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PREFACE
T h is d is s e r ta t io n  p re se n ts ork c a rr ie d  out by th e author in  the department o f E le c t r i c a l  and E le c tr o n ic  E ngin eering  a t Robert Gordon’ s I n s t i t u t e  o f Technology from September 1976 to  December 1979.
I  vould l ik e  to  thank ray s u p e rv iso r , Dr. J . D .  F ad es, fo r  h is  v alu ab le  help and encouragement throughout. I  would a ls o  l i k e  to  express ray a p p re cia tio n  to Mr. B. Davidson fo r  h is  a s s is ta n c e  in  the p re p ara tio n  o f a l l  the i l l u s t r a t i o n s ,  my fe llo w  p o st-g rad u ate  stud ents fo r  t h e ir  co n stru ctiv e  c r i t ic is m , M argaret Reynolds fo r  t 3rping the t e x t ,  and the department s t a f f  in  g e n e ra l.
No p art o f the v.ork described  in  t h is  d is s e r ta t io n  has been subm itted at any other u n iv e r s it y , and, except vdiere o th e rv ise  s ta te d , the uork i s  o r ig in a l .



SUí-i-lARY

The Vvork described in  t h is  th e s is  i s  concerned v ith  the vays in  vhich a d i g i t a l  coinpnter can a s s is t  in  the design  of th in  fi.Ln c i r c u i t s .
One of the ¡nain advantages o f th in  fiL n  teciuiology i s  th a t very accu rate r e s is t o r s  can be fa b r ic a te d  on the s l i c e ,  A set o f progra;ns have been developed such th a t the r e s is t o r  geo ,retries can be s^m thesised e n t ir e ly  a u to m a tic a lly . The r e s u lts  are d i f f i c u l t  to  match by a con ven tion al manual approach because o f the i t e r a t iv e  nature o f the problem -  manual techniques tend to  maice o v e r -s im p lific a t io n s  in  the d e sig n . T h is in cre a se s  the a<:iount o f adjustm ent required to  each r e s is t o r  a f t e r  m anufacture.
The user can merge r e s is t o r  geom etric in fo n n a tio n  with a d d itio n a l to p o lo g ic a l c ir c u i t  data to  d rive  the main in te r a c t iv e  grap h ics prograris. These combine autom atic placement and ro u tin g  algorith m s v,ith gen eral purpose raarmLpulative f a c i l i t i e s ,  to  provide a s u b s titu te  fo r  the t r a d it io n a l  p e n c il and paper.
The autom atic placeiiient f a c i l i t y  in co rp o rates the concept o f ^ p la n a r ity " , vhich atte;iipts to  minimise the number of conductor crossovers req uired  by the autom atic ro u tin g  a lg o r ith n . T h is i s  iu p o rta n t since each crossover has to  be added by hand a f t e r  f a b r ic a t io n . I n i t i a l l y  developed fo r  the design of s in g le -s id e d  p rin ted  c ir c u it  boards, the p la n a r ity  concept i s  e q u a lly  a p p lica b le  to th in  fiL n  c i r c u i t s ,  \.hich are made v ith  a s in g le  la y e r  o f in te rco n n e ctio n s .
The user has coinplete co n tro l over the design process at each step -  the programs a l lo v  him to a d ju st th " lay o u t in t e r a c t iv e ly  a f t e r  each placement or ro u tin g  phase. T h is ensures th a t any inadequacy in  the autom atic ro u tin es i s  co rrected  before i t  can be comnounded in  fu r th e r  u ro ce ssin g .
When the layo u t has been f i n a l i s e d , i t  i s  p o s sib le  to fa b r ic a te  a set of p h o to lith o g ra p h ic  m asters d ir e c t ly  from the data s tru c tu re . The programs '■hich have been v r it t e n  fo r  t h is  purpose, produce paper tapes to  d rive a f l a t  bed p lo tte r  f i t t e d  v/ith a l ig h t  attachm ent. The mask-shapes are



s y s te iiia t ic a lly  exposed to  l i g h t  on photographic f iL a  using a v a r ie ty  of d if fe r e n t  aperture shares.
The design s u ite  i s  coiap letely  modular in  stru ctu re  ami may e a s i ly  be extended. Future naprovements should serve to reduce the aaount o f manual in te r a c t io n  reouired a t each s ta g e .



Chapter 1
An In tro d u ctio n  To Thin F i la  C ir c u it s

1.1 In tro d u ctio n
More and acre  e le c tr o n ic  c i r c u i t s  are nov. a v a ila b le  in  a in ia tu r e  fo r a . \ihile p rin te d  c ir c u i t  boards ( P .C . B .'s )  are p re fe rred  when lijn ite d  nuiabers are re q u ire d , i t  i s  econom ically  b e tte r  to  use in te g ra te d  c ir c u i t s  ( l . C , ' s )  fo r  mass p rod u ction . The co st o f producing photo­lith o g r a p h ic  masks to  fa b r ic a te  an l . C .  i s  very high both in  man-hours and c a p i t a l ,  but the co st o f iaalcing the c ir c u i t s  th e r e a fte r  i s  very lov/. I f  very la r g e  q u a n tit ie s  are re q u ire d , th en , the co st per c ir c u i t  can be much le s s  than in  the p rin te d  c ir c u i t  board ca se . There i s  a ls o  the advantage of compactness and r e l i a b i l i t y  a sso cia te d  v ith  the l . C .  and i t  i s  c le a r  th a t much more coiaplex c ir c u i t s  can be ach ieved .
The tiiae taken to  make each l . C .  i s  r e la t iv e ly  sm all compared to the? . C .B . e q u iv a le n c. T h is i s  due to  the f a c t  th a t th ere i s  l i t t l e  manual ^ /yin te r fe re n c e  other than in  connecting the c i r c u i t  to  i t s  package te rm in a ls .In  the P .C , B. c a s e , the coiaponents must be in d iv id u a lly  attached  to  the board and soldered in to  the c i r c u i t .  While P .C . B , 's  are g e n e ra lly  fa b r ic a te d  in d iv id u a lly , l . C . ’ s are made in  batches o f several hundred or more at once.
Thin f i lm  c ir c u it s  may be regarded as a h a lf-v .a y  house betveen th ese tvo teclin iq u es. L ik e  the P .C . B . ,  the i n i t i a l  cost o f producing the c ir c u i t  i s  much lo v e r  than the l . C .  but the co st per u n it i s  s t i l l  reasonably lo v  given s u f f ic ie n t  q u a n tit ie s . They can be described as tru e  micro­c ir c u i t s  since t h e ir  dimensions are measured in  fr a c t io n s  o f an in c h . l . C . ’ s , o f co u rse , are g e n e r a lly  more compact and complex.
Lilce the P. C. B . ,  one can a tta c h  d is c r e te  components to  the su b strate and connect them in to  the c ir c u i t  v.lth m etal bonding v ir e s . I t  i s  a lso  p o s s ib le , hov.ever, to  fa b r ic a te  d evices in  the film  i t s e l f .  ^  f a r  the most common of these i s  the r e s is t o r  and extrem ely high to le ra n ce s  can be aciiieved . Most a p p lic a tio n s  are in  those areas v-hich req uire very accurate r e s is t o r s . An exanple o f t i i is  i s  in  the fa b r ic a t io n  o f communications a m p lifie r  c i r c u i t s ,  where the gain  i s  d efin ed  by r e s is t o r  valu es and an
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accu rate  g ain  i s  e s s e n t ia l .
1 . 2 Composition And F a b rica tio n

Figure 1.1 i l l u s t r a t e s  a s ia p le  th in  f ilm  c ir c u i t  o f the type Vihich w i l l  be considered . The c ir c u i t  s ta r t s  out as a Sinall ceram ic su b strate  an in ch  or so a c ro s s . The m a te r ia l chosen fo r  t h is  base la y e r  must be able to  v ith stan d  h igh  tem peratures w ithout crack ixig , and should take no p art in  chem ical re a ctio n s  wdth other substances p laced  in  co n tact v it h  i t .  I t s  c o - e f f ic i e n t  o f expansion should a ls o  c lo s e ly  match tiiese substances to  prevent fr a c tu r e s .
S e v e ra l other m a te ria ls  are o ften  used as an a lte r n a t iv e  to  ceraaiic . Among the most common o f these are g la s s , o x id ise d  s i l ic o n  and sapp hire.
The su b strate  i s  u s u a lly  g lazed  or p o lish ed  to  g ive  a s.mooth su rface before d ep o sitio n  b e g in s .
A r e s is t iv e  f ilm  i s  grown onto the su rface o f the s u b s tra te . The a c tu a l com position o f t h is  f ilm  v a r ie s  from m anufacturer to  m anufacturer, but Niclirome m etal and Tantalum Oxide are coimmonly used,
A c lo s e  check i s  kept upon the f iL a  r e s i s t i v i t y  throughout the d ep o sitio n  to  acliieve a very accu rate v a lu e . T h is i s  im portant since the r e s is t o r s  mentioned in  the previou s se ctio n  are made from t h is  la y e r .
G old , or a s im ila r  lo\%- re s is ta n c e  m etal i s  then spread over the r e s is t iv e  c o a tin g . T h is i s  used to  cre a te  a set. o f conductor tra ck s  l in k in g  the components to  fona the d esired  c i r c u i t .
The p a tte rn s  used fo r  a th in  f ilm  c ir c u it  detennine both the lo c a tio n s  and the a c tu a l valu es o f the i n - s l i c e  components. They a lso  d e fiiie  the n ecessary in te rco n n ectio n  tr a c k s . There are two coinmon methods o f c r e a tin g  these p a tte rn s  on the su b strate  -  the f i r s t  i s  ’’R e je ctio n  Masking” and the second i s  ’’ S e le c t iv e  Re;noval” . In  the former c a s e , a p o s it iv e  o f the d esired  shapes i s  cut in to  an in e r t  substance (u s u a lly  m e ta l, g la s s  or grap h ite) to  produce a ”M echanical Mask” . Both the r e s is t iv e  and m e ta llic  la y e r s  are then deposited on the su b strate through the mask shapes. T h is method i s  coimuonly used fo r  ’’ th ic k  fiLm ” c ir c u it s  but seldom fo r  th in  f iL a  or in te g ra te d  c i r c u i t s .

