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- I. I n t r o d u c t i o n  

The primary g o a l  of t h i s  r e sea rch  g r a n t  has been an i n v e s t i g a t i o n  of ways i n  

which a nlodern d i g i t a l  computing f a c i l i t y  may be app l i ed  t o  t h e  a n a l y s i s  and 

s y n t h e s i s  of DEA networks (networks c a n t a i n i n g  D i s t r i b u t e d ,  Lumped and Ac t ive  

e lements ) .  This  class of networks i s  of cons ide rab le  importance i n  modern f i l t e r  

c i r c u i t  des ign .  One of t h e  major reasons  f o r  t h i s  i s  because t h e  f a b r i c a t i o n  

techniques  used t o  r e a l i z e  i n t e g r a t e d  c i r c u i t s  r e a d i l y  produce d i s t r i b u t e d ,  lumped, 

and a c t i v e  elements;  t hus ,  t he  DLA c l a s s  of networks i s  d i r e c t l y  r e a l i z a b l e  i n  

i n t e g r a t e d  form. A second major reason  f o r  t h e  importance of t h i s  c lass  o f  networks 

i s  t h a t  DLA networks permit  t h e  ready r e a l i z a t i o n  of networks with r e sonan t  

c h a r a c t e r i s t i c s  of t h e  type  u s u a l l y  c h a r a c t e r i z e d  as bandpass and band-e l lmina t ion ,  

wi thout  r e q u i r i n g  t h e  use  of induc to r s .  The r e s u l t i n g  i n d u c t o r l e s s  r e a l i z a t i o n s  

are a t t r a c t i v e  s i n c e ,  i n  gene ra l ,  they  are smaller, l i g h t e r ,  and easier to s y n t h e s i z e  

than  t h e i r  pu re ly  lumped RLC c o u n t e r p a r t s .  

of t h e  DLA class of networks i s  t h a t  t h e  r e a l i z a t i o n  of  many of t h e  more commonly 

r e q u i r e d  network f u n c t i o n s  can be made us ing  cons ide rab ly  fewer components than  

would be r equ i r ed  f o r  a pu re ly  lumped r e a l i z a t i o n ,  o r  f o r  D lumped and act ive 

r e a l i z a t i o n .  

A f i n a l  major reason  f o r  t h e  importance 

The advantages of  D U  networks are not  r e a l i z e d  without  encounter ing  some 

d isadvantages .  Th i s  class of networks is, i n  gene ra l ,  no t  amenable t o  a n a l y s i s  and 

s y n t h e s i s  by c lass ical  techniques ,  s i n c e  i t  c o n s i s t s  of elements  modeled by par t ia l  

d i f f e r e n t i a l  equa t ions  ( d i s t r i b u t e d  e lements )  as w e l l  as elements  modeled by o r d i n a r y  

d i f f e r e n t i a l  e q u a t i o n s  and by a l g e b r a i c  r e l a t i o n s  (lumped and a c t i v e  e lements ) .  

D i g i t a l  computa t iona l  techniques ,  however, may be  app l i ed  to t h e  a n a l y s i s  and s y n t h e s i s  

of t h i s  class of networks wi th  cons ide rab le  success ,  as w i l l  be r e p o r t e d  i n  t h e  

fo l lowing  s e c t i o n s  of t h i s  r e p o r t .  



During the preceding  c o n t r a c t  year ,  inaior research e f f o r t s  have beet1 m a d e  i n  

fmo gene ra l  d i r e c t i o n s ,  namely, the a n a l y s i s  and the  synthef i is  of U,LA networ!co. 

111 a n a l y s i s ,  a d d i t i o n a l  i n v e s t i g a t i o n s  have bean made of mathematical  modeling 

tecbniquas  which might be used t o  supplement o r  replace tho Lumpcd clemerrt 

netvork models previsus1.y used t o  analyze d i s t r i b u t e d  networks I n  s y n t h e s i s ,  

a d i e i t a l  computer root-locus technique has  been developed t ~ h i c h  may be used t o  

autoinate the preparation of des ign  c h a r t s  Cor the  d i r e c t  synt l ies is  of DLA networks.  

D e t a i l s  of t hese  and o t h e r  r e s e a r c h  sccornplishnents are  given i n  the  fol lowir is  

s e c t i o n s .  

