous one. This is shown ln 

Figure 2.14. It is surmised that this loading both 

increases the attenuation of each elemental filter and 

causes a lowering of " cut-off frequency " 

27 

This may be demonstrated for the lumped RC model 

as shown in Pigure 2.15. A passive non-inductive load 

will always increase the attenuation. If z1 is capacitive, 

as is the case, another j~ term is added to the jwRC 

already pres~nt giving a· lowered cut-off frequency. 

2.4.() Applications of Impedance Taperin~ 

The 1;ffec ts of taper on the frequency doillain 

transfer funetions have already been mentioned. There 

are two othe::- possible areas of application :-

(a) Loading or matching between a high and a 

low impedanc(? co;nbined with a l owpass filtering function. 

This might f: .. nd uses in active filter circuits. 

(b) Maximisation of the phase shift between two 

impedances for minimum loss. 28 K.K . Pang has shown that 
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for the distributed case an exponentially tapered 

line is optimum. 
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CHAPTER 3 

Transfer Function Synthesis 

3.1 Stateffient of the Problem 

The first stage in the treatment of a network lies 

~nits analysis and characterisation. The second ~s 

consideration of what synthesis procedures illay be used 

in order to achieve some desired result with the network. 

This result can normally for linear passive two-port 

networks be expressed as a transfer function. Interest 

in one-port characterisations usually stems from a 

desire to incorporate the results into a two-port 

synthesis procedure. 

rh traditional circuit theory transfer functions 

are specified and synthe s ised as ratios of polynomials 

in tre s-plane. Comprehensive synthesis techniques 

based on such rational functions have been developed3 • 

However these methods find theillselves at a loss when faced 

with distributed circuits. It was shown in Chapter 2 

that even when closed form solutions are possible, the 

parameters so obtained are transcendental in form. 

They may be expressed either in hyperbolic form or as 

infinite ser~es. 

31. 



32. 

Several methods have been proposed to surmount 

this problem, and these will now be examined in turn. 

Emphasis will be on the frequency domain but work has 

also been done in the time domain where the picture is 

. "1 li 1" 44 s1m1 ar ~n out ~ne 

3.2 Empiric~l Approximations 

A networ k approximating the Jesired response may 

be chosen on the basis of analytically derived response 

curves such a3 those given by W.W.Happ et al. S, 6 ' 7 and8 

Such sections may be cascaded. This is a use~ul 

approach, especially for yieldinr; an initial design 

prior to optimisation, but is essentially graphi cal and 

does not approach the general synthesis problem. 

Alterna ·: ively it is possible under some circumstances 

to use a dominant pole approximation to model the device 

( see Refs. 3 1 page267 , 4 pp 142, 408, Refs 14 and 16). 

Thi s is often done for a notch filter 3 • The neglected 

po l es can lead to instability problems if the C.evice is 

used in an active filter circuit. 

3.3 Positive - Real Transformations 

These alter the problem from a distributed one 1n 

the s-plane to · a lumped one in some transform plane. 

Wyndrum's method is based on the transform 



W = tanh .;;;;.c l 

for R =Total ser1es Resistance 

C =Total shunt Capacitance 

l = Section length 

g1.v1ng a lu:r;ped LC pr·oblem. ln the w plane • .l:'igure 3oi illustrates 

t h e comple te proce( ~ ure necessary~ 

2I 
0' Sh Ej a h a f> proposed an al terna ti ve transformation 

w = cosh ~ l 

\vhich g1.ves a lumpE ~ d RL network amenable to yoster ty pe 

re aliz a ti ons~ 

Yuch work has been done on one port, two portf active 

ad passive synthef;is using these transforms. ( see the survey 

r e ferenc es 3. J nd 4; ;,:os t ;nethods use RC' s that are uniform or 

h ove simple tapers . t_;ircuit topology becomes more co:nplicated 

with increased transfer function co:nplexity. Usunlly for each 

bc sic HG segment only one parameter is varie -:. and realizations 

c a n involve awkward crossovers. 

A more serious drav:back ls that the synthesis cannot 

pr oceed until the ~ ; -plane specification has been put in a 

pa rticular form sui. ted to the transform in use. Beyond that 

point tho ugh Jhe IDE ~ thods are exact. 

3.3 .I Lj _Jl j:_tations __ Q_~__!b:.~_E_lass ol' Realizable functions. 

The above methods are both based on simple :.istributed 

circuit building bJ. ocks of the type shown i n ~igr.r , usually 

with unifor:n or exponential taper. As ;r.entioneu i n Chapter 2 
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such structur~s have all the transmission zeros of the 

open-cir cuit vol taee transfer function a t i nfinity~ Wyndrur.1 

proposed the use o:L stubs and ladder sections, but zeros are 

then still confined to the negative real axi s . In O'Shea 's 

scheme zeros may be realized anywhere in the left - half 

s-plane but paralle l networks and lattice configura tions are 

requiredo The resulting network ~s often too complex for 

practical realizat : on . 

These limi t ations have led to the considera tion of 

other basi c e+emen t struc tures as building blocks for synthesis 

procedures . 

3.4 Rational Functions 

One line of approach t o surmount the tJ.:anscendental 

nature of the network parameters has been to find some combina tion 

of taper and ~truc ture that yields a rational characterisa tion. 
22, 23 

Heizer has s tarted with the structure shown in Figure 3.2 

He has shown that by using certain Fourier series for the 

capacitance and conductance tapers all the Y parame ters can be 

r a tional. Two degr ees of freedom are available to determine 

t he pole positions and complex zeroes are possible ~ Physical 

construction of the resulting circuit can be very difficult. 
52 , 53 , 54 

A number of workers have used He izer ' s work as the basis 

for active network synthesis schemes . In general the arrangements 

are elaborate and .: t is necessary to contend with normal 

proble~s of sensit ~vity. 
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He i zer's !original work has been generalised by ~wang and 

Duesterhoeft 25 • Tr .ey have been able to obtain , 1n theory, 

poles anywhere 1n tt.e left - half plane with rational functions. 

Heizer himself has extended his original work to a consideration 

of two-dimensional f 'low in a structure with shaped electrodes. 24 

Ne i ther of these is as general as the work of Walsh and Close 

de ailed below. 

3.5 Variable Taper ~ethods 

So far sche~es have been considered in which fairly simple 

basic distributed elements have been interconnected in a network 

to synthesise some transfer function. Usually only one or two 

degrees of freetiom are assigned to each element. This does not 

exploit the full potential of d}ffering topologies and arbitary 

tapers. The restrictions have mainly stemmed from a desire to 

con tinue using rational s-plane methods even though they are not 

naturally applicable. 

Rohrer, Resh and Hoyt 26 broke new ground in devisin~ an 
I 

iterative computer program to adjust the taper of a single 

structure to mihimise the le~st squares error between the 

specified and actual responses. This approach will be further 

investiga ted in Chapter 4 . For now it is necessary to note that 

all the zeros lie at infinity and so its generality 1s limited. 
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This point lad Walsh and Close27 , 33 to consider multilayer 

structures of the type previously used by Heizer. A modification 

of Heizer's struct1re is used by them to realise any transfer 

funct.ion haviJilg di.3tinct poles limited to the negative real axis 

1.e. any lumped RC - realizable function. The problem is treated 

in two parts. Fir:3t the resistive taper is found by means of an 

iterative schJ me to realize the required poles. ':'hen the 

capacitive taper 1:3 adjusted to give a rational transfer function 

with the speci f ied zeros. ~odifications are then made to allow 

construction with tlniform layers and homogeneous material. 

Walsh has programmed the procedure completely on a 

digital computer which provides a print out of the geometrical 

dimensions require(, for any given transfer function . The 

resulting circuits have the same basic topology. The experimental 

results, with teleceltos paper/ filters, suggest that a '' taper " 

consisting of twenty steps along the length of the transmission 

l · ne is sufficiently close for the realization of an eighth 

order transfer function. 