- 2
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“ S e le c t iv e  Removal“ , or “ P hotolithograp h y“ as i t  i s  o fte n  c a l le d , ach ieves the h ig h e st p a tte rn  com plexity ’.vith the f in e s t  l in e s  and the h ig h est accu racy . The teclm ique i s  v ld e ly  used in  the e le c tr o n ic  in d u stry  fo r  both s o lid  s ta te  and th in  film  c i r c u i t s .  The su rface  to be ch e m ically  tre a te d  i s  covered v,ith a polymer e tch in g  s o lu tio n  c a lle d  “ P h o to -R e s ist" . These s o lu tio n s  can be obtained to  fo r .i e ith e r  p o s it iv eor n eg ative  p a tte rn s  when exposed to  l i g h t  througli a photographic mask and heat tr e a te d . E xcess R e sist i s  washed away u sin g  a solven t to  leave a hard p ro te c tiv e  co a tin g  in  the shape o f the mask elem ents. The use o f a s u ita b le  a cid  or reagent removes the untreated  areas o f the c i r c u i t .
In  the d e f in it io n  given in  Figure 1 .1 , t-,o “ etch es" are needed to  fa b r ic a te  the c i r c u i t .  The f i r s t  removes everyth in g but the c ir c u i t  p a tte rn s  -  r ig h t  down to  the su b strate  -  and the second exposes r e s is t iv e  patches to  fonn the n ecessary i n - s l i c e  r e s is t o r s .
I t  i s  a ls o  p o s sib le  to  fa b r ic a te  ca p a c ito rs  and in d u ctors on the su b strate but only sm all valu es can be obtained and e x tra  d ep o sitio n  stages may be req uired  in  f a b r ic a t io n . Sm all s o lid  s ta te  d evices can be attached to  the c i r c u i t ,  hoviever, u sin g  an epoxy r e s in  or s im ila r  compound and the devices connected in  u sin g  a v,lre bonding tech n iq u e. In  a d d itio n  to c a p a c ito r s , t r a n s is t o r s , diodes and in d u c to rs , very h igh  or very lov, valued s o lid  s ta te  r e s i.-to r s  may be used to  save board s iz e  (or to  prevent over­h e atin g  e f f e c t s ) .  Since the design o f i n - s l i c e  n o n -lin e a r  components i s  rath e r in accu rate  and v a r ie s  from m anufacturer to  m anufacturer, only r e s is t o r s  v l l l  be considered in  the s u ite  o f programs to  be d escrib e d .The user v i l l ,  ho\vever, have the option o f d esign in g  M s  own d evices m anually then d e fin in g  the shapes in s id e  a bounding r e c ta n g le . The programs w ill  tr e a t  them as n o m a l components u n t i l  the mask generation  s ta g e s .
Figure 1.2 g iv e s  an example o f an in d u s tr ia l  tM n  f ilm  c i r c u i t .T M s p a r t ic u la r  lay o u t was m anually designed using the GAELIC suite o f programs (R e f. 6 ).
The c ir c u it  i s  connected to  the outside world v ia  a set o f connector p in s protruding from the package -  not u n lik e  an In te g ra te d  C ir c u it .Wires are bonded between these p in s and a set o f conductor "Edge Pads" on the board i t s e l f .  The wdres are attached a t the same time as the lin k s  between comnonents ¿ind tr a c k s .
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The la y o u t ta sk  i s  g r e a t ly  eased i f  some o f the components are l e f t  ou tsid e the board periioeter as shov,n in  the diagram . T h is does not cause any e x tra  problems since th ey have to  be ' ir e d  up in  any case .
Figure 1.3 i s  a fu r th e r  exainple -  in  t h is  case a ideband a t ip l i f ie r  (R e f. 23) .  T h is  i s  a much sim pler c ir c u it  than before but i t  demonstrates th a t e x te rn a l components can a c t u a l ly  be p o sitio n e d  on top o f conductor tr a c k s . Another -.ay o f d e s crib in g  t h is  i s  th a t the connections can be routed underneath the components in  the same mamier as P .C . boards. The technique can be employed to  m inim ise the number o f crossover juinp v-ires th a t are needed. A seriou s problem vvith t l i is  i s  th a t some components V.111 cause an unacceptable amount o f in te r fe r e n c e  -  e s p e c ia lly  at high fre q u e n cie s . T h is f a c i l i t y  ' h l l  be n e g le cte d  fo r  the time being but i s  d iscussed  in  Chapter 11 as a p o ssib le  fu tu re  a d d itio n  to  the program s u it e .
I t  i s  the design of the p h o to lith o g ra p liic  masks th a t i s  the im portant step from the com puter-aided design p o in t o f v iev ,, since the geometry o f the systeia com pletely determ ines the nature o f the e le c tr o n ic  c i r c u i t .The most coinraon method o f mask production i s  to  make a la r g e  s ca le  drav.ing -  u s u a lly  about twenty tim es f i n a l  s iz e  -  and then to  reduce i t  photo­g r a p h ic a lly , There are sev eral - ays o f doing t h is  but the most ccairaoni s  to  use "Cut And P ee l” m a te ria l as shov.n in  Figure 1 .4 . T h is c o n s is tso f an opaque m a te ria l v ith  a tra n slu c e n t b ackin g. The shapes are out­lin e d  v ith  a k n ife  and the opaque m a te ria l i s  peeled o f f  le a v in g  the d esired  p a tte rn  o f tra n slu c e n t a re a s . The c u ttin g  can be c a rrie d  out by hand but i s  more u s u a lly  performed u sin g a ta p e -c o n tr o lle d  c c -o r d in a l0graph v ith  a k n ife  attacimnent. I t  i s  time-consuming to  p e e l o f f  a l l  the un­d esired  s tr ip s  of m a te r ia l by hand and very o fte n  the sm aller s t r ip s  cause problems due to human in -a c c u ra c y . A more d ir e c t  approach i s  to use a ” P h o to p lo tte r” . T h is method uses a m odified co-ordinatograp li to  exposeareas on a photographic fiLm v ith  a l i g h t  beam and i s  d iscu ssed  in  d e t a i l  in  Chapter 10. The r e s u lt in g  transp arency need only be p h o to g ra p h ica lly  reduced to obtain  the mask.
The most common component to be fa b r ic a te d  in  the th in  f i i n  i s  ther e s is t o r . Unlike the In te g ra te d  C ir c u it  r e s is t o r , i t  can be produced toa f in e  to le r a n c e . V/hereas I . C .  r e s is t o r s  can be fa b r ic a te d  to  + / - IC^ , f ig u r e s  o f + / - 0 ,1^ are not uncommon in  the th in  film  f i e l d .  The reason fo r  t h is  d iffe re n c e  in  accuracy i s  the f a c t  th a t thitv f iL n  r e s is t o r s  can be
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tr ia a e d  a f t e r  th ev  have been fa b r ic a te d . There are se v e ra l p o s s ib le  trfa m ia g  methods but the system adopted in  t h i s  case i s  to use a la s e r  beam to burn av;ay r e s is t iv e  m a te ria l u n t i l  the d esired  valu e i s  reached.
The uses o f th in  f i li i i  r e s is t o r s  are id e sp re a d , but one p a r t ic u la r  exaaiple i s  in  the co n stru ctio n  o f r e s is t o r  lad d er netv/orks fo r  Analogue to  D ig i t a l  Convertors where se ts  o f r e s is t o r s  are req u ired  to be in  exact proportion  to  each o th er. There are tv.o main t 3rpes o f r e s is t o r ,  the " S tr a ig h t  L in e " aiid "iieandering" c a s e s . The f i r s t  i s  sim ply an is o la te d  re cta n g le  o f r e s is t iv e  fiLm -.dth m etal connecting pads a t each end.Figure 1.5  shows hov/ such a r e s is t o r  can be trimmed to  aii exact value u sin g  a la s e r  beam. The "Meandering" r e s is t o r  c o n fig u ra tio n  i s  used fo r  iiig h er valu es o f re s is ta n c e  to  f i t  a lon g s e ctio n  o f tra c k  onto the su b stra te  -  Figure 1.6 show's a t y p ic a l  p a tte r n . The geom etric design  o f such a r e s is t o r  i s  q u ite  complex and i s  explain ed in  Chapter 3*
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Chapter 2Methods Of Coaiputer Aided Design
2.1 In tro d u ctio n

T h is chapter d e scrib e s  v.ays in  v.hich th e num erical p ro cessin g  a b i l i t y  o f a la rg e  mainframe computer can be used to  a s s is t  in  the design  o f th in  f i lm  c i r c u i t s .
Very l i t t l e  m a te ria l has been p u b lish ed  s p e c i f i c a l l y  on t h is  s u b je c t , but th ere has been a lo t  o f in t e r e s t  in  computer aided produ ction  o f In te g ra te d  and P rin ted  C ir c u it s . A la r g e  p rop ortion  o f t h is  work i s  d ir e c t ly  re le v a n t to  the th in  f i lm  problem and i s  d iscu ssed  where appropriate in  the fo llo w in g  s e c tio n s .