11. The Use of the Matr izant  i n  t..e Analys is  of D i s t r i b u t e (  --_ No tworks - 

One oE the  major areas of i n v e s t i g a t i o n  du r ing  the p a s t  c o n t r a c t  yea r  was the 

use of mathcinatical  modeling techniques  invo lv ing  n ia t r izan ts ,  s i n c e  ouch t achniques  

may be used t o  r e p r e s e n t  d i s t r i b u t e d  network elements  

d i s t r i b u t e d  network having a r e s i s t a n c e  per u n i t  l e n g t h  r ( x )  and a capac i t ance  p e r  

u n i t  l e n g t h  c (x)  is c h a r a c t e r i z e d  by t h e  fo l lowing  f i r s t - o r d e r  matrix dif ferent ia-  

t i o n  equa t ion  

A one-dinisnsional RC 

where V(x,p) and I (x ,p )  are t he  t ransforms of the voltage and c u r r e n t  e x i s t i n g  on 

the  l i n e ,  and where IC i s  def ined  as 

IC = F pc(x)  

A gene ra l  technique f o r  s o l v i n g  such a m a t r i x  equa t ion  i s  to use an i n f i n i t e  

s e r i e s  of matrices c a l l e d  a n ia t r izan t .  I n  gene ra l ,  for a f i r s t - o r d e r  m a t r i x  

d i f f e r e n t i a l  equation having the form 
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we may de f ine  the  i n f i n i t e  ma t r ix  series 

i = O  

where t he  square m a t r i c e s  P s a t i s f y  the  equa t ions  i 
Po t= I 

fY 

f o r  a l l  i n t e g e r  v a l u e s  of i from 0 to  i n f i n i t y .  The q u a n t i t y  Ny(A) i s  c a l l e d  the  

ma t r i zan t  and i t  d e f i n e s  the  s o l u t i o n  t o  the  f i r s t - o r d e r  d i f f e r e n t i a l  equa t ion  of 

0 

(3) by tho  r e l a t i o n  

W ( Y )  = ?{(A) ~ ( 0 )  (6) 

For the case  of t h e  d i s t r i b u t e d  network, u s i n g  the  matrix I< def ined  i n  (2) the  

m a t r i z a n t  y i e l d s  the  t ransmiss ion  parameters of the  d i s t r i b u t e d  network. Thus, we 

nmy write a n  expression i nvo lv ing  the usua l  two-port network v a r i a b l e s  of v o l t a g e  

and c u r r e n t  as 

whcra d is the l eng th  of the  d i s t r i b u t e d  network element .  A r e p o r t  has been 

submit ted o u t l i n i n g  t h e  method i n  more d e t a i l  and d i s c u s s i n g  the  implementat ion of 

the  m a t r i z a n t  approach by th ree  numerical  methods, namely, the  Eulor  method, t h e  

m o d i f i e d  Eu le r  method, and the  mctliod of mean c o e f f i c i e n t s ,  f o r  the  de t e rmina t ion  

matrizant f o r  a d iGt r ibu ted  network of exponen t i a l  t a p e r .  A comparison io made 
13 

i n  the r e p o r t  between the matrizant and tho lumped element modeling methods. I n  

gene ra l ,  i t  is shown t h a t  the  lumped element approach i s  s u p e r i o r  bo th  i n  terms of 

accuracy and computat ional  c l f i c i e n c y  e 
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111. Other  ----* Research E f f o r t s  I-z Concerned w i t h  tlac u_ Analys is  --rm o f  DLA Betworks 
_y 

Another major r e s e a r c h  effort which has been emphasized du r ing  the  p a s t  

c o n t r a s t  year  has been the  de t e rmina t ion  of the u s e f u l n e s s  of d i g i t a l  computer 

techniques  for making ana lyses  of two- and three-dimensional  d i s t r i b u t e d  e lements .  

Usual ly ,  the d i s t r i b u t e d  RC network i s  assumed t o  have v a r i a t i o n s  of r e s i s t a n c e  

and capac i t ance  i n  only one dimension. Thus, we u s u a l l y  s p e c i f y  r lx)  and c(x) 

r e s p e c t i v e l y  as the  r e s i s t a n c e  and capac i tance  p e r  u n i t  l e n g t h  of such a network. 