It would seem that this work represents the answer to tr.e 

problem posed, that of synthesising rational transfer function 

specifications using RC's. The method would lend itself to 

a tomated thin film production. The computer output could 

be linked to a mask cutting or photo - printing setup used to 
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de lineate the topology of a st andard basic thin film circuit. 

Two extensions would be necessary to the method for this to be 

practical ; a t wo dimensional curvilinear squares program and 

some sort of sensi ti vi ty study to determine 'i'vha t order of 

complexity of transfer function could be synthesised with g iven 

production toleran~es. 

This work Wds not undertaken for this proeram, mainly 

because interest s hifted away from any consideration of 

rational s - plane specifications for reasons that will be 

examined ~n Chapte r 4. 



CHAPT2R 4 

!EQlication l)f Computer-Aided Desig!l Techniques 

4.1 Goals 

In Chap ter 3 i '~ was shown that even for a uniform thre e 

lay r RC t he network para;neters ar e i [, transcenden t al form. It 

was also poin t ed oJt that no general analytical solution exists 

for arbitary tapers . These facts led to grave difficulties ln 

using traditi ona l network synthesis rLe thoJ s with RC s . --::wo further 

c;ue s t i ons may be posed which also cannot be ansv;ered by trad itiona l 
I 

rr,e t hods :-

Ql Vlh a t i[ ~ the r ange of ne t work frequency respons e 

type s obtainable f or a si L1ple 3-layer R2 struc t ur e 

i ~ arb ' t ary tapers within reas onable max/ min ratios 

are al lm?ed ? 

Q2 ~hat t a per i s required for an opti mum Low Pass filter 

respon E.e fro :n such a structure ? 

The se ques tionE. :nay be appro a ched through empirical 

c omputer analysis of the effects of various tapers . An intuitive 

fee l for t he scope ar d behavio J r of th e circuits may be built up, 

ans :ering c;ues tion 1. This informa tion ffiay then be us ed as the basis 

for a g uess at a sterting point for a co :nputer opti~ i sation 

proer ax to answer question 2 . 

40. 
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This is a process familiar in the field of Computer-Aided 

Design. It is founj generally that an optimisation algorithm 

s tarting fro ;:n scratch v;ill not produce as good a result as an 

e xperienced engineer using in t uition and analysis. Howe ver if 

fed a starting point design based on the engineer ' s work the 

algorithm will aft er be able to show an appreciable 

improve;:nent . 

4 . 2 Characteris a tion of a TIRe 

In section 2.1 a treatment was glven for an RC with uniform 

resistanc e and capacitance per unit length . The chain matrix 

characterisation waE given 

A B Cosh 't d Z Sinh 'o'd 
0 

= 
(' D Sinh 'I d Cosh¥ d 
v 

zo 

This matFiz uniquely deterr;:;ine s the two-port behaviour of the 

URC given t\'.'O l?aram r~ ters, Z
0 

and Y d ( d = leng th of s true ture ) , 

define.:!. by : -

Thus the :.me hns t wo degrees of freedo~n available. 



Ilowever 1n terms of a physical structure there are at 

l~ast six paramete~3 that might be specified :-

(a ) Leng;th oi' se c tion = d 

( b ) Width of section = W 

(c ) Thickness of resistive layer = tr 

(d ) Thickness of dielectric 

(e) Dulk resistivity = k 

(f) Dielectric 8onstant = £ 

<12. 

Relations between some of these, such as t and k cannot be 
r 

defined for evaporated thin fil:n structures. Nevertheless takin g: 

an idealised case th2y determine the restance and capacitance per 

unit length, r
0

and c accordin s to :-
1) 

k 
r o = co 

t w r 

g1v1ng : -

zo = P;· t c l 

tr .N2 

and 

;r'd ro ..:I = . u 

td t c 

= e v.r 

t c 
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Two equations and s~x parameters leaves us free to fix four 

of the paramete~s. For homogene ous isotropic materials 6 anJ k 

can be taken as constant if tr is also constant. This is convenient 

because of the non-linear relationship of k and tr for thin film 

and because these paPailleters are the least easy to vary fro~ one 

structure to another Juring fabrication. Of the r e~aining thr ee it 

is ffiost convenien t tJ fix tc g~v~ng :-

tfd 

Thus d and W are chosen as the para:neters to represent the 

two degrees of freedo11 available for a single section of uniform 
I " 

RC. In fa brication they would be properties of mask dimensions 

that coulJ be contro:_led accurately an..: conveniently. 

4.3 Characterisation of Arbitary Tapers 

Two methodp are available for usin~ URC analysis to characterise 

a structure with arbitary taper. The taper involved is primarily an 

impedance variation along the structure. It follows frox the 

relationships g~ven i~ sections 2.3 and 4.2 that this is directly 
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relate~ to r
0

(x ) and inversely to c
0

(x ) and W(x ) . 

4.3 . 1 Resistance Function 

Conside~ the formulation : -

r
0 

= f (x ) 

uslng the convention:3 of fi e; ure 4 .1. This function may be specified 

at certain discrete points:-

X = "1' 

33 Walsh has sho~n that twenty points can glve a good approximation. 

For convenienc e the points may be equ.ally spacej so that :-

Xn= r.~x, n=l , N 

In analysis thE structure is then considered as a cascade 

of r: URC ' s, each of Equal section length bx but vary in r_:. 'N(x). 

Because of this constraint there is only one degree of freedo m 

available to optimise for each section , giving a total of N. The 

overall chain matrix is easily calculateJ fro~~ t hat of each 

section by multiplication. 

However in practice the current-fl ow lines of a tapered 

str· cture are two~di~ens i onal while our analysis has assumed one-

dimensional flow over each section in turn. This ~eans that after 
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a final design has 'Jeen reacheJ a curvilinear-square program or 

sollle sort of transfc,rm is necessary to derive physical values 

W' ( x.) fo r the mask :_ayout. Work has been done on this with respect 
12 

to exponential tapers. The general case lS more complicated anC. 

mi 0 ht involve a relaxati on program. 

Thus this metLod gi ves siiliple analysis but complicated 

implementation. 

4.3.2 Cascaded URC's 

Alternatively the arbitrarily t apered structure could 

be approximated by a cascade of URC's , of independent len gths and 

Wl ths as shown ln Figure 4.2. In this case for each of N sections 

we have : --

W( n ), n = l, n L( n ), n = 1, N 

glvlng two independent variables available for optimisation per 

section , 2N in total. 

In this case a curvj.linear square progra~ would not be 

appropriate because Jf the varying section leng ths • It lS 

necess ary to put c on~ucting strips across the boundaries between 

adjacent URC ' s • Th .i.s makes the curren t flow within each unc 

one-dimensional, an~ is quite feasib l e in thin film production 

provided there is su::'ficient mask alignment precision and that 
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stray capacity effects are not signi ficant. The l atter could 

ea ily be included ·_ n th e analysis if known . 

No te that the second me tho d makes use of t wi ce as ~any 

var iable s for a giVE!n number of sections. However only half as 

48. 

many sec t ions may b~ needed to provide an equally good approxi ma tion 

to a par ti cular t apE·r wher, length as we ll as width can be varied 

fo each section. A comparis on of Fig. 4.1, with 10 sections and 

Figure 4 .2 , with 5 Eec t ions illustrates this. 

4. 4 Analysis ?rograrn 

The ffie t hod of se ction 4.3.2 was chosen, with a structure of 

five bas i c URC's in series g iving t en independent para:neters . 

Ac c ord ingly an analysis program f or cascaded sections was developed. 

It was designed to be fle xible for possible later extension to 

inc lude shunt arms. Various differ ent types of elements were 

allowed for, as shov'n in fi g ure 4. 3. Each was to be characterised 

by a number of parame ters sufficient to construct its ABCD or chain 

ma t r ix at any ~requE·ncy. 

A one amp load current was postulated in a load resistor RL. 