2 .2  Equipment
2 .2 .1  Mainframe Comput e r

The research was i n i t i a l l y  c a rr ie d  out u sin g  the lEC 10 computer a t the computing centre in  Edinburgh U n iv e r s ity . A G. P .O . telephone modem was employed to  liid c  the computer with a grap h ics term in al in  Aberdeen.
The s itu a tio n  changed in  1977 when a DEC 20 computer became a v a ila b le  in  Aberdeen i t s e l f .  The m achine, owned by Robert Gordon's I n s t it u t e  of Technology, was used fo r  the rem aining p eriod  o f re sea rch .

2 .2 .2  Pe r ip h e r a ls
Figure 2 .1  shows the T e k tron ix  4014 storage v is u a l d is p la y  term in al used throughout. Once a shape has been drawn on the screen , i t  remains v is ib le  z m til the whole drawing area i s  c le a re d . T h is makes i t  im possible to s e le c t iv e ly  erase a p o rtio n  o f the screen , but a h igh  re s o lu tio n  can be obtained and the drawings need not be stored in  computer memory.
The term in al i s  simply used as a g ra p h ica l d is p la y  device in  the case o f the meandering r e s is t o r  design programs described in  Chapter 3«I t  can also  be employed as a s u b s titu te  fo r  a p e n p lo tte r/ p h o to p lo tter to
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The user can in d ic a te  a p oin t on the screen u sin g  a set o f tv.o thumbwheel c o n tro ls  which move h o riz o n ta l and v e r t ic a l  cursor l i n e s .T h is f a c i l i t y  enables him to  d efin e  and move shapes in t e r a c t iv e ly .'*LAY0UT” ,  the combined placement and in te rco n n e ctio n  program, uses t h is  technique such th a t the user can apply h is  ov.n s k i l l  and s p a t ia l  awareness throughout the design ( r e fe r  to  Chapter 9 ) .
A Calcomp pen p lo t t e r  and a F e rra n ti f l a t  bed p h o to p lo tte r  were a v a ila b le  to  generate experim ental p h o to lith o g ra p h ic  mask p a tte r n s . The former was lo c a te d  in  Aberdeen and operated d ir e c t ly  from the DEC 20 machine, The l a t t e r  belonged to  F e rra n ti L td  at Crewe T o ll  in  Edinburgh. I t  was_ driven u sin g paper tapes generated by the art^^ork programs d escribed in  Chapter 10.
An a lte r n a t iv e  type o f permanent g ra p h ic a l record coiold be obtained u sin g  a T e k tron ix  hard copy u n it s itu a te d  near the v is u a l d is p la y  u n it .

2 .3  R e s is to r  Design
The design o f s t r a ig h t - l in e  th in  f ilm  r e s is t o r s  i s  q u ite  a simple ta s k . Meandering r e s is t o r s  are very much more complex, however, since the e f f e c t  o f r ig h t  angled bends in  the tra c k  depends upon the geometry of the r e s is t o r  near the c o m e r . T h is was approximated by Radley (Ref l8) in  h is  program to  design r e s is t o r s  w ithin a s tr a ig h t sided polygon. The user su p p lies "c o rre c tio n  fa c to r s "  in  an attem pt to  allow^ fo r  the in a c c u ra c ie s  in v o lv ed .
A f ix e d  value fo r  each co m er was assumed by CRUM (Ref 4)- Her program, c a lle d  "GADOR", designs r e s is t o r s  to f i t  a re cta n g u la r area defined by the u se r . A fig u r e  o f 0 .5  was assumed fo r  each tra ck  bend. Research by B e ll  Telephone L a b o ra to rie s  (R ef 2) has shown th a t t h is  value can vary from 0,469 to  0.559 depend in g on the le n g th  o f tra c k  a t e ith e r  side o f the c o m e r. T h is can introduce in a c c u ra c ie s  o f up to  and 3^ on the h igh er and lower sid es o f the design v a lu e . In  p r a c tic e  theo v e r a ll e f f e c t  o f the co m e rs i s  much le s s  than these maximum fig u r e s  would im p ly , but there i s  c le a r ly  room fo r  improvement.

show the output from the mask production programs developed in  Chapter 10.
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A program v.as w ritte n  (CÜiapter 3. 3) u sin g  the GAJX3fi r e s is t o r  d e f in it io n  but w ith form ulae to  c a lc u la te  the in d iT id u a l co m e r allo w an ces. The program, c a lle d  ” IEB0R” , a ls o  in co rp o rates  s p e c ia l la s e r  trimming b locks in to  the r e s is t o r  geometry. These are used to  f in e l y  ad ju st the r e s is t o r  valu e a f t e r  manufacture and th ere  i s  no e q u iv a le n t f a c i l i t y  in  GAIX)R. Since the major advantage o f the th in  f i lm  c ir c u i t  i s  th a t h ig h ly  accu rate r e s is ta n c e  v alu es  can be o b tain ed , GADOR r e s is t o r s  are u s u a lly  g r a p h ic a lly  a lte r e d  to in clu d e  trim  b lo ck s . T h is  i s  a manual ta sk  c a rr ie d  out u sin g  the GAELIC sxiite (R ef 6) e n t ir e ly  a t the estim a tio n  o f the en gin eer. lEBOR makes such an a r b itr a r y  d e cis io n  un-necessary as i t  a u to m a tica lly  c a lc u la te s  the number req u ired  and e d its  th e r e s is t o r  before i t  i s  d isp layed  fo r  v e r i f ic a t io n .
A fu rth e r  refinem ent was to  in clu d e the f a c i l i t y  o f auto-expansion in  one or both bounding re cta n g le  dim ensions. The user can f i t  r e s is t o r s  in to  narrow h o riz o n ta l or v e r t ic a l  channels by allo w in g one dimension to  be in creased  u n t i l  a so lu tio n  i s  ach ieved .
lEBOR can a ls o  be used in  a com pletely autom atic design s u ite  by s e tt in g  a standard re cta n g le  s iz e  and fo r c in g  a tw o-dim ensional expansion. T h is  proved to  be a r e la t iv e ly  slow p ro c e s s , so a program was w i t t e n  to design r e s is t o r s  w ith autom atic placement and in te rco n n e ctio n  in  mind.The program i s  named "EESRES” (Chapter 3*2) and assumes a standard r e s is t o r  shape such th a t p h y s ic a l s iz e  becomes unimportant provided th a t i t s  geometry i s  scaled  in  s t r i c t  p ro p o rtio n . Trim blocks are a u to m a tic a lly  in clu d ed  as before and the program chooses a r e s is t o r  s iz e  such th a t overheating e f f e c t s  are u n lik e ly  to  a f f e c t  i t s  perform ance.
Both lESRES and IEK)R in clu d e a number o f i t e r a t iv e  loop s to  achieve a s o lu tio n . These would be very te d io u s to  reproduce by hand u sin g  the same form ulae, so a manual approach would in vo lve  a number o f approxim ations. T h is would le a d  to  a le s s  accu rate r e s is t o r  and an in cre a se  in  the trimming req u ire d . From the m anufacturing p o in t o f view a lo n e , th e n , an autom atic so lu tio n  i s  both f a s t e r  and more econom ical.

2.4 P la n a r ity
Thin f ilm  c ir c u it s  are constructed  with a s in g le  la y e r  o f co n n ectio n s. T h is makes i t  im possible to  cross two conductor tra ck s  without the use o f
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a jumping v á re . Since t h i s  i s  added by hand, i t  i s  im portant to  r e s t r i c t  the number o f cros.sovers to  a minimum.
A s im ila r  problem was encountered by Rose (R ef 19) in  h is  programs to  design s in g le -s id e d  p rin te d  c ir c u i t  boards. He developed a " P la n a r ity ” algorithm  to  f in d  a so lu tio n  v ith  the minimum o f crossover s i t e s .  T h is was a ls o  used by "P le tc h e r ” (R ef 10) to  design In te g ra te d  C ir c u it s .
A version  o f R ose's  algorithm  has been implemented and i s  described in  Chapter 5 . The algorith m  was extended such th a t cro sso vers were a u to m a tica lly  in clu d ed  where n ecessa ry .
I t  i s  very d i f f i c u l t  to  guess the number o f crossovers required simply by lo o k in g  at a c ir c u i t  diagram , since th ere are any number o f ways in  which i t  can be drawn. In d eed , t h is  f a c t  was demonstrated q u ite  w ell while t e s t in g  the autom atic crossover in s e r tio n  r o u tin e s . A simple c ir c u it  w ith one crossover was form ulated and te s t e d . R e su lts  showed th a t the c ir c u i t  wus com pletely p la n a r -  th e c ir c u i t  had simply been drawn such th a t a crossover seemed n ecessa ry . The autom atic p la n a r ity  ch e ck in g , th e n , i s  an im portant p a rt o f the design p ro ce ss .