Ac tua l ly ,  however, a d i s t r i b u t e d  R6: network which c o n s i s t s  of layers of conduct ing,  

d i e l e c t r i c ,  and r e s i s t i v e  materials may more a c c u r a t e l y  be analyzed as a two- 

dimensional  s t r u c t u r e .  Thus, we may cons ide r  q u a n t i t i e s  having the general  form 

r(x,y)  and c (x ,y ) .  Such v a r i a t i o n s ,  however, are n o t  only d i f f i c u l t  t o  ana lyze  

bu t  they a r e  a l s o  d i f f i c u l t  t o  f a b r i c a t e  i n  i n t e g r a t e d  form. An a l t e r n a t e  view- 

p o i n t  has  been chosen f o r  i n v e s t i g a t i o n  under t h i s  g r a n t .  T h i s  i s  the more p r a c t i c a l  

b u t  e q u a l l y  c h a l l e n g i n g  problem of imposing an a r b i t r a r y  te rmina l  c o n f i g u r a t i o n  on 

a two-dimensional d i s t r i b u t e d  RC s t r u c t u r e  which c o n s i s t  of uniform r e s i s t i v e  and 

d i e l ec t r i c  l a y e r s .  A s e t  of computer programs f o r  accomplishing the  a n a l y s i s  of 

such  a d i s t r i b u t e d  network element has been developed. The programs a l s o  cover  the  

more complicated case where a r e s i s t i v e  l a y e r  i s  s u b s t i t u t e d  f o r  the conduct ing  layer 

of the  d i s t r i b u t e d  RC network. The r e s u l t s  of t h i s  i n v e s t i g a t i o n  will be summarized 

i n  a for thcoming r e p o r t .  

one of the  most impor tan t  r e s e a r c h  coo l s  r equ i r ed  i n  s t u d i e s  of the p r o p e r t i e s  

of DLn networks i s  a g e n e r a l  a n a l y s i c  program which has the  c a p a b i l i t y  of hand l ing  

a w i d e  range of network topo log ie s ,  d i s t r i b u t e d  e lements  of va r ious  t ape r s ,  e t c .  

Such a program,DLANET, was desc r ibed  i n  the preceding  annual  r e p o r t  f o r  t h i s  g r a n t .  * 

* Annual Raport,  Analys is  and Syn thes i s  of Distributed-Lumped-Active Networks by 
D i g i t a l  Computer, Research Grant NGL-03-002-13G9 Nat iona l  Aeronaut ics  and Space 
Adminis t ra t ion ,  September 1, 1967 t o  August 31, 1968, p p .  2-6, 
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During the  p a s t  c o n t r a c t  yea r  a complete r e p o r t  d e s c r i b i n g  the  o p e r a t i o n  and 

use of t h i s  program has been submit ted.  I n  a d d i t i o n ,  a coir t inuing e f f o r t  has been 

rnaclc. t o  extend the  capabilities of t h i s  program. A s  a r e s u l t  a inod i f i ca t ion  of 

the o r i g i n a l  l o g i c  has  been achieved so as t o  permit  the  i n c l u s i o n  of d i f f e r e n t i a l -  

i n p u t  a c t i v e  elements  i n  the  network which i s  be ing  analyzed * This  mod i f i ca t ion  

6 

a has  been descr ibed  i n  a report  which has been submit ted.  

An i n t e r e s t i n g  by-product of some of the  r e s e a r c h  on d i s t r i b u t e d  networks 

which was conducted d u r i n g  the p a s t  c o n t r a c t  year was the  discovery of an e r r o r  i n  

t h e  prev ious ly  accepted va lues  f o r  the  network parameters of a well-known 

d i s t r i b u t e d  notch-producing network. The c o r r e c t e d  v a l u a s  have been summarized i n  

a paper  which was r e c e n t l y  publ i shed .  11 

IV. Lise of Root: Locus Techniques as a DLA Network Syn thes i s  Tool 

The preceding s e c t i o n s  of t h i s  r e p o r t  have desc r ibed  the  r e s e a r c h  e f f o r t s  which 

have been made t o  gene ra t e  a c a p a b i l i t y  fo r  the a n a l y s i s  of DLA networks. Another 

c h a l l e n g i n g  problem area is the  development of s y n t h e s i s  c a p a b i l i t i e s  € o r  such  

networlcs. I n  t h i s  and t h e  fo l lowing  s e c t i o n  of t h i s  r e p o r t  w e  w i l l  d e a c r i b e  some 

of  the  p rogres s  which has  been niade i n  t h i s  area dur ing  the  p a s t  c o n t r a c t  y e a r .  