Th e chain matrices ~ere th en used to calculate the rema ining V's 

and I's in the system us1ng the me thod of fi gure 4.4. The input 
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to output voltage rfttio can then be taken for the transfer function. 

This procedure must be carrieJ out over a range of frequency. The 

us e of normalised frequency 21\fr c is convenient. The results 
0 0 

may the be plotted c1n the computer printer using subroutine PLCTPT. 

To facilitate later use of the analysis as part of an 

optimisation stratee:Y if required a hierarchica1 structure was set 

up, with a main prot:ram calling a subroutine ;.~yplot. 1'his enabled 

the input paraqeterf: to be stepped between successive analysese 

automatically. Figw·e 4.5 shows a flow chart for the whole analysis 

program. 

4.5 Analysis of Differi~ Topolo~ies 

To gain exper ience of the types of response available a ser~es 

of analysis runs was carrieC. out on arbitrary tapers, some of v•hich 

are shown in fi gure 4.6. In several cases one parameter , such as a 

width or the load resistor, was steppeJ over a wide range. In all 

cases plots of the voltage transfer function aga inst frequency were 

obtained from the coxputer printer. 

All the characteristics decreased monotonically with frequency. 

Fig re 4.8 shows a standard URC which may be compared with the two 

extreme cases of figures 4.7 and 4.9. ~ost other responses obta ined 

lay in the region between these t wo. Structures with large variations 

in width ( e.g. fig. 4.6 (d ) ) behaved appro xima tely as lumped RC 
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ladder networks. 

It s interesting that figure 4.7 provides an almost linear fall off 

of amplitude of 40 dB over t wo decades. This could probably be 

improved using optimisati on but no application for it is known at 

present. 

From the low pass filter viewpoint , figure 4.9 represents 

the best structure found, showing almost 50 dB of attenuation in 

the fir~t decade. Tha response is similar to that of a positive 

exponenti ally tapered filter and is in accord with the physical 

understanding of tape : ~ effects developed in section 2.4. Whether 

the exponential taper i s optimum in some respect is a question t hat 

might receive attenti on 1n the fut ure . It does not appear to be 

critica l pr ovided theJ'e is a shar p decrease in wl dth or increa se 

in i mpedance. 

4. 6 Comrnen ts 

This Chapter has been conc erned with analysis , wh ich 

represents the simplest and most basic t echnique of computer-aided 

designe The results OJtained are useful in three respects : 

(a) An answe::- has been providej to Ql posed at the start 

of this chapter . RC f:' l ters of the topology considered provide low 

pas s t ransfer charact<~ristics broadly similar to those obtainable 
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with ser1es R, shunt C lumped l adder networks. The ma1n difference 

is that the r ate of E1t tenuati on always increases with fr equency, 

due to the infinity of poles . Large variations in width merely 

provi de approxima tior.s to lumped elemen ts. Degree of steady t aper 

1ncr ease or decrease appears the most important design parameter. 

Thus there appear to be no radical new circuit properties to 

e xp _oit. Advantages li e in terms of size and red uced number of 

interconnections in realization. 

(b) The results reinforce the physical understanding of RC 

structures built up in section 2 .4 . This is a necessary bas e for 

the intuition required i n original design work. 

(c) The results go par t of the way towards answering the 

sec ond quest ion 1n indicating the type of t aper pr oducing the 

sharpest cut off. This i s very useful in the choic e of an initi al 

design for use ~n an optimisa t ion program. 

Such .an opt imisation strateey forms the next stage of com 

complexity for c omputer-aided design and will now be considered. 

4. 7 Extension_~_l.Jsin_g_ OQtimisation Techniques 

To us e an opti:nic.at ion a l eori thm it is necessary to have an 

objec tive function th E.t embodies some desirable characteristi c of 

th e circuit performance . A suitable one for an RC lov1 pass filte r 1s 
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suggested in Figure4 .. 10. It is then necessary to choose sone initial 

design. This may be n URC, or the analysis results discussed above 

_ may be utilised. Thi~; design must. be specified by a number of 

ind pendent parameters. An optimisation algorithm may then step 

these parameters in turn away from the nominal values and test for 

an improve~ent in thE· objective function. This is repe ated until 

some local minimum iE reached. 

r.~any 
34 techniqueE are available for carrying out this process. 

The most powerful utilise information about the gradient o~ the 

obj ective function with regard to the various parameters. This may 
35, 36 

be obtained using the Adjoint Network me thod of Director and Rohrer. 

The analysis program previously described is adapted for easy 

extension to in~lude calcul ation of these gradients. An opt i misation 

was not attempte~ for this thesi s since primary interest was 1n 

active RC filters rather than on the consideration of the optimum 

tap r- for lowpass or notch .1il ters. The results given in Chapters 

6 and 7 for active R8 filters may readily be extended to enco~pass 

the use o:f . an RC with any taper. 

In practice an ·.::tC structure would probably form part of some 

broader circuit such a.s an active filter. Therefore it would make 

sense to apply analys i.s and opt imisati on techniques to the circuit 

as a whole. It would also be possible to projuce manufacturing 

masks directly f~om the computer for automated production in some 

cases. 
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CHAPTER 5 

Active Filters 

5.1 Introdu~tion 

Filters may normally be defined as linear signal 

processing uni ts. Their behaviour may be specified in the 

form of a tran:;fer function, chosen to yield some desired 

characteristi c in the frequency or time domain. Chapter 3 

cons idered dis ·~ributed circuit transfer function synthesis 

from a device point of v1.ew. This Chapter mentions some 

of the system approaches to filtering of current 

engineering prsctice. 

In the cays of vacuum tubes, most filters were 

pass1.ve RDC cor.figurations, possibly in the form of loosely-

coupled " resonant circuits "• However the growth of 

transistors anJ integrated circuits changed the relative 

costs of active elements, resistors, capac itors and 

inductors. These costs must include considerations of 

volume ( or area ), stability and tolerances as well as 

manufactur l ng cJsts. It is found extremely inconvenient, 

even if possibl?, to include a lumped inductor as part of 

an integrated cLrcuit. Even on a printed circuit board 

it is often a n·1isance. A gain element such as some form 

of t ransistor 1:::. frequently preferable to a high-value 

resistor. Thes(~ and similar consiJerations have led to 

60 
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the developement of alternative i~plementations for filters. 

5.2 Active l ~nalo g Filters 

These u~ ; e gain in conjunction with R and C elements, 

usually lumped, to synthesise all the common filter types 

( BP, HP etc. ). Normally a rational transfer function 

must be broken down to biquadratic ( bi-quad ) expresslons 

that may be individually realised and then cascaded. 

Designs are no~ co~only available in which pole and zero 

frequencies and the circuit " Q " may be tuned by adjusting 

resistor values. Two or three capacitors are needed. One 

to three operational amplifiers may be used, it being 

found that three amplifiers can give negligible sensitivity 

to gain variations. Such rilters may be built for $5 - ~ 10 

( see Ref. 39 ).There is an extensive literature on their 

d . and 37, 40 eslgn use • 

Other ap_Jroaches that have been investigated are the 

use of Negat ive Impedance Convertors and Gyrators 37 • These 

are not used ex t ensively in practical equipment at the 
' 51 moment though r<;cent work by Leach and Chan may alter 

the position. 

5.3 Digital J'i lters 

Digital filters deal normally with digital 



representa~ions of a signal at discrete time intervals. 

The basic building blocks are shift reg isters) ~ultipliers 

and adders 38 • Precision, noise and also cost depend to 

a great extent )n the number of bits used to represent the 

signal. Performance is normally invariant with respect to 

temperature and aging provided there is no hardware 

malfunction In some systems A/'J and J/A convertors are 

necessary. Al tE~rna ti vel.y a large part of the sys tern may 

be digital as in many signal processing , switching and 

time-shared systems. 

5.4 Design Evaluation Criteria 

62. 

There are many factors to be considered when choosing 

between the impl?mentation possibilities mentioned above or 

when evaluating some other technique. 

The frequency range of operation must be considered. 