2.5 Autom atic Layout
Many algorith m s have been developed in  the l a s t  two decades concerned with component placem ent. The e a r l ie s t  w’ork in  t h is  area wus devoted to  improving e x is t in g  la y o u ts  ra th e r  than g en eratin g  la y o u ts  from s c ra tc h .The most s u c c e s s fu l techniques worked on the p r in c ip le  o f "P a ir  Swopping". Random p a ir s  o f components are interchanged to  in v e s tig a te  the e f f e c t  on the la y o u t . I f  an improvement i s  d etected  with regard to  c o n n e c tiv ity  or t o t a l  conductor le n g th , the tra n s p o s itio n  i s  made permanent and the process continues with another p a ir .
An e a r ly  algorithm  o f t h is  type was w ritten  by Stein b erg  (R ef 22). T h is was subsequently improved by Rutman (R ef 2 l) by in c re a s in g  the s e n s it iv it y  o f the success achieved in  each interchange -  with regard to  conductor le n g th  in  p a r t ic u la r . S eve ral other v a r ia tio n s  were w ritten  using the b a sic  Pair-Swopping a lg o rith m , n o ta b ly  by Nugent (R ef I 6) and Mamelak (R ef 15).
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More recent la y o u t s u ite s  generate a rough p la ceae n t a u to m a tica lly  and then apply the iaproveaent te clm iq u e s. The success o f the p o st­p ro c e s sin g , however, i s  s tro n g ly  dependent upon the q u a lity  o f the o r ig in a l placeinent.
Most autom atic lay o u t methods tr e a t  the p o s itio n in g  o f the c ir c u i t  elements as a separate ta sk  from th a t o f ro u tin g  the in te rco n n e ctio n s  although the m inim isation  o f conductor le n g th  i s  an im portant design r u le .At the placement stage the connections are g e n e ra lly  regarded as s tr a ig h t l in e s  betv.'een components which can in te r s e c t  f r e e ly .
Two main techniqu es have been developed to  generate a p r o v is io n a l lay o u t -  "Force Placem ent" and "S e q u e n tia l Placem ent".

2 .5 .1  Force Placement
This approach i s  a ls o  re fe rre d  to as the "Rubber Band" method since the c ir c u i t  connections are assumed to  be springs or rubber bands. Each component i s  examined in  tu r n , the fo r c e s  due to  i t s  connections c a lc u la te d , and moved a short d ista n ce  in  the r e s u lta n t d ir e c t io n . The c ir c u it  elements are g e n e ra lly  considered to  be p o in ts  where the connections meet and the le n g th  o f each connection i s  d ir e c t ly  re la te d  to  the fo rc e  i t  e x e r ts .
The components are p laced  a t random in  the i n i t i a l  stage and allowed to  move to  new p o s itio n s  through repeated use of the fo rc e  algoritiun (see Figure 2. 2) .  An e a r ly  s u ite  o f programs were w ritten  by Rowies and Toome (Ref 20) u sin g  t h is  approach, and a v a r ia tio n  wns implemented more re c e n tly  by Leevers (R ef I4) .
The id e a  o f the algorithm  i s  th a t components which are c lo s e ly  connected tend to  c lu s te r  to g eth er which should t h e o r e t ic a l ly  ease the ro u tin g  ta sk  and give  a so lu tio n  with minimum conductor le n g th . The process must p e r io d ic a lly  h a lt  to  expand the c ir c u it  since the components are made to  crush to g eth er due to  the a t t r a c t iv e  fo r c e s  in v o lv e d .
Improved versions o f t h is  technique have been developed by Capocaccia and F r is ia n i  (R ef 3) atid by F is k , Caskey and West (R ef 9) which re p u lsiv e  fo rc e s  have been added to  prevent the components from cru sh in g , and make expansions win-necessary. The fo rc e s  are c a lc u la te d  with regard to  the shape and s ize  o f each component.
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The iSajor disadvantage vdth the Force Placement method i s  th a t meiny it e r a t io n s  may be req uired  to  reach a s a t is fa c t o r y  s o lu tio n . T h is makes fo r  a r e la t iv e ly  slov/ p rocess \shich may be un su ite d  to  o n -lin e  in te r a c t iv e  programs.
2 .5 .2  S e q u e n tia l Placement

In  t h is  method the components are p laced  in d iv id u a lly  s ta r t in g  vdth a board co n ta in in g  only term in al pads. The components are p o s itio n e d  in d iv id u a lly  ’.d th  regard to  those a lrea d y  p la c e d . A common technique i s  to  p la ce  the component a t the "Centre o f G ra v ity " o f the components on the board to which i t  i s  a tta ch e d . Radley (R ef 18) uses t h is  method in  h is  s u ite  to  design s in g le  la y e r  e le c tr o n ic  c i r c u i t s .  He t r i e s  the component in  every p o s s ib le  o r ie n ta tio n  and then s e le c ts  the so lu tio n  which g iv e s  minimum conductor le n g th .
Rose (R ef 19) uses a seq u en tia l placement technique wdth a " S lo t  Boundary" d iv id in g  the board in to  used and fre e  a re a s . T h is approach i s  very u s e fu l since the components may be p o sitio n e d  in to  the "SLOTS" to  use the board area e f f i c i e n t l y .
The q u a lity  o f lay o u t achieved using a Se q u e n tia l Placement algorithm  i s  very dependent upon the order in  which the components are s e le c te d  fo r  placem ent. Many h e u r is t ic  m le s  have been implemented governing the order o f s e le c t io n , but the u su al technique i s  to choose the component which i s  most c lo s e ly  connected to  the e x is t in g  la y o u t at each ste p . T h is can introduce an a r b itr a r y  d e cis io n  in to  the design i f  se v e ra l components s a t i s f y  the c r i t e r i a  sim u ltan eou sly . More s o p h is tic a te d  programs e x p lo it  t h is  choice by s e le c tin g  the best lay o u t from a number of d if fe r e n t  s o lu tio n s .
Given th a t each component i s  p laced  in  an optim al manner, experience has shown th a t t h is  does not n e c e s s a r ily  produce an optim al o v e r a ll  la y o u t . The execution  tim e o f t h is  approach, ho'wever, i s  s u f f i c i e n t l y  lower than the Force Placement method to  make t h is  technique p a r t ic u la r ly  a t t r a c t iv e  fo r  o n -lin e  d esign .
A c h a r a c t e r is t ic  o f the S eq u e n tia l Placement algorith m  i s  th a t the e a r lie r  components tend to  be vvell p la ced  while the l a t e r  ones are ra th e r  badly p la ce d .
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T h is i s  in  co n tra st to  the r e s u lts  obtained from the Force Placement algorithm  which g e n e r a lly  produces la y o u ts  in  which a l l  the components are e q u a lly  w ell (or badly) p la ce d .
2. 5.3 Choice Of Placement Algorithm

The aim was to  produce a s u ite  o f programs as a design to o l fo r  the engineer ra th e r than a com pletely autom atic system. I t  w'as f e l t  th a t the problems in volved  in  s in g le  la y e r  top ology req u ire the s k i l l  and in t u it io n  o f an experienced d esigner to  produce a s a t is fa c t o r y  la y o u t . U sing a Force Placement type algorithm  w'ould undoubtably in v o lv e  a con sid erab le amount o f p ro cessin g  time which i s  ra th e r  u nsuited  to  o n -lin e  in te r a c t io n .I t  i s ,  o f  co u rse , p o s s ib le  to  carry  out the le n g th y  placement u n -su p ervised , but t h is  would r e s u lt  in  a completed la y o u t which may be extrem ely d i f f i c u l t  to  e d it .
A S e q u e n tia l Placement algorithm  was adopted (Chapters 6 and 7) because o f i t s  speed and the f a c t  th a t the operator can in te r a c t  throughout the design as opposed to  e d it in g  a completed la y o u t . In  t h is  way he can counteract the inherent f a l l  in  placement standard inherent in  a seq u en tia l approach. T h is means th a t  the f i n a l  la y o u t should be very much b e tte r  than the eq u iva le n t u n -ed ited  Force Placement s o lu tio n .
Since an in te r a c t iv e  placement technique has been chosen, subsequent P a ir  Swopping i s  not req u ire d . I t  would be ra th e r d i f f i c u l t  to  implement such a system in  any case because th ere i s  l i t t l e  im ifo rm ity  in  component s iz e .

2 .6  Automatic Routing Of In terco n n e ctio n s
T h is f a c i l i t y  has been w idely developed in  other f i e l d s  -  p a r t ic u la r ly  in  the case o f s in g le  sided p rin te d  c ir c u i t  boards. There are b a s ic a lly  two methods o f doing t h is  fo r  c ir c u it s  with a s in g le  la y e r  o f interconn­e c tio n s  -  ’’ Wavefront" and "R ay-O p tic" ro u tin g .

2 .6 .1  Wavefront Routing Algorithm s
The b a sic  p r in c ip le  o f t h is  technique i s  to  s ta r t  at one component then to  search the immediate v i c i n i t y  in  ever widening c ir c le s  u n t i l  the ta r g e t  component i s  found.
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T h is method \vas f i r s t  implemented by Lee (R ef I 3) in  vvhich the board i s  d iv id ed  in to  a g r id  o f squares. Each square round the s ta r t  component i s  marked to  in d ic a te  th a t i t  has been examined -  any o b s ta c le s  are represented by s p e c ia l marked squares, A v.ave o f marked squares thus spreads out from the s ta r t  p o s it io n  u n t i l  the ta r g e t  i s  reached. I t  i s  then a simple m atter to  re tra c e  the s u c c e s s fu l p a th .
Although t h is  method guarantees to  f in d  a path  i f  one e x i s t s ,  i t  i s  a r e la t iv e ly  slow p rocess and re q u ire s  a tremendous amount o f storage to represent the in d iv id u a l squares. Many versio n s o f the Lee program have been implemented with a view  ̂ to  reducing the execu tio n  tim e and storage req u ired .
One v a r ia tio n  proposed by F is k , Caskey and West (Ref 9) a s sig n s  an ’’ a l t i t u d e ” to  each square. O b stacles and board edges are represented by ” r id g e s ” and "peaks” and the ta r g e t  as a d ep ression . The algorith m  fin d s  the most "d ow nh ill” so lu tio n  to  the ta r g e t  component.
The author has r e c e n tly  implemented a versio n  o f the Lee algorithm  to  route m u lt i- la y e r  p rin te d  c ir c u i t  boards (R ef 5 ) . P la te d  through h o les are marked with a s p e c ia l code such th a t the wavefront can change la y e r  at these p o s it io n s . In  a d d it io n , each la y e r  can be assign ed  a b ia s  o r ie n ta tio n . In  e f f e c t ,  the connections w il l  p r e fe r  to  run se v e ra l u n its  along the b ia s  d ir e c t io n  than a s in g le  u n it  a g a in st i t .  The r e s u lt  i s  a set o f h o r iz o n ta l and v e r t ic a l  tr a c k in g  p la n e s . T h is makes i t  very easy fo r  the engineer to  in s e r t  any f a i l e d  connections in t e r a c t iv e ly .