One of the most f r u i t f u l  approaches whicti has  y e t  been proposed f o r  t ho  s y n t h e s i s  

o f  DLA networks i s  the  development of des ign  c h a r t s  which g ive  t h e  va lues  f o r  t h e  

network elements  which will r e a l i z e  s p e c i f i c  dominant p o l e s  and ze ros .  P rev ious ly  

t h e  methods for determining  the  p o i n t s  needed t o  c o n s t r u c t  such des ign  charts have 

used t h e  concept  of matching tho c h a r a c t e r i s t i c s  of the  network w i t h  the  c h a r a c t e r l s -  

t ics  of some d e s i r e d  t r a n s f e r  f u n c t i o n  a t  s e l e c t e d  p o i n t s  a long  the  j w  axis.  During 

t h e  p a s t  c o n t r a c t  yea r  a d i f f e r e n t  approach was developed which does not  r e q u i r e  the  

use of such matching techniques .  In s t ead ,  i t  uses a r o o t  locus  t o  fol low t h e  po le  

p o s i t i o n  as a f u n c t i o n  of some network parameter change. When a set  of such  r o o t  
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l o c i  a r e  drawn f o r  d i f f e r e n t  v a l u e s  of some second parameter  and a r e  superimposed on 

a s i n g l e  graph, t he  rcsuhs i s  a complete des ign  c h a r t .  The concept: i s  q u i t e  gene ra l  

and may be appl ied  t o  a broad range of DLA networks.  To implement t h i s  technique  

du r ing  the  p a s t  c o n t r a c t  yea r ,  a d i g i t a l  computer program f o r  Che gene ra t ion  of 

r o o t  l o c i  was developed. A p a r t i c u l a r l y  s i m p l e  method was found which could be used 

t o  gene ra t e  the  l o c i ,  t hus ,  good computer e f f i c i e n c y  was obta ined .  I n  a d d i t i o n ,  

an  a lgo r i thm was developed t o  p e r n i t  au tomat i ca l ly  main ta in ing  a sca led  i n t e r v a l  

between a d j a c e n t  p o i n t s  d e f i n i n g  the  r o o t  locus  i n  such  a manner as t o  make t h i s  

s c a l i n g  independent of the network s e n s i t i v i t y  t o  parameter  v a r i a t i o n s .  The 

program is q u i t e  g e n e r a l  and may be appl ied  t o  a w i d e  range of t r anscenden ta l  

f u n c t i o n  as we11 as the more common polymonial ones.  A r e p o r t  d e s c r i b i n g  the f o o t  

l o c u s  technique and its a p p l i c a t i o n  t o  t h e  development of a design c h a r t  f o r  a 

g e n e r a l  DLA network c o n f i g u r a t i o n  r e a l i z i n g  a broad range of complex conjugate  

p o l e  and z e r o  l o c a t i o n s  has been submit ted.  10 

V. Other  Research Efforts Concerned wi th  the  Syn thes i s  of DLA Networks 

One of the  most impor tan t  r e s e a r c h  t o o l s  r equ i r ed  i n  malting s y n t h e s i s  s t u d i e s  

of DLA networks i s  a general op t imiza t ion  program which may be appl ied  to a wide 

range of network problems. Such a program (GOSPEL) was descr ibed  i n  the  preceding  

annual  r e p o r t .  *During the  p a s t  c o n t r a c t  year ,  a reyor’t d e s c r i b i n g  the  o p e r a t i o n  

and use of t h i s  program has been prepared and submit ted.  I n  a d d i t i o n ,  e f f o r t s  5 

have been made t o  improve the  c a p a b i l i t i e s  of t h i s  sof tware  package. Such an 

improvement- the development of a g r i d  sea rch  op t imiza t ion  subprogram which can  

be included as p a r t  of t he  basic GOSPEL program. A r e p o r t  d e s c r i b i n g  t h i s  subprogram 

has been submit ted.  