Current operational amplifier filters extend fro~ a 

fraction of 1Hz to perhaps 50 kHz, at which point amplifier 

phase and freque~cy roll-offs become important, although 

the recent develpoment of an operational amplifier with a 
. . b . 41 . . . 50 :·;~Hz unJ. ty gaHl andwJ.dth promJ.ses to raJ.se thJ.s 

considerably. Po :3si ble applications of R:;' s in the range 

up to ;v 10 :,[Hz al'e considered in Chapters 6 and 7. 

Other performance criteria are absolute and 
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relative stabilities, tolerances and sensitivities. These 

are functions of both circuit Gesign anJ ~anufacturing 

costs and so depend on the implementation technique chosen. 

The chief indep2ndent parameters are ga~n and RC product. 

This is an area which has in the past often been neglected 

by circuit theo::-eticians. 

It is al :3o necessary to consider the filter in 

relation to the total design philosophy of the system of 

which it ~s to f orm part. Partitioning and interfacing 

decisions mus t be made on that level and may well determine 

the type of fil t er to be useJ in practice. 



CHAPTER 6 

Experinents wi th L.r. R5 Active Filters 

We are now 1n a positi on to investiga te the application of 

distributed circuits, characteriseJ by one of the methods of 

Chapter 3 or Chapter 4, to practical filters. This Chapter will 

be chiefly concerne1 with achieving the sharpest possible cut

off for a low pass ·Rc active filter. Chapter 7 will be concerned 

with applications of notch filters. 

6.I Second Order 2imulations 
28 

One approach, taken by Hue lsman et al, is to start with a 

lumped RC second order building block such as t hose shown in 

Figure 6.I. They have s hown using computer analysis techniques 

that the distributeci equivalents shown are a close approximati on 

to the second order filters as expected. 

The charact er i stics have cut off slopes of about 40 dB per 

decade. Higher ord ers are possible using cascaded sections. The 

circuit of figure 6.I(a) has K always less than 1. Si~ilar circuits 
29,37 

have been inves tiga ed by other workers. It has been su~gested 

th t . . b j , h . . . 30 at aper var1at1ons can e use · to reauce t e sens1 t1 Vl ty. 

. . . bl 3I Extens1ons to h1gh pass are poss1 e. 

Advantages cla imed over the lumped version are a reduce d 

64. 
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complexity of physical realization anJ in some cases a lower 

sensitivity. Jisa~vantages are the necessity for computer analysis 

J..n any exact wo!rk and the paramount importance of controlling the 

RC ratio in production. 

The methob in e:fect J..a based on a dominant pole approximation, 

which was one of the simplest methods considered in Chapter 3. 

However it is sufficient to provide a good starting poi~t for a 

computer optimisatio.l algorithm. In this context the rational-

parameter confi f uratLons an~ transformations are either restrictive 

or unwieldy. Extens .lons of those methods using KIC's or gyrators 

are in the same ca te1sory. 

6. 2 Experimental Ci1:c ui t 
·' 

The circuits consiJ.ered in.the previous section provideJ 

second order cut-offB. At higher frequencies the slope of a 

URC: approximates 50 dB/decade. The disG.dvantage is the soft fall 

off at lower frequencies. The idea was conceived that ne~ative 

feedback could be usE·d to reduce and strai.c::hten o:.J.t the response 

'below a certain freqL,ency gJ.. vJ..ng a sharper cut-off. This is shown 

J..n Figure 6.2(a). Circuit arrangements for trying this are shown 

J..n Fig. 6.2(b) ~nd (c). The amount of negative feedback that can 

oe aoolied depends on the phase characteristics of the DRC. 

This Chapter describes the equipment used, the tests carried 

out and conclusions reached with respect to this circuit 

arrangeffien t. 
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6. 3 Teledel tos Fil ·:ers 

Distributed RC circuits may be constructed in a number of 

ways. Commercially the main interest would be in thin and thick 

:films. However in the laboratory it is possible to build a 

per:fec tly good model using teledel tos resistance paper with ~.~ylar 

sheet for the dielectric. 

Several experi~ental Jlgs :for :filters were built. It 1s 

necessary to provide a :firm and uniform pressure pad to keep the 

teledeltos pape~, ~ylar film and ground plane in intimate contact. 

Any inductance ~n the ground circuit connections causes the LP 
. - . . 32 . 

response of a sfralght URC to rlse at hlgh frequency ~he ratlo 

o:f this break Pyint to the 11 cut-off 11 frequency may be taken as 

an i ndication of the quality of a particular filter. 

Various filters vere built with cut off frequencies 1n the 

range 400kHz to 5 ~.:liz. This was convenient both for construction 

and for display on a Hewlett PackarJ model 675A I 676A ~etwork 

Analyzer that was av~ t ilable in the laboratory, . with a sweep rane"e 

of IO kHz to 30 ~.:Hz. The 'JRC that was used for the experiments 

described below had the following characteristics, 

Dissipation Factor J = ·00239 , measured at IOOHz 

To tal Capacitance = 1~035 pF 

Resistance I,736 ohms 

Jimensions 6 ems square 

69. 
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Figures 6.3 ar.d 6.4 show measured frequency character

istics for this URC in both straight LP and notch filter modes 

of operation. The notch resistor v.:as made up fro:n a lumped 

combination sinc e no trimmers were available ~ith sufficiently 

low inductance. It Nill be seen that parasi tic effects are not 

significant for f<IJ::.Hz. Be low this frequency there is close 

agree~ent with the t , eoretical responses discussed 1n chapter 2. 

The diagrams we:-:-e traced fro :r. an X-Y recorder plot, driven 

b,y th e network analy .?.er in a slow scD.n mode. }·igure 6. 5 gives a 

block diagram of the equip~en t used. 

6. 4 Experi:nental A~lplifiers 

For activJ fil t er experiments it 13 necessary to hav e 

available one o~ morE! amplifiers. The r equired characteristics are 

high gain , low outpu1. impedance and wide, flat phase and amplitude 

responses . Since such amplifiers were not available var1ous 

standard integrated circuits were investigated and it was found 

tha t quite cheap units co uL.1 be built using the r.~otoroln ttr.~CI590 . 

Figure 6.6 shows th e final arrangement. Construction was on a 

specially prepared printed circuit board. Two amplifiers were 

bui l t, one with one stage and one with t wo stages casc aded . 

Emitter follo we r output sta.c;es were necessary to prevent sle~-rate 

limiting at large signal levels when feeding capaci tive loads 



73. 

Osci l loscope 

) 

X 0 y ('> 

.. _f) X 

l .....,~ f-oY 

( Chart Rec order 
l)g. Amp. E 1 

H.P 675A/676A 

Network Analyzer 

A B 

A:np . 

out 

High I mp. probe ~ . P . 1123A 

Fi gur e 6.5 EQUIPMENT FOR PLOTTING PHASE ANJ AM~LITUDE OF 

VOLTAGE TRANSFER FUl~CTIONS OVER • OI - 3J ~;~Hz 



74 • 

0.1 • 001 I 270 0.1 .001 +12 v 

1 j_ ----~_LI 
--.-....---·-- -·- --,.0 

1 . 2K I J_ 
-:-

-II 820 

.01 

~ I 

.01 

.01 

~ 

Figure 6.6 ( a ) lntegrated Circuit Amplifier Schemat ic 

Overall LF phase shift 0 or 180° 180° 

Forward ,... . •..Jal.n 30 dB 50 dB 

Upper 3 dB point 14 MHz 12 :lHz 

Max. o/p S V/ .1.ng 3 volts pk-pk 3 volts pk-pk 

Dynamic range 60 dB 40 dB 

o/p I mpehance 33 ohms 33 ohms 



75. 

such as a short len1sth of co a :.: ial cable • 

.Figure 6. 6 pr<:s en ts the measured performance character is tics 

~n tabular for::n whi:_e Figure 6. 7 shows the plot ted phase and fr equency 

responses. 