2 .6 .2  Ray -  O ptic Routing Algorithm s
An a lte r n a tiv e  ro u tin g  method i s  to  p r o je c t  l in e s  along the h o r iz o n ta l and v e r t ic a l  p lanes in  the manner o f "Rays" o f  l i g h t .  When a Ray encounters an o b sta cle  o f some kind i t  s p l i t s  in to  tw'o along the opposite p la n e . The ta r g e t  i s  e v e n tu a lly  reached by one or more Rays.
A t y p ic a l  example o f t h is  technique i s  the algorithm  devised by Hightower (R ef l l ) .  The advantage o f t h is  method i s  th a t th e board need not be d ivid ed  in to  a la r g e  number o f squares, as in  the Lee a lg o rith m , so th ere i s  a s ig n if ic a n t  saving in  core sto ra g e . I t  i s  a ls o  much fa s t e r  than the wavefront a lgorith m .

- 1 9 -



2 .6 .3  Clioice Of Routing Algorithm
I t  i s  im portant to  decide the c r i t e r i a  v.hich should be used in  the routin g algoritiim  to  be adopted. The programs v .r itte n  by Agraval and Breuer (R ef l ) ,  fo r  exam ple, p la ce  maximum emphasis on 100^ ro u tin g . Connection le n g th  and p ro cessin g  time are regarded to  be o f secondary im portance. T liis  i s  r e f le c te d  in  the use o f ” back tr a c k in g ” by Kinniment and Weston (R ef 12). A l l  connections are i n i t i a l l y  routed to  f in d  v,hich v i l l l  f a i l  due to  co n ge stio n . The connections are then d eleted  and the ’'stubborn” ones routed f i r s t  before the algorith m  i s  r e -a p p lie d . T h is in c re a se s  the p ro cessin g  tim e s i g n i f i c a n t ly ,  but does ensure th a t a h igh  percentage o f the connections are routed .
Having opted fo r  a quick placement algorithm  in  s e ctio n  2 .S .3 i  i t  i s  l o g i c a l  to  picic a speedy ro u tin g  algorith m  fo r  the same reason s.The ph ilosophy was to  have a convenient to o l fo r  ro u tin g  the s t r a ig h t -  forv/ard connections vhich i s  quick to  f a i l  on the more complex ones.A Ray -  O p tic t]7pe algorithm  va.s developed (Chapter 8) which does not s p l i t  in to  two iihen an o b s ta c le  i s  found. In s te a d , i t  p ic k s  the d ir e c t io n  which i s  most l i lc e ly  to produce the sh o rter co n n ectio n . Although the algorithm  v d ll  not always f in d  a s o lu tio n , i t  uses minimcil memory storage )< and i s  f a s t  enough to  be used in  an in te r a c t iv e  environment.

2 .7  Computer Aided P hotolithography
When the lay o u t has been d ecid ed , the computer can be used to  produce a c tu a l fa b r ic a t io n  masks. The advantages o f t h is  over a manual technique have been d iscu ssed  in  Chapter 1.
The c ir c u i t  i s  u s u a lly  inpu t to  the machine as a l i s t  o f co -o rd in ate  d a ta . I f  the design has been performed a u to m a tica lly  then th ere i s  the a d d itio n a l advantage th a t the c ir c u i t  can be accessed d ir e c t ly .
Automatic mask gen eration  u sin g cut and p e e l m a te ria l ( r e fe r  to  Chapter 1.2) presents no p a r t ic u la r  problems to  the programmer. An increm ental p lo t t e r  w ith a k n ife  attachment sim ply cu ts  round each c ir c u it  elem ent. The only r e s t r ic t io n  i s  th a t the k n ife  must be o rien ta te d  c o r r e c t ly  a t each c u tt in g  stro k e .
An a lte r n a tiv e  i s  to  use a p h o to p lo tte r  to  expose the d esired  areas
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on a sheet o f l i g h t  s e n s it iv e  m a te r ia l. The programs req u ired  to  do t h is  are very dependent upon the l i g h t  source geom etries which are a v a ila b le . I t  i s  th e re fo re  g e n e r a lly  d i f f i c u l t  to  w rite a program which v /ill c o n tro l a la r g e  range o f p lo t t e r s . A program was, inf a c t ,  developed to  d rive  a F e rra n ti f l a t  bed p h o to p lo tte r  (Chapter lO ) .
In  order to  expose the c i r c u i t  elem ents in  an e f f i c i e n t  manner, i t  i s  g e n e ra lly  accepted th a t a decom position in to  simple geom etries i s  n ecessa ry . The problem has a ls o  been encountered in  the case o f e le c tro n  beam exposure onto in te g ra te d  c i r c u i t  p h o to r e s is t . D ire ct ir r a d ia t io n  i s  s u b s titu te d  fo r  the photographic m asters in  t h is  te ch n iq u e , P a te l (R ef 17) )  fo r  example,  s p l i t s  complex polygons in to  b a sic  th ree and fou r sided shapes which are then processed in d iv id u a lly . T h is b a s ic  id e a  has been used in  the p h o to p lo tte r  programs described  in  Chapter 10.
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Chapter 3
Automatic Design Of Meandering TlrLn F i la  R e sisto rs  

3.1  In tro d u ctio n
T h is chapter d escrib e s  two programs which can be used to  c a lc u la te  the geom etrical shape and s ize  o f th in  f i lm  meandering r e s is t o r s . The f i r s t  i s  very s u ita b le  fo r  use w ith an automated la y o u t and in te rco n n e ctio n  s u it e , since i t  produces r e s is t o r s  with minimum area as the main design cr ité r iu m . R e sisto rs  o f t h is  type are co n stm cte d  such th a t the area o f f ilm  a ffe c te d  by heat d is s ip a t io n  i s  la rg e  enough to prevent damage to  the c ir c u i t  caused by o verh eating.
The second program i s  p a r t ic u la r ly  u s e fu l fo r  manual la y o u ts .I t  allow s the user to  d efin e  a re cta n g u la r  boundary then proceeds to  f i t  a r e s is t o r  w ithin i t .  T h is i s  not always p o s sib le  so th ere  i s  the f a c i l i t y  fo r  auto-expansion in  one or both re cta n g le  dimensions u n t i l  a so lu tio n  i s  ach ieved . In  t h is  program, the onus i s  on the designer to  ensure th a t the r e s is t o r  occupies a la rg e  enough area to  prevent over­h e a tin g .
Both programs in clu d e a number o f s p e c ia l "tr im ” b locks in  the r e s is t o r  geom etries. These are used to  f i n e l y  a d ju st the re s is ta n c e  valu es a f t e r  m anufacture. Complex formulae and numerous in te r a t io n s  are needed to  c a lc u la te  the number required in  each case -  a s im ila r  manual approach i s  th e re fo re  out o f the q u estion .

3 .2 Minimum Area R e sisto rs
3. 2.1  Geometric C onsiderations

A th in  f ilm  r e s is t o r  r e l ie s  upon geom etric shape ra th e r  than s iz e  fo r  i t s  r e s is ta n c e . To demonstrate t h i s ,  con sid er the square o f side 1 u n it shown in  Figure 3«!• Assume th a t the re s is ta n c e  from one fa c e  to  the other i s  Ro Ohms. Now- consider the la r g e r  square measuring 2 x 2  u n its  shown in  Figure 3 .2 . One can see th a t i t  can be s p l i t  in to  twn p a r a l le l  r e s is ta n c e s  each o f 2xRo Ohms. Thus the o v e r a ll  re s is ta n c e  measured betw'een opposite fa c e s  i s  s t i l l  Ro Ohms, and i t  fo llo w s th a t a square o f ANY size  w il l  have the same r e s is ta n c e . The re s is ta n c e  o f the th in  film  la y e r  i s  quoted in  "Ohms per Square" fo r  t h is  reaso n , which makes the geom etric design o f a r e s is t o r  a m atter o f  counting squares.
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© R = Ron.