* 

9 

* Annual Report ,  Analys is  and Syn thes i s  of Distributed-Lumped-Active Networks 
by Digital Computer, Research Grant NGL-03-002-136, Nat iona l  Aeronaut ics  and Space 
Adminis t ra t ion ,  September 1, 1967 t o  August 31, 1968, pp .  6-7. 
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A s  an  example of one way i n  which an op t imiza t ion  p r o g a c i  s u c h  as GOSPEL 

may be app l i ed  i n  the  s y n t h e s i s  of DL,A networks,  du r ing  the  preceding  c o n t r a c t  

year a new mcthod of  de te rmining  the  v a l u e s  of t he  e lements  of a DLA network 

f o r  a. s p e c i f i e d  dominant po le  (o r  zero)  behavior  has  been developed. This i s  

based on maximizing ( o r  minimizing) the  magnitude of t h e  network f u n c t i o n  a t  

s p e c i f i c  p o i n t s  on t h e  complex frequency p lane .  Thc method i s  r e f e r r e d  t o  as  

complex op t imiza t ion .  The concept  i s  descr ibed  inore f u l l y  i n  the  precedin::, 

semi-annual r e p o r t .  * T h i s  technique  i s  a l s o  descr ibed  i n  a publ i shed  paper .  

Research e f f o r t s  made du r ing  the preceding  c o n t r a c t  year have i n d i c a t e d  t h a t  

t he  b a s i c  i dea  of complex op t imiza t ion  may be improved by apply ing  a c o n s t r a i n i n g  

technique  t o  the  b a s i c  method t o  i n s u r c  t h a t  the  o p t i m i z a t i o n  converges t o  a 

7 

s o l u t i o n  po in t  r e p r e s e n t i n g  p h y s i c a l l y  r e a l i z a b l e  s e t s  of network parameters .  

A paper  d e s c r i b i n g  these r e s u l t s  i s  c u r r e n t l y  under p r e p a r a t i o n .  

V I .  Fu tu re  Research P lans  

FOP t h e  fo l lowing  c o n t r a c t  y e a r  r e s e a r c h  e f f o r t s  are planned i n  several 

major areas. One of  these i s  t h e  development of a gene ra l  a n a l y s i s  program €or 

a n  a r b i t r a r y  DLA network c o n f i g u r a t i o n .  Th i s  program w i l l  be so def ined  t h a t  i t  

may be d i r e c t l y  used i n  complex op t imiza t ion  a t u d i e s .  Thus, such a program w i l l  

combine the  f e a t u r e s  of  DLANET, GOSPEL, and the  cons t r a ined  op t imiza t ion  approach.  

T h i s  program w i l l  have many a p p l i c a t i o n s  as a powerful r e s e a r c h  t o o l  i n  a t t a c k i n g  

fundamental  problems associated w i t h  the  s tudy  of  DLA networlrs. 

Another r e s e a r c h  e f f o r t  i s  planned t o  develop an automated s y n t h e s i s  procedure 

f o r  p repa r ing  d e s i g n  c h a r t s  f o r  DLA networks u s i n g  cons t r a ined  complex Opt imiza t ion  

as a b a s i c  t o o l ,  This w i l l  p rovide  an a l t e r n a t e  c a p a b i l i t y  t o  t h a t  which i s  now 

* Semi -Annual Report  
Networks by D i g i t a l  Computer, Research Grant  NGL-03-002-136, Nat iona l  Aeronaut ics  
and Space Adminis t ra t ion ,  September 1, 1967 t o  February 28, 19600 pp. 1-3. 

Analys is  and Syn thes i s  of D i s t r i b u t e d  -Lumped -Ac t i v e  
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a v a i l a b l e  us ing  the  r o o t  l ocus  automated s y n t h e s i s  procedure descr ibed  i n  Sec .  IV. 

As such i t  should prove a va ldah le  ~upplenien tary  t o o l  f o r  a broad range of problems 

of t h i s  t y p  ., 

F i n a l l y ,  r e s e a r c h  has been i n i t i a t e d  on de termining  the p r o p e r t i e s  of s e v e r a l  

s p e c i f i c  DLA network c o n f i g u r a t i o n s  usin: t h c  t o o l s  desc r ibed  above. Some of t hese  

networks appear  t o  have d i s t i n c t i v e  and i n t e r e s t i n g  p r o p e r t i e s  and a r c p o r t  describin:;  

them i s  planned f o r  t he  n e a r  f u t u r e .  

VII. L i s t  of Con t rac t  P u b l i c a t i o n s  

A.  I t e m t i  Publ ished During Other  Cont rac t  Years 

1. liuelsman, L. P . ,  An Algorithm f o r  t he  Lowpass  t o  Bandpass Transformation,  
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