6.5 Open Loop Charac teristics 

A cascade connection of amplifier and URC gave a combined 

characteristic , shown in Figure 6.8, of the form expected fro:n 

Figs. 6.3 and 6.7. In plotting the phase the zero reference was 

established by momentarily connecting the probe to the input and 

adjusting the netwol'k ana lyzer controls .for zero phase shift at 

low frequency. Thic was not a very e xact process so the phase may 

have an absolute error of up to 3J degrees. 

The forward signal path is virtually the same as the open loop ,. 

for frequency response since the only difference is an attenuator, 

flat up to IIO MHz. Considering the curves i ~ the light of 3ode 

analysis it is apparent that the circuit will tend t o oscillate 

at just over I ~.;H z if the loop ga in is greater than 21 dB. 

6.6 Closed Loop Characteristics 

The loop was c l ose.:. and responses plot ted with at tenua tor 

settings e iving various low frequency gains. As predicted 
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oscillation tends to occur 1n th e reg1on just above Pn·!z if' the 

loop gain ( = 50dB - K ) exceeds I5dB . 2 The curves be ar a 

simi larity to the sta ndard second order system characterised by 

vout I 
w ... = norma lised 

frequency 

'/8. 

vin I + j32 w..-- w"'2 
1 damping factor = 

as mi gh t be e xpe cted. 

Figur e 6.10 s :-10ws the optimum curve fro~u the f a;n ily of 

Figure 6.9 compared )n the basis of nor~alised 3dB fr equency 

with a standard DRC l)w pass . It wi ll be seen that there has been 

a si gnific ant i mprove:aent . Attenuation is now al~ost 60dB in th e 

first dec ade . 

The curve shown is with K2 = 40dB , 1e with only I OdB of 

n egative f eeJ. back. Unf'ortunate l y the phase shift inher en t i r, RC 

circuits prevents the application of more feedbac k with a UR8. 

However positively exponentia ly tapere J filters have both a sharper 

cut off' anJ less phas 1? shift i n the critical re ~ion allowing the 

applic a tion of' ~or e f'£?ed back. A physical explanation of these taper 

effects was given in :'ection 2.3 and a full analysis may be f'ound 

· I g ~ t . - , . tl . 1 . 1 1n Cars on • ~rae l e a l worK Wl 1 e ~ponent1a f1 ters wa s not 
I 

undertaken s ince it would ha ve involveJ a curvilinear square program 

for filter construction which would have been outsi de th e scope of 

t his t hesis. 
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6.7 Comparisons anJ Conclusions 

The circJit arrang ement proposed 1n this Chapter provides a 

bet t er low pass characteristic than the others considered. Th e use 

of tapered RC's should make it even better. However the response 

1s quite sensitive to amplifier gain and .the circuit can become unstable. 

The second order simulations ( Sect. 6.1 ) generally have ga1ns 

les s than one and a re therefore un cond i tionally stable but th ey ar e 

still sensitive to gain. Th e Bi-quaJ op-a~p realiza tions ( Sect.5.2) 

are practically invariant with respect to ,gain but th ey require more 

hardware. 

One maJor point 1n favour of the feedba c k circ uit 1s its 

potentially higher fr e quency range. The a mplifier ne e J only have a 

gain of 15 - 20 eB a~d phase shift r e a s onably cons tant to about 

five times cutoff fre~uency. These requirements are met by commonly 

available video I/C's. Howe ver comm on Op. Amps. as useJ ln the 

Bi-quaJ circuits with very hi g h forward g ain have cutoffs restricted 

to around l:.~ H z. 



CHArTER 7 

Experiments with Pand Pass Notch Filters 

7.1 Introduc~iQ£ 

This Chapter lS concerned with B.P. filters. While it has 

always be en poss~ble to obtain good L.P. filters with only resistive 
and capacitive elemen ts, B.P. filters have traditionally required 

the use of inductors. This is not desirable with modern implementation 

techni ques. 

There are severa l alternative approaches. The system may be 

rede s i gned on a ~igital basis obviat i ng the need for a band pass 

filter as such. A digital filter technique may be used, or an op-

amp iquad realizatior o:f the required transfer functi on. 

One class of methods sometimes considered is oscillatory 

circuits on the Verge of oscilla tion . Such circuit s exhibit a ~ B.P." 

response but sensi ti vi ty is ver:l high for high Q and , of course, 

the circuit is l iable to oscillate . An example, using the phase 

shift of a standard URC, is the response of Figure 7.1. This was 

obtained by suitable adjustwent of the apparatus used for the 

experiments of chapter 6. Such designs do not generally r epresent 

good engineering practice. 

There exists an alternative that has been often menti oned 

but not developed to any extent. An R8 together with a ~ notch 

resistor " can be used to glve a transmission null ( see section 

l 2 d ., . 1 4 1 5 ) This notch circuit may then be placed in • an l'lgs . • , • • 
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the feedback path of nn amplifier to invert the amplitude response, 

g~ ~ng a Band Pass filter. This idea has be en around for a long 

time but no satisfactory experimenta l results have come to light~ 

Normally the importance of phase shift as well as amplitude response 

i s not fully appreciated and the resulting circuit behaves as that 

of Figure 7.1. Notch resistor and centre frequency values will 

not correspond with the " optimum notch " case and the sensitivities 

'Ni 11 be high . 

This Chapter d ~~s cribes the develope ment of a Sand Pass filt er 

for which the charac teristics are a true reflection of the RC notch. 

Such a ci r cuit has advantages in ter;:ns of sensitivity and stability. 

7.,2 Stability rrob:.cm 

The basic circuit of a Band Pass amplifier using an RC notch 

filter is shown in Fi.gure 7.2 . For stability the loop phase shift 

must be 180 degrees at low freq uency, achieved by the use of an 

inver ting amplifier. This means that in the notch regi on the feed

bac k is posi tive in phase but reduced in amplitude by the notch. 

Slight ly off the notch fr e quency the amplitude increases rapidly 

but the phas e still has a large component of positive feedba ck. 

The process is not just a simple one of inverting the a~plitude 

characteristi c. 

Stability analysis is diffi.cult s 1nce it is not sufficient 

to consider the JoQinant poles only. The other poles have an a 
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appreciable effect on the crucial phase shift. 3ode plots may 

eas ily be obtained but are not very helpful 1n the notch region. 

A ~quist diagram has the form shown 1n Figure 7.3, which suggests 

stability. An accurate version could be plotted using computer 

an lysis and su~tabl e coordinate transforms. Computer analysis of 

t he circuit over a range of frequencies does not show any effects 

t ha t would be ind i cative of instability. In view of these facts 
the circuit was concluded to be prima facia stable. 

7.3 The Non- Id eal Case 

So far a " per:fect " amplifier with very high forward ga1n, 

high input and low !lUtput i mpe dances has been considered. E. 

Jol:mston has written B computer progra:n to analyse the network , both 

with an i deal amplif: .. er and also with varlous amplifier i mper fect :i.ons 

modelled. He has found that a forward gain of 30 - 40 dB is 

sufficient to givs a reasonably sharp characteristic.(see Fi ~ 7.4 ) 

Inp t and output impe~ances of the order found for the practical 

amplifiers described in section 6.4 are not significant. 

Experiments were conductej, both in conjunction with E. 

Johnston and seperately, with a wide variety of amplifiers ln 

diff erent arrane ements with appropriate attenuators and teledeltos 

notch filters. Initially no combina tion could be found to g1ve a 

proper B.P. charac teristic; tl1at is one whose response was a 
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re f lection of the notch characteristic. It was easy to obtain a 

re ~ponse of the type of fi gure 7.1 with a non-optimu~ notch resistor 

and centre f r e quency displace j fros not~h frequency. With proper 

conditions the circuit would invar iably osc i llate with less 

forward ga in than wa s requi reJ for a reasonable B. P . notch. 