F i g u r e d . !  RESISTANCE OF A SQUARE OF SIDE 1 UNIT

R = R on

Fi gur e  3.2 RESISTANCE OF A SQUARE OF SIDE 2 UNITS
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An example o f a " S tr a ig h t-L in e "  r e s is t o r  i s  shovoi in  Jig u r e  3 ,3 . T h is i s  the e a s ie s t  form o f r e s is t o r  to  d e s ig n , since the number o f squares in heren t in  i t s  shape i s  siiaply i t s  le n g th  d iv id ed  by w idth.We th e re fo re  a rr iv e  a t the eq uation:
R = Ro X L/Wwhere R = Ro = L = W =

o v e r a ll  re s ista n c e  R e s i s t iv i t y  in  ohms/sq Length Width
For h igher valu es o f r e s is t a n c e , meandering shapes l ik e  the r e s is t o r  shown in  Figure 3*4 are p re fe rre d  in  order to  use board area more e f f i c i e n t l y .  Very h igh  r e s is ta n c e s  need la rg e  a re a s , and i t  i s  sometimes b e tte r  to  a tta c h  s o lid  s ta te  r e s is t o r  ch ip s to  the c ir c u i t  ra th e r than fa b r ic a t in g  them in  the f i lm . At th e  other extrem e, very low r e s is ta n c e s  may be achieved u sin g t h is  tech n iq u e.
In  order to  design meandering r e s is t o r s , some b a sic  knowledge o f the mechanics o f tra c k  co m e rs i s  needed. Consider Figure 3*5 which shows the current stream l in e s  round a r ig h t-a n g le d  bend (R ef 2 ) .I t  i s  apparent th a t one cannot a ssig n  a whole square o f re s is ta n c e  to  the co m e r since a s ig n if ic a n t  area i s  not used by the flo w  l i n e s .  Indeed, the fr a c t io n  to  be considered depends upon the le n g th  o f s tr a ig h t  tra ck  on e ith e r  side o f the co m e r -  the flo w  l in e s  may not have returned to  t h e ir  normal p o s itio n s  due to  a previous bend in  the tr a c k . Figure 3*6 shows th ree cases o f a r ig h t  angle bend where the le n g th  at one side of the bend i s  v arie d  (R ef 2 ), I t  i s  assumed th a t the other side o f the bend i s  not short enough to  in flu e n c e  the current flow'. From these experim ental r e s u lts  i t  appears t h a t , fo r  zero le n g th , an allow ance of 

0.469 squares i s  adequate. This value r is e s  to  0.559 when the le n g th  i s  la r g e r  than the tra c k  w idth. To obtain  a reasonably accu rate value fo r  any le n g th  of t r a c k , a r is in g  exp on en tial was drawn to  pass through these th ree known p o in ts . T h is i s  shown in  F ig u re 3 .7 . The general equation of such a fu n ctio n  can be given as:
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R = L/W squares = L.Ro/Wn
F i gu r e  3,3 A STRAIGHT LI NE RESISTOR

Fi gur e  3 .i, A MEANDERING RESISTOR
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overal l  resistance =  6+OORNER ALLOWANCE-^ 6-5 squares

F i g u r e  3 . 5  RI GHT- ANGLED TRACK CORNERS
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( d )

( b )

A l lo w a n c e  =  L1 / W  +  0 - 4 6 9 s q  L2 -  O 

co rne r  al lowance =  0 - 4 6 9' bq.

Al lowance = 2.L1/W +  2-111 L2 = W/2

=:r>> c o r n e r  al Iowance =  0*5555
-----------sq.

n

note metdi terminationsI_____

c ]  A l lowance ( L I  +  L 2 ) w + 0 - 5 5 9 j  L 2 >  W

— ^  corner a l lowance 0 -5 5 9  eg

F i g u r e  3- 6  CORNER ALLOWANCES FROM FORMULAE
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[-6-4941 L e n / w J
c o r n e r  a l lo w a n c e  =  0 - 5 5 9 — 0-09exp, sq

F i g u r e  3 - 7  EQUATION FOR CORNER ALLOWANCE
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A ll A -  B X Exp (-C  X Len/W)
A l l = Allowance in  squaresLen = Length o f tra c k  a f t e r  bendW = Width o f tra c kA , B and C are con stan ts

When Len i s  very much g re a te r  than ¥ we have th a t :
A l l  =  0.559 ^  A -  0=> A = 0.559lihen Len = 0 , A l l  =  O.469=> 0.469 =  0.559 -  B=>  B -  0.09When Len =  W/2, A l l  =  0.5555=> 0.5555 = 0.559 -  0.09 x  EXP (-C/2)
=> c = 6 .4 9 4 1¥e now have the f u l l  equation as;

A l l  = 0.559 -  0.09 X EXP (-6.4941 x  Len/W)
T h is equation i s  needed fo r  a l l  r ig h t  angle Bends.
3. 2.2 Simple R e s is to r  Geometry

Figure 3.8 shows the b a sic  geometry which has been adopted.The r e s is t o r  i s  designed to  f i t  a square bounding re cta n g le  fo r  optim al packing and i s  d efin ed  by the v a r ia b le s  N and T . N i s  the number o f h a l f  meanders (two in  t h is  exam ple), and T i s  the tra c k  w idth. The term inations are set to  have a le n g th  o f th ree tim es the tra c k  width and are lo c a te d  at opposite ends o f the r e s is t o r  to  counteract any mis­alignment o f the p h o to lith o g ra p h ic  mask used in  fa b r ic a t io n . In  the geometry d e f in it io n , N i s  c o n s tr ic te d  to  be an even whole number.
To form an equation fo r  the t o t a l  re s ista n c e  i t  i s  n ecessary to  break the r e s is t o r  in to  sim pler geom etric shapes. Tw'o d is t in c t  shapes are evident h e re , and are shown in  Figure 3*9. Shape A occurs a t thebeginning and end o f the r e s is t o r , whii.e shape B occurs tim es.
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F i g u r e  3-8 S i m p l e s t  m e a n d e r  r e s i s t o r

T
y'y'

y'y y'

3T

T

t ' 'Lh/2-T-J
shape [ A ]

R^= 0 5 5 9 + H/2-T+3T

= H/2T+2559
T

shape [ B ] 

R b = 2 ( H / 2 - T ) ^

F i g u r e  3 - 9  Ba s i c  meande r  s h a p e s  and t he i r  f o r m u l a e
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Using the corner square fonnula developed in  the l a s t  section^ v/e can derive the in d iv id u a l equations fo r  the r e s is ta n c e s  o f these shapes (Ra and Rb), The o v e r a ll  re s is ta n c e  can then be c a lc u la te d  from:
Rt =  2 X Ra +  N X Rb

i . e .  Rt = 2 X (

where
H2 X T + 2.559) +  N.x (2 X ) + 2 .1 1 1 ) squares
HRtNT

h e ig h t o f r e s is t o r  (n e g le c tin g  term in ation s) o v e r a ll  re s is ta n c e  Number o f h a l f  meanders Track width
T h is can be s im p lifie d  to ;
Rt =  ( | +  0.111) + 1  + 5 .1 1 8  squares
From the geometry o f the square boundary we have th a t :
H = 2 x N x T + T  
Thus, by s u b s titu tio n :
Rt =  2 X +  3.111 X N +  6.118 squares
i . e .  Rt =  R o x ( 2 x N ^  + 3 . H l x N + 6 .  I I 8) Ohms
V/here Ro = r e s i s t i v i t y  in  ohms/square.

T h is equation shov/s th a t the tra c k  th ick n e ss  (T) does not a f f e c t  the 
overall  re s ista n c e  but m erely the p h y s ic a l s iz e  o f the component and the area i t  takes up on the th in  f i lm  s l i c e .  I t  i s  a ls o  apparent th a t only c e r ta in  d is c r e te  valu es o f re s is ta n c e  can be ach ieved . These correspond to  N = 2 , 4j 6,  8,  10 e t c . (N must be even to g iv e  a so lu tio n  with term inations a t opposite sid es o f the r e s is t o r ) . A ta b le  o f r e s is ta n c e s  fo r  sev eral valu es o f N i s  given in  fig u r e  3 .10 .

For any given re s ista n ce  (R g ), the required value o f N can be found from the root o f the above qu adratic equation .
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N R  (Squ ares) R (O hiris)(R es = 400 O h m s / S q  )2 20. 34 83164 5 0 .5 62 2 0 22 4 .86 96. 784 38713. 68 15 9.00 6 63602.410 237. 228 94891.212 331. 45 13258014 441. 672 176668.816 567.894 227157. 618 710. 116 284046. 420 86 8.33 8 347335.222 1042. 56 41702424 1232.782 4 9 3 1 1 2 .826 1439. 004 575601.628 1661.226 664490. 430 1899. 448 759779. 2

F i g u r e  3.10 The d i s c r e t e  r e s i s t a n c e s  o b t a i n a b l e
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X.  e . N -3 .1 1 1  + J  (3-1 11)^ -8 < (6 .1 l8  -
N a tu r a lly , the valu e o f N must be rounded to  an even in te g e r . This means th a t the lo v e r  and h igh er d is c r e te  valu es n ea rest Rg must be examined to  see vhich i s  the most s iiita b le  to  u se .
3 .2 . 3 Decreasing R esistan ce By Meander Shriiikage

To reach any a r b itr a r y  re s is ta n c e  v a lu e , th ere are two techniques whj.ch can be a p p lie d . The f i r s t  i s  to  extend a lower d is c r e te  value by the a d d itio n  o f se v e ra l e x tra  meanders, and the second i s  to  reduce a high er valued re s is ta n c e  by sh rin kin g meanders. The l a t t e r  w i l l  be explain ed f i r s t .
Figure 3.11 i l l u s t r a t e s  a r e s is t o r  in  which one meander has been " f u l l y  shrunk" and one meander has been " p a r t ia l l y  shrunk". By reducing o v e r a ll meander le n g th  in  t h is  fa s h io n , lower re s is ta n c e s  may be reached.The drop in  r e s is ta n c e  due to  a f u l l y  siirunk meander i s  a fu n c tio n  o f N -  Figure 3.12 shov/s the geometry o f both a f u l l y  shrunk and normal meander.A minimum le n g th  o f 3 x  T has been chosen to  ensure a le n g th  of at le a s t  "T" before and a f t e r  each r ig h t  angled bend in  the tr a c k . T h is means th a t  the form ula used to  ca lcx ila te  the co m e r allow ances wi l l  s t i l l  be v a lid  (R efer to  3 .2 .1 .) .
I t  can be seen th a t the lo s s  in  meander le n g th  i s  (H -  2xT) -^ ( 2 x  Tj (H -  4rXT'T- ) .  ' Thus the TOTAL lo s s  in  re s is ta n c e  (a llo w in g  fo rboth sides) i s  2 x  (H -  4T)/T squares. Using the fa c t  th a t H = 2 x N x T  +  T w'e f in d  th a t :
Loss =  4 X N -  6 squares= (4 X N -  6) X Ro ohmsI t  v d l l  o ften  be n ecessary to only  p a r t i a l l y  shrink a meander, so we also  req uire a form ula to  c a lc u la te  the f i n a l  le n g th  o f a p a r t i a l l y  shrunk meander, given a known re s is ta n c e  l o s s .  R efer to Figure 3.13 which shows the geometry in v o lv e d .
Assume th a t the change in  re s ista n c e  must be dR ohms. From thediagram :-
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par t i a l l y  shrunk meander

completely shrunk meander

further reduction would 
cause serious problems 
in formulae and give an 
inaccurate solution

F i g u r e  3.11 M i n i m u m  area re s is to r wi th

1 completely  sh r unk  meander and 

1 par t i a l l y  s h r unk  meander
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ord  i n a r y  m e a n d e r [ H = 2 N T + T ]

f u l l y  s h r u n k  m e a n d e r

Loss in res is tance  due to shr inkage = R [ 4 N “ 6 ] o .

R = resist iv i ty  in ohms/square 

N ^  number of half meanders in design 

T = track width

F i g u r e  3.12 G E O M E T R Y  OF S H R I N K A G E
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no rm a l  meander

i
TT

p a r t i a l l y  shrunk meander

I R L =  2 N T -  where
2R

R = resistivity n jo  

T -  track width 

dR = loss in resistance  ̂X I ) 

IRL=length of partial  meander

F i g u r e  3-13 GEOMETRY OF PARTIAL SHRINKAGE
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Length o f meander 
before shrinkage

H - T  = ( 2 x N x T  +  T ) - T  
= 2 X N X T

I f  we create a va riab le  ” IKL” to  represent the req^lired meander 
le n g th  then the change in  len gth  can be expressed as 2 x  N x  T -  IS L .

The t o t a l  change in  re sista n ce  must then be:

d R = 2 x ( 2 x N x T  -  IKL) x  Ro/T

Thus:

IKL = 2 x N x T - d R x T / ( 2 x  Ro) which w ill  always give a so lu tio n  fo r

IRL provided th a t dR i s  le s s  than (4  x  N -  6) X Ro -  i . e ,  le s s  than the 
resistan ce change a v a ila b le  from a f i i U y  shrunk meander.

3 . 2 . 4  In cre a sin g  Resistance By Adding Meanders

Consider the re s ista n c e  valu es in d ic a te d  in  Figure 3»14.
R (N =  2) and R (N = 4) are two d is cre te  re sista n ce  v a lu e s , and the 

shading in d ic a te s  those re sista n ce  values which can be reached by shrinking  
the l a t t e r .  T h is r e s u lts  from the fa c t  th a t only N/2 meanders are 
a v a ila b le  fo r  shrinkage in  any p a r tic u la r  r e s is t o r . Values R3 and R2 
can only be achieved by extending the lower r e s is t o r , whereas value R1 
can be reached from e ith e r  the higher or lower d is cre te  v a lu e s. The 
mid-point lin e  u s u a lly  determines whether shrinking or extension i s  to be 
adopted, but only v̂hen the shaded region reaches t h is  boundary. R esistances  
to  the l e f t  o f the lin e  are extended from the lower value and those to 
the r ig h t are reached by shrinking the h igh er.

The mechanism o f extension i s  i l lu s t r a t e d  in  Figure 3*15. Case 
(a) shows an ex tra  w'hole meander added to  the r e s is t o r , case (b) show's the 
addition o f an extra p a r t ia l  meander and case (c) shows the extension of 
one term ination,

3 . 2 . 4 .1  Case (a) -  E x tra  Whole Meander 
Consider the diagram shown o v e rle a f:
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resistane© [-o]-

MIDPOINT

shad ing in d ic a te s  res is tances 

which can be reached  by
u u
sh r i nk  i ng. R (n = 4)

F i g u r e  3.  H Graph o f  r e s i s t a n c e  v a l u e s
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/  /"A /  /  / .

V / / / / / ,  y / / / / / 7 / / / / . ' / / ' /• ̂ / ¿ . .

77
' 7K/
1:21

(a)  E x t r a  whol e  
m e a n d e r

V/ /   ̂ ^ / ^ / / / /  '' ■/  / / /  / / . / / / / / / /  / / / / / / V
[ c ]  S t r a i g h t  ex t ens i on  

of  t e r m i n a t i o n

reduction of up to 
2T is also possible

( b' j E x t r a  pa r t  i  a I 
m e a n d e r

F i g u r e  3.15 Ex t  e n d i ng m i n i m u m  area r e s i s  t ors  
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The shape i s  made up o f fo u r co m e r squares, two s in g le  squares and two le n g th s  o f s tr a ig h t  tra ck  (each H -  2 x  T lo n g ) . Using the equation given in  Figure 3 .7  to  c a lc u la te  the co m er allow an ces, v/e can form ulate an equation fo r  the o v e r a ll  meander re s is ta n c e  to  be:
Ra = 0.559 +  0.5555 +  2 x(0.5555) +  2 x  ( l)+  2 X (H -  2 X T)/T == 2 X  H/T +  0.2255

A gain , usin g  the f a c t  th a t H = 2 x N x T  +  T we have th a t;
Rm =  4 X N +  2.2255 squares =  (4 X N +  2.2255)X Ro ohms

I t  i s  u s u a lly  only necessary  to  add one meander, and fo r  most valu es o f erro r re s is ta n c e  a p a r t ia l  meander i s  a l l  th a t i s  req u ire d .This was v e r if ie d  u sin g  a short program to  it e r a t e  through a la r g e  range o f re s ista n c e  valu es and to  p r in t  out the type o f a lt e r a t io n  required in  each c a se .
3 .2 .4 .2  Case (b) -  E xtra  P a r t ia l  Meander

The diagram shown below i s  s im ila r  to  th a t in  the previous se ctio n  except th a t the meander le n g th  i s  now v a r ia b le  (ll-iL) and i s  le s s  than (H -  T) which corresponds to  a complete meander.
-  40  -



H -  T- -̂ 1

L e t the r e s is ta n c e  o f the meander be dR. as before we have th a t ; Using the same technique
dR =  0.559 +  0.5555 +  2 x  (0.5555) +  2 x  (1)+  2 X  (I2-1L -  T)/T

= 2 X IML/T +  2.2255 squares
= (2 X IML/T +  2.2255) X Ro ohms

Thus:
IML == (dR / Ro -  2.2255) x  T/2
and so IML can be c a lc u la te d  to  g ive  the desired  re s ista n c e  in c re a s e .
3 .2 .4 .3  Case (c) -  S tr a ig h t E xtension

The minimum le n g th  o f E>iL in  the above equation i s  r e s tr ic t e d  to 3 X T (which corresponds to  the same geometry as a f u l l y  shrunk meander). T h is g iv e s  a minimum re s ista n c e  o f 8 .22 squares. I f  dR i s  le s s  than8.22 X Ro ohms then a simple extension  i s  ap p lied  to  one o f the r e s is t o r ’ s term inations -  as demonstrated in  Figure 3*15 ( c ) . The in crea se in  le n g th  i s  c a lc u la te d  from the simple form ula:

-



dR = Ihcrease/TX. e, In crea se dR X T
I t  i s  a ls o  p o s sib le  to  reduce the te rm in ation  le n g th  provided th a t the f i n a l  le n g th  i s  g re a te r  than the tra ck  i\ddth. T h is can provide a u s e fu l drop o f up to  2 squares.

3 .2 .5  Simple Design Of Minimum Area R e sisto rs
The flow ch art shown in  Figure 3-16 shows the "sim ple r e s is t o r "  design p ro ce ss . The low est re s is ta n c e  which can be achieved i s  when N =  2 which g iv e s  a fig u r e  o f 20.34 squares. Any r e s is ta n c e  sm aller than t h is  value cannot be designed and the f i r s t  step in  the flo w ch art i s  to  check fo r  t h is  and, i f  n e ce ssa ry , i n i t i a t e  the design o f a simple " s tr a ig h t  l in e "  r e s is t o r  ( r e fe r  to  se ctio n  3 * 2 .1 ) . The next step i s  to  c a lc u la te  the n ea rest f ix e d  "N" value r e s is ta n c e s  on e it h e r  side o f the ta r g e t  v a lu e . S eve ral fa c to r s  decide whether shrinkage or exten sion  i s  to  be ap p lied  -  i f  the r e s is ta n c e  i s  n earest the lower value then extension  w il l  take p la c e . C onversely , i f  i t  i s  nearer the high er v a lu e , shrinkage w il l  occur provided th a t there i s  enough "shrinkage" a v a ila b le . The exception  to t h is  i s  when the term in ation s are lengthened in  preference to  e ith e r  o f these two methods. Due to  the geometry o f the r e s is t o r  i t  i s  p re fe ra b le  to  shrink the h igh er valued r e s is t o r  ra th e r than in cu r  an u n u su ally  long f i n a l  te rm in atio n .
A composite r e s is t o r  showing a l l  p o s sib le  design parameters i s  shown in  Figure 3*17 fo r  referen ce purposes. T h is r e s is t o r  could never o c c u r .s in c e  the IM , IHL and the I R , IRL param eters are m u tu ally  e x c lu s iv e .