7.4 Amplifi er Comp_ensation 

To r urther inve sti gate the trouble, Bode plots of the open 

loop re s ponse were t ak en photogr aphica lly from the II.P . network 

ana ly zer . These ind i ca ted instabi lity problems at high fr e quency 

in the amplifi er cut - off r egion. To compensa t e for this a single 

pol lag network wa s included to roll off the amplifier amplituJe 

at igh frequ ency while , hop efully, not introducing excess ive pha se 

shift. Figure 7.5 shows the amplifier respons e with various time 

cons tant s in th e compens a tion network and the method of applying 

compensation. Fig ure 7.6 shows the corresponding open lo op Bode 

plo t s. It can be s een that the ga in and phas e margins are much 

improved. 

On closed loop the circuit was now stable , g1v1ng the response 

of Figure 7.7 which is a true reflection of the notch filter. 

Band-rass Q and notch height wer e dependent on amplifier forward 

gain only 1n a s much as the amplifier could not be considered 

per ect. This contrasts with the position in Fi ~ure 7 . 1 where 
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+ 2dB causes either the circuit to oscilla te or the peak to fl a tten . 

The compensation is required to reduce the open loop ga in 

sufficiently to augment the natural amplifier roll off so that t he 

gain becomes les s th9n one by the time the 180° phase shift freqency 

is reached. Working backwards froL that frequency with, eg , single 

pole 20 dB I decade compensation in mind gives a maximum usable 

ga1n at the notch frequency for a particular amplifier and r a tio 

of notch and cut-off frequencies. 

In the case of our experiments, using the amplifier 

describeJ in section 6.4, F igure 6.7 about 40 dB at t he notch was 

the most that could be achieved This was with 10 dB gain mar g in, 

60° phase margin an~ a cut off frequency equal to 8 times notch 

frequency ( see FiguPe 7.7 ). Increased compensat i on allowed more 

forward gain wh l ch cancelled out the gain reduction at notch 

frequency due to the increased ~ompensation, leaving the loop ga1n 

situation as before. Compensation was restricted to 20 dB per decade 

for simplicity. The uses of higher order filters are considered in 

the next section. 

The exp Frime nts on bandpass amplifiers were carried out 

in conjunction with Smerson Johnston. He developed the experimental 

method for measuring open loop characteristics while the author 

conceived and implemented the compensation techniques. 
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7.5 Bandpas s ( BP ) Amplifier Design rrocedure 

It is possible on the basis of the above experimental work 

to glve some genera __ design principles for band pass amplifiers 

using distributed RC notch filters. The basic steps are :-

(a) Jetermine the required max1mum centre frequency. 

91. 

(b) Choose nn amplifier with frequency response extending 

a t leas ~ fivE ~ times and preferably ten or more hi~her than this. 

(c) Jetermir,e the required ga1n at the notch frequency. 

30dB is needed for a reasonable approximation to the 

" perfect " emplifier case. 

(d) From thE amplifier characteristics dete~ine the extra 
. 

ga1n reducticn from this by the a~plifier cut-off frequency 

to assure satisfactory ga1n and phase ~ar~ins. 

(e) Design a compensation network to accomplish this. In 

critical cases lead-lag or other higher order filt ers may 

be necessary. They should not introduce enough phase shift 

to upset operation of the B.P. circuit at notch frequency. 

(f) Choose the RC notch impedance level ( length to width 

ratio ) with ~e~ard to the a~plifier input impedance and 

loading effects. 
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7.6 Cominents 

The basic RC BP amplifier developed ln this work was a 

success. It represents a fuller treatment of the subject from 

the practical point of view than is generally aveilable. Some 

conclusions may be drawn about the circuit ' s advantages, 

isadvantages and areas of applicability. 

7.6.1 AJvanta £Ses 

The main advantage of the arrangement presented 

over a Bi-Quad realization 1 the chief rival in the analog field, 

lies in available frequency range . The requirement is for a 

ideo amplifier with some 30dB of gain. Such amplifiers are 

com;nonly available with cut-::>ffs in the 50~!.Hz region, giving 

the possibility of RC notch BP filters to 10:::1-Iz or so. RC 

otch filters illay readily be fabricated in thin film form in 

this range. This compares with a few hundred k~z for filt ers 

using silicon I/C operational amplifiers that are presently 

available, though this limit is likely to be raised considerably 

'th th d t f h' h f . 1 1' . 4l Wl e a ven o · new 1g requency operatlona amp lflers • 

An RC BP filter shoul j cost the same or les s than an 

equivalent Bi-Quad arrangement ln thin film hybrid form. It 

would likely occu~f less area, and should be capable of 

providing higher ~ in a single stage. Two or ;nore filters may 

be cascaded to spr~ad the pass band. 

A voltage tunable DP filter lS a possibility us1ng the 

techniques for voltage tunable RC thin film structures 

d 1 d b P c tl8 eve ope y . 0war • 
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7.6.2 Jisa3vantages 

The fil ~ er Q is determined by the quality of the 

notch and is not readily tunable, as with some other desi gns. The 

discussion given has tacitly assumed an optimum notch while a 

practical filte~ may diverge fro~ this due to : 

( : )Series Inductance 

(~) Resistor value tolerances. 

The maln e.ffect s of a non-opti mwn notch are to smooth out the 

phase char acteristic and reduce the Q. Experiments by ~arson~9 
18 32 

Swart and Campbell ~mgges t that satisfactory distributed notch 

filters can be constructed in thin film form provided reasonable 

pre autions are ta:ken. 
2 Peak frequ ency i s depend ent on r 0c

0
d , where d is the s ection 

length. The r
0

c
0 

pro ,luct may be tr immed by anodising if re ally 

necessary. d may be rl ~tled using etching or laser tec~niqu e s. 

The succe s s of a production run mi ght 'v'iell depend on the initial 

accuracy that could e maintained on these parameters. 

7 .. 6.3 ~ications and extensions 

The bandpass filters developed nicely cover the conven -

tic al video range or up to 5 r.mz. ;.~est communication systems 

whether bi nary or annlog operate in this range at some sta ~e of 

the proces s . Therefore applications for such things as signa l 
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pr cesslng suggest t hemselves. Tunable filters might be used in 

adaptive filtering ~yste~s. 

Frequency Following Loop 

A tunable band pass amplifier of the type described in con-

junction with a phas(~ detector may be used as the basis for a 

frequency follo wing :_oop detector. The block dia :sram is shown ln 

Fig. 7.8 . Tracking depends on the phase characteristics of the 

amplifier and with sui table constant phase .shift works to centre 

th band pass peak on the input signal frequency. The band pass 

function provides usE:ful interfer ence suppression. For a Frequency 

rt.odulated ( F~.~ ) input the loop error voltage provides a demodulated 

output. 

The error signEl lS derived fro~ the amplifier phase character-

ist i c but lS ln fact proportional to the difference between the 

input signal and BP cmplifier centre frequencieso Therefore the error 

is constant for a cor.stant frequency difference or"error~ However 
47, 48 , 49 , 50 

for a Phase Locked Loop, the error is cumulotive with time in the 

same case since it is based on the phase of the two signals them-

selves and phase is the integral of frequency. 

Thus the performance of the circuit is not expected to equal 

that of the phase locked loop. Both systems require a phase detector, 

low pass filter and error a~plifier. Instead of a voltage controlled 

oscillator the suggested circuit requires a tunable band pass 
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amplifier, which migh t be simpler and cheaper under some 

conditions. Cne possible advantage is that the Bandpass 

amplifier circuit will be less susceptible to undesired 

harmonic and subharmonic modes of operation to which square 

wave based voltage controlled oscillator circuits are 

particularly pPone. 

Preliminary experiments were carried out with this 

circuit using the phase characteristics of a tunable notch 
18 filter built by Swart • Satisfactory locking and FM 

detection were achieved. It was not possible to continue 

the experiillent s using a proper Bandpass amplifier due to 

tiille cons i derations. 



8HAPTER 8 

Conclusions 

8.1 Summar~ 

This thE~sis has been a theoretical and experimental 

study of the use of simple three layer distributed RC 

structures in filtering applications. 

Initial attention was focussed on the analysis of 

such structures for certain restricted cases. The parameters 

were foul d to be transcendental. Various techniques to 

surmount this were discussed and shown to be,for the most 

part,too clumsy or restricted for practical use. 

It was shown , in chapter 4, that the drawback of 

irrational parameters could be overcome through the use 

of computer analysis techniques. ~.! any different configurations 

were analysed and found to lie within a certain range of 

lowpass responses. It was surmised that degree of taper 

is the most important parameter, sharper decreases in 

width providing sharper lowpass cut-offs. Possible exten

s~ons of the techniques to optimisation and automated design 

were discussed. 

Thus far in the thesis, ·Rc structures had been 

considered in isolation. Attention was therefore broadened 

97. 
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to include their circuit applications and practical use. 

For this it wa s necessary first to consider current active 

fi l ter design philosophies in Chapter 5. 

Ways of achieving a sharp lowpass active filter 

were considered in Chapter 6 and a novel circuit proposed. 

Thi s was trie . out under various conditions and was found 

to posses advantages in some respects over the alternatives. 

Chapter 7 was concerned with bandpass amplifiers 

us1ng an RC notch null circuit as the frequency selective 

elemer.t. Experiments were described leading to the 

developement of a succesful circuit and the presentation 

of a general step by step design procedure for suc h an 

amplifier, which has an expected frequency ca pability of 

up to 5 MHz. This is considerably better than with most 

other ac t ive filter techniques. Possible undeveloped 

applications include a frequency following loop for Th! 

filtering and detection. 

8.2 Pro~nosis for Distributed RC Filters 

Simple RC filters on their own will probably find 

uses as lowpass filters in applications where a very high 

attenuation at high frequency is required and a moderately 

sharp cutoff is acceptable. Unfortunately the high 



attenuation l:> accompanied by large increasing phase 

shi ft which makes RC's not very suitable for use in 

fe edback circuits. 
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It appears that the range of frequency responses 

obtainable wi ·:h t he simple topology considered is somewhat 

limited. Such filters do not form a very worthwhile tool 

fo r transfer .:unction synthesis which is anyway being 

superseded by computer aided design techniques. More 

complicated topologies bring implementation difficulties 

and still hav (~ transcendental parameters. 

The situation is more hopeful with regard to R~ 

bandpass amplifiers. These .have been considered for some 

ten years but have not so far got off the ground. The 

re s ults presented in this thesis show the way for the 

de velopement of practical circuits. Work is being done 

cur rently at ~.: c~.~ aster University by E.Johnston on this 

topic. 

A basic disadvantage impeding the acceptance of RC 

cir cuits has been the necessity to tightly control the 

RC product, coupled with the lack of single component 

adjustability . Recent improvements in thin film 

fa brication techniques ani methods of tri~ming have now 

changed the s i tuation for the better. 
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The ma1n advantage of RC circuits is probably that 

they are likel y to occupy less area than a lumped circuit. 

Since use 1n hybrid integrated circuits is envisaged, the 

reduction 1n t he nu~ber of interconnections, previously 

suggested as a great advantage, is not so important. 

In conc:.usion, it is hoped that as a result of this 

and other sim ~ lar work distributed RC circuits will 

finally take t heir place along with the other co~ponents 

presently ava i lable to the designer. 

8.3 Suggesti ons for Future ~ork 

Uniform RC's were used in the experimental parts of 

this work for convenience. However, as was pointed out 

in Section 2.4 and Chapter 4, tapered filters have certain 

advantages and they should be seriously considered 1n any 

future work. Most of the material presented here 1s 

readily extendable to tapered rather than uniform filters. 

Investigation 1s also needed into the optimum taper 

or geometry. A two-pronged attack, using computer analysis 

and a physical understanding of taper effects might indicate 

that exponential tapers are in fact the best. Some work 

on these lines is being carried out at r.:c~.~aster by J .Kostynyk. 

Any new consideration of active RC filters should be 
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concerned with optimisation of the whole circuit. With 

suitable mode l ling this would take care of such things as 

amplifier input and output i mpedance loading effects. 



RI:FERENCES 

1 . W.M.Kauf'm~n, " Theory of a monolithic Null ~evice 

and some Novel Circuits", Proc IRE, Vol 48, Sept. 

1960, pp 1540 - 1545. 

2 . W.M. Kauj'man and S.J .Garret, " Tapered Jistributed 

Filters ", IRE Trans Cct. Th., Vol ':T-9, Dec.l962 

pp 329 - 336. 

101 

3 . r.~.s J Ghausi and J .J . Kelly, " Introduction to Jistrib-

uted Networks ", Holt, Rinehart and Winston, Inc., 

New York, 1968. 

4 . P ~~ ,h. 1 . •1•• · 1,; ~r ~an, " Integrated and Active Network 
.' 

Analysis and Synthesis 11 Prentice - :1all Inc., 

New Jersey, 1967. 

5 . W.D.Fuller and P.S.Castro, 11 A Mi crosystems Sandpass 

Aqplifi er '', Proc.NEC, Vol XVI , pp 139 - 151, 1960. 

6 . P.S.Castro and W. W.Happ, " Distributed Parameter 

Circui t s and ~icrosystems Electronics '', Proc NEC 

Vol. XVI, pp 448 - 460, 1960 . 

7 . W.W.Happ and ;::>.S.(;astro, " Distributed Parameter 

Circui t ~esi gn Techniques " Proc NEC Vol. 17, 

pp 45 - 69, 1961. 



102 

8. W.W.Happ and W.D .Fuller, " Design Procedures for Film 

Type Distributed Parameter Circuits ", Proc NEC Vol. 
I 

XVII, pp 597 - 610. 

9. B.T.~~urphy and J.D.Husher, " A Frequency Selective 

Amplifier Formed in Silicon " Proc NEC , Vol 16, 1960, 

pp 592 - 5::19. 

10. H.Yanai et al., " Integrated Circuit Oscillator 

Requires few Components ", ~i croelectronics Circuits 

and Applications, Ed. J.M . Carrol , ~cGraw gill, 

1965, page 125. 

11. W.W.Happ, " Synthesis of Distributed - ?arameter RC 

Networks ", Proc IRE Corres., April 1962, pp483-484. 

12. K.Oehler, " Analysis and Synthesis of .Jistributed 

Par arne ter Circuits /', Ph. D. '.:'he sis, University of 

Texas, 1964, Electrical Engineering . 

13. L.P. Huels:nan, " The Distributed-Lumped-Active Network", 

IEEE Sp2ctrum , August 1969, pp 51 - 58. 

14. J .J .Kelly and :.: .S.Ghausi, " Tapered .Ji stributed RC 

Network,3 with Similar Irumitances ", IEEE Trans. 

Cct. Th., Vol.CT-12, Dec. 1965, pp 554- 558. 

15. E.N.Protonorios and 0.Wing, " Theory of IJonuniform RC 

Lines Part 1 ; Analytic "?roperties and -qealizability 

Comditi cns in the Frequency Domain", I~~E ~rans.Cct. 

Th., Vo:. CT-12 • .Jec .l965, pp 554 - 558. 



16. R.E.Park .. n, " Approximations to the Equations 

Jescrib:.ng Distributed R.C Networks '' IEEE Tr. Cct. 

Th., Dee 1965, Corres., pp 598- 601. 

17. R.J.Dow E)t al " n-Port i-.~onolithic Thin Film 

Distributed Resistance t\etwork ", U.S.A."Patent # 

3,460026, Aug 5, 1969 . 

18. P.L.Swart " Evapourated Thin-Film Voltage-

Control led Tunable Distribute-.: :?C- Filters " Ph . D. 

mh . " • • t U • . t U . 1 t .J. es~s, •.. C.vJaS er n~ vers~ y, 1 . am~ on, Ontario, 

Dept. oi' Electrical En ineering. 

19.J.A.Carsort " Theoretical and .Sxperimental Studies of 

Evapourctted Thin Film Distributed RC Ne tworks ", 

103 

M.Eng. ~~esis, Dept of Elec. Eng., Vc~aster Univ.,l969~ 

20. R.W. WyndrUlil Jr., " T~e Realization of 1.~ onoworphic 

Thiln Film :Jistributed RC Networks " 1965 IEEE 

Convention Record, Part 10, Vol 13, pp 90 - 95. 

21. R.P.O'Sl::ea, " Synthesis Using Distributej RC l~etworks " 

IEEE Tr. Cct. Th., Vol CT-12, No. 4, pp546- 554 

Jec.l965. 

22. K.W.Heizer, " Distributed RC Networks with Rational 

Transfer Functions ", IRE Trans. Cct. Th., Dec. 

1962, pp 356 - 362. 



23. K.W.Heizer, " Rational Parameters With Distributed 

Network.3 ", IRE Trans. Cct. Th.( ~orres.) Vol. 

CT-10, Jec 1963, pp 531 - 532. 

24. " '' " Analysis of Rectangular RC :8istributed 

Circuit ."> with Shaped Elec trades ", IE:SE Tr. Cc t. 

Th., Vol. CT-16, pp 8- 13, Feb. 1969. 

25. S.Y.Hwang anj W.C. Duesterhoeft, Jr ." Distributed 

RC Networks with Rationaly parameters having 

Prescri)ed ~ales "IEEE Tr. Cct. Th ., Vol. CT-16, 

No. 4., JJov . 1969. 

104 

26. R.A.Rohrer, J .A.Resh and R.A.Hoyt, " Dis1..r ibuted 

Network Synthesis for a Class of Integrated Circuits", 

1965 IE J~E International Convention Record, Part 7, 

pp 100 ~ 112. 

27 . E. D, Walsh and C .M. Close, " Synthesis of any RC -

Realizable Rational Transfer Function Using a Non

uniform RC Jistributed Circui t ", I EEE Tr. Cct. Th. 

Vol CT- :.7, May 1970, pp 217- 223. 

28 . KK Pang, " Optimum I'C l'hase Shift ~~etwork Between 

Two Arbj.trary Impedances'', IEEE Tr. Cct. Th., Vol 

CT-18, !io . 2, ~!.arch 1971, pp255 - 259. 

29 . ~.S.Ghausj. and V.G.Be1lo, " Active Distributed RC 

Realization of Low Pass Magnitude Specifications " 

IEEE Tr.Cct.Th., Vol CT-16, Aug 1969, pp 34.6- 358. 



105 

30. L.P.Huel~;man and R.~.~.Tong, " Use of Taper to Reduce 

Sensitivity 1.n a Jistributec Active Lowpass Network'', 

Electronics Letters, 9th Sept 1971, Vol 7, No. 18, 

pp 520 - 521. 

31 . S.P.John~; ton and L.P.Huelsman, '' High Pass and Band 

Pass Filters with Distributed-Lumped-Active .t\etworks" 

Proc. IEEE Feb i97i, letters, pp 328 - 331. 

32. P.L.Swart and C.K.Campbell, " :Sffect of Inductance 

on Characteristics of a Jistributed RC Notch " 

Proc. JEEE Vol.59, No.9, Sept.l971, pp 1371 1373. 

33. E.D.Walsh, Jr., " Synthesis of Nonuniform RC 
Distrituted Circuits ", Ph.D. Thesis, Rensselaer 

Polytechnic Inst., Electrical Engineering, 1968, 

Troy, 1ew York, Univ. ~icrofilms Inc., # 69- 6480. 
·' 

34. J.W.Bandler and R.E;Seviora, " Current Trends in 

Network Cpti~isation ", IEEE Tr. ~. Th . Tech., 

Vol ~T1-18, No. 12, Jec.l970 pp 1159 - 1170. 

35. J.W.Bandler anJ R.E.Seviora, " Computation of 

Sensitivities for Koncommensurate Networks ", I~EE 

Tr.Cct. Th., Vol CT-18, No.1, Jan 1971, ppl74- 178. 

36. S.W.Director and R.A.Rohrer, " The Generalized 

Adjoint Ketwork and Ketwork Sensitivities ",IEEE 

Tr.Cct.Th., Vol CT-16, ~p 318- 323, August 1969. 



106. 

37. R.W.Neweomb, 11 Active Integrated C:ircuit Synthesis 11 

Prentice- Hall Inc., Englewood 8liffs, r.J ., 1968. 

38. G. Szen t:.rmai, " Analog and Jigi tal Fi 1 ters - An 

Introduction 11 International Electrical, Electronics 

Conference ( I3:SE ) Tor on to, Oct. 1971 ( IEEE 

Catalogue# 71C62-Reg 7. ), pp 124- 126. 

39. D.Hilberman, 11 Active Filters - A Promise Kept 11 

Intrnl. Electrical, Electroni cs Conference, Toronto, 

Oct. 1971, ( IEEE Catalogue # 71C62-Reg 7. )pp 126 -

127. 

40. R.J.Tow, 11 A Step-by-Step Active Filter Desit.i'n 11
, 

. 
IEEE ~ : pectruGl, Dec. 1969, pp 64 - 68. 

41. R.J.van de :fllassche, 11 A Wide Band Operational 
~ 

Amplifier With a N~w Output Stage and a Simple .. 
Frequency Gompensat~on ~~, IEEE J.SS Cct., ·val SC-6, 

No. 6, Lec.l971, pp 346 - 357. 

42. C.K.C:amrbell, 11 Transmission - Line Graphical 

~ Analysis of a Jistributed ~C Notch ··Filter 11 Proc. 

IEEE, Vol 59, No.9, Sept. 1971, pp 1362 - 1363. 

43. S.S. Eaykim, 11 Active Network Theory 11
, Addison-

Wesley Co., Reading, ~as s., USA, 1970. 

44. P.D.Bantwal and :!.M.Fahmy, 11 Jistributed !:etwork 
Design for Time-Domain Specifications II ., I 1;'"!;'1<' T!". 

' ..J..J .J .:....J 

Cct. Th., Sept 1971, pp 570- 571. 



107 

45. L.Holland, 11 Thin Film Mi croelectronics " Chapman 

and Ha~ l Ltd., London 1965. 

46. G.Dyson ~ " Is there a place for Hybrids i n Your 

Produc ; ? " Canadian Electronics Bngineering , 

Feb. 1Sl7l, pp 32 - 35. 

4 7. F .r.: . Gar ( eer, " Phase lock Techniques ", J. Wiley, 1966. 

48. A.B.Gre bene , II The ~.'; onolithic rhase-Locked Loop-

A Versatile Building Block ", I~EE Spectrum, ~arch 

1971, pp 38 - 47. 

49 • . C.S.Weaver, " Thresholds and Tracking Ranges in 

Phase-Locked Loops ", IRS Tr. Space, Electronics 

and Telemetry, Sept 1961, pp 60 - 70. 

50. .J .T. He ss anJ K. K. Clarke, " Optimisation of the 

Frequency Locked Loop ", Proc K~C , pp 528 - 533, 

Vol 25, 1~69. 

51. ~.P.Leach and S.P.Chan, " A General ~e thod of 

Active RC: Network Synthesis", IEEE Tr. 8ct.Th., 

Voil CT-18, f! ov .1971, pp 643 - 650. 

52. Y.Fu and J.S.Fu, " Synthesis of Active Jistributed 

RC Networks ", IE~E Trans. Cct.Th., Vol CT-13, 

pp 259 - 264, Sept 1966. 

53 • .J.G.Barker, '' Synthesis of Active Filters employing 

Thin Film Distributed ~arameter Networks '', 1965 

IEEE Intrl. Conv. Rec,Vol 13, part 7, pp 119- 126 



54. B.B.Woo and R.G.Hove, " Synthesis of Ra tional 

Transfer Functions with Thin Film Distributed 

RC Active Networks '', 1965 ~EC Conv. Rec. 

108. 