3* 2.6 L aser Trimming
To allow  fo r  in a c c u ra c ie s  in  fa b r ic a t io n  and d e s ig n , i t  i s  n ecessary  to be ab le  to  f in e l y  ad ju st completed r e s is t o r s  to  t h e ir  d esired  v a lu e s . There are variou s w'ays o f doing t h i s ,  but in  each case some r e s is t iv e  m a te ria l i s  removed causing an in crea se  in  r e s is ta n c e .R e s is to r s , th e r e fo r e , must be designed on paper to  be sm aller than needed and then "trimmed" a f t e r  fa b r ic a t io n . The method adopted here i s  to in co m o ra te  one or more " la s e r  trim  blocks" in to  the simple r e s is t o r  geom etries desciubed in  the previous s e c tio n . Figure 3*^8 shows a
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p a r a m e t e r s

I E  - f i n a l length of t r a c k
I M  - No. of e x t ra  meanders
IML- length of extra pa r t i a l  nrlea n de r

I R  - No. of  - completeHy shrunk meanders
I R L - length of part i a l l y  shrunk meander
N - numbe r of half meanders
r r  - t r a c k w i d t h

F i g u r e  3 . 1 7  MINIMUM AREA RESISTOR PARAMETERS
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r e s is t o r  vdth a s in g le  trim  block and a ls o  in d ic a te s  how the b lock i s  trimmed. As the la s e r  bum s away the r e s is t iv e  m a te r ia l in  the b lo c k , the o v e r a ll  re s is ta n c e  i s  c o n tin u a lly  m onitored u n t i l  the d esired  value i s  reached. The number o f b locks needed fo r  any p a r t ic u la r  r e s is t o r  depends upon the accu racy req uired  and the in cre a se  in  r e s is ta n c e  which can be gained from each b lo ck .
3 .2 .6 .1  R esistan ce Of Untrimmed ELock

Consider Figure 3.19 which shows the geometry o f an untrimraed b lo ck . I f  we b is e c t  the shape v/e can obtain  two new' shapes each with r e s is ta n c e  R1 (diagram ( b ) ) . The value o f R1 can be c a lc u la te d  from a form ula developed by B e ll  Telephone L ab o rato rie s (Ref 2) to  rep resent the e f f e c t s  o f a narrow tra c k  merging v,ith a wade tr a c k . T h is g iv e s :
R1 ----------------- + n  X2 x N x T  +  T /-Ŝ  +  1 \ T /S +  l  ̂ „ T /4 X S\  ̂ ^  -  2 X I n (|2 T t )
where S =  ( 2 x N x T  +  T)/T = 2 x  N +  1
The re s is ta n c e  o f the untrimmed block can now be c a lc u la te d  from:

R untrimmed = 2 x  R1 -  1 squares.
The constant o f 1 square rep resents the p o rtion  o f unw-anted tra c k  shown ^ in  Figure 3*19 ( a ) .
3 .2 .6 .2  R esistan ce Of Trimmed EQ.ock

When a block has been com pletely trimmed o u t, the r e s u lt in g  shape approximates th a t shown in  Figure 3« 20. To c a lc u la te  the t o t a l  re s ista n c e  o f t h is  complex shape i t  i s  n ecessary to  break i t  up in to  se v e ra l simple shapes w ith w e ll d efined form ulae. Three d is t in c t  shapes a r is e  -  a s tr a ig h t  s e c tio n , two co m er squares and tw'o r ig h t  angled tra c k  bends.The t o t a l  re s is ta n c e  can be found by summing the in d iv id u a l r e s is ta n c e s  which have been la b e lle d  RA, RB and K in  the diagram.
3 .2 .6 .2 .1  R esistan ce RAThe r ig h t  angled bend show  in  the diagram has the most complex form ula o f the th re e . I t  i s  a d ir e c t  im plem entation o f another form ula
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section 
remov(?d by 
laser 
beam

F i g u r e  3-18 LASER TRIMMING

B

( a )  d imens ions of un tr immcd 
b l ock

B/2

resistance R1 between 

indicated f aces

( b ) bas ic  s h a p e

F i g u r e  3-19 GEOMETRY OF UNTRIMMED BLOCK
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N,B.
L = Laser beam diameter 

B = Block Ihickness 

T = Track widlh 

N = Nq half meanders

Ra

RESISTANCE = (2Ra- 1) +2k+Rs

R a

B

-12

L

F i g u r e  3-20 GEOMETRY OF A FULLY TRIMMED BLOCK- 47-



devised by B ell Telephone Laboratories (Ref 2) and is  given by:
RA 2 X N X I/T 2 +  1/S in  ( f j ^ )  +  ( ^ )  COS-^ ( | r ^ ).-1  ,s  -  1,
where 3 T2/T i f  T2 ^  Tand S = T/T2 i f  T >  T2T2 = (B -  L)/2B = trim  block th ick n e ssL = la s e r  beam diam eterN and T as b e fo re .
3 .2 .6 . 2 .2 R esistan ce RB

The re s is ta n c e  RB i s  sim ply th a t o f a s tr a ig h t  le n g th  o f tra c k  thus RB =  L/T2 ( i t s  le n g th  d iv id ed  by i t s  v.ddth).
3 .2 .6 ,2 .3  R esistan ce K

The r e s is ta n c e  to  be assigned to  the co m e rs depends on the sh o rte st s tr a ig h t  le n g th  o f tra c k  on e ith e r  s id e . Since both co m ers share a le n g th  o f "L” ,  the e f f e c t iv e  le n g th  a f t e r  each co m er i s  L/2.Using the form ula developed in  s e ctio n  3*2,1 v.e can nov f in d  the re s is ta n c e  from:
K ^  0,559 -  0.09 X EKP (-6,494.1 x  (l /2)/T2)
Having foimd the r e s is ta n c e s  o f the component shapes i t  now remains to sum them to  f in d  the t o t a l  trimmed re s is ta n c e :
R trimmed = 2 x R A + 2 x K + 2 x R B - l
3«2.7 Choosing The Number Of Trim Blocks

To allow  fo r  v a r ia tio n s  in  f ilm  r e s i s t i v i t y ,  mask alignm ent e r r o r s , and other m anufacturing in a c c u r a c ie s , a percentage to le ra n ce  i s  quoted by the d e sig n e r . T h is fig u r e  i s  then used to  determine the number o f trim  b locks Vvhich should be in clu d e d . Since the re s is ta n c e  can only  be in creased  w ith trim m ing, i t  i s  necessary to  design the r e s is t o r  to be sm aller than the d esired  v a lu e . For example, i f  the user s p e c if ie s

n
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an accu racy o f +  2 ^ , the r e s is t o r  would be designed to  be e x a c t lyle s s  than re q u ire d . In  t h is  way, i f  i t  tu rns out to  be 1 $  h igh er than i t  should b e , no triam in g i s  needed. A lt e r n a t iv e ly , should i t  be too s m a ll, a trim  o f 225« i s  required to  reach the ta r g e t  r e s is ta n c e .
The minimur.1 re s is ta n c e  change required fo r  re s is ta n c e  ^ Ith  percentage accuracy +  i s  given by:
dR -  2 X X X i^lOO  -  X X R/50
Assuming th a t * 'If” b locks are needed, v/e req u ire  t h a t ;

(R trimmed •" R untrimmed) x  I f  ^  dR
x .e .
I f  ^  dR/(R trimmed -  R untrimmed)
\viiere the two r e s is ta n c e s  r e fe r  to  the trim  block in  i t s  trimmed and untrimmed s t a t e s . I t  i s  im portant to  note th a t the l a t t e r  valu es cannot be c a lc u la te d  m le s s  the niunber o f h a l f  meanders (N) and the tra c k  Vvidth (T) are Iaio;»n. (R efer to  the formulae derived in  se ctio n s 3 .2 ,6 .1  and 3 .2 .6 .2 ) .
3. 2.8 E ffe c t iv e  Area Of The R e sisto r

Power r a t in g  i s  an im portant fa c to r  in  the design o f a r e s is t o r . Overheating can r e s u lt  from a badly designed r e s is t o r ,  wliile i t  i s  i n - e f f i c i e n t  to  overestim ate the s a fe ty  margin req u ire d . From recent research  (Ref 7) i t  appears th a t the maximum allow able power d is s ip a t io n  in  a t hin f i lm  r e s is t o r  i s  governed by the h ig h e st temperature wliich the f ilm  can w ithstand -  i t s e l f  governed by s t a b i l i t y  c o n sid e ra tio n s .
Heat flow  from the r e s is t o r  i s  in  two d ir e c tio n s  -  in to  the su b strate and along the surface o f the f i lm . Consider the simple r e s is t o r  shown in  Figure 3 .2 1 . The e f fe c t iv e  area i s  i t s  own areato g eth er w ith the area o f f ilm  a ffe c te d  by the heat flow  p erpen dicu lar to  the r e s is t o r  boundaries. I t  can be seen th a t the flow  in  t h is  d ir e c t io n  only a f f e c t s  a w ell d efin ed  region  o f d ista n ce  away from the r e s is t o r . I t  -fiaa hmn  shown th a t the value o f K i s  constant fo r  a
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F i g u r e  3.21 EFFECTIVE RF5I5T0R AREA DUE TO TRANSVERSE HEAT FLOW
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Since i t  i s  only im portant to  f in d  the MIMI'fTOI e f f e c t iv e  a re a , 
we can a ssm e  th a t th ere i s  n e g lig ib le  heat flov/ from co m e r p o in ts .TIrLs i s  q u ite  accep tab le since very l i t t l e  heat flov, has been observed from sharp p o in ts .

f ig u r e s  3»22, 3*23 and 3.24 shov: some o f the s itu a tio n s  whichcan a r is e  when meandering r e s is t o r s  are considered . A g a in , i t  i s  assumed th a t no heat flo w  a r is e s  from co m er p o in ts  and th a t overlapping areas need only be counted once in  the t o t a l  area c a lc u la t io n . An algorithm  has been vnritten to  c a lc u la te  the o v e r a ll  a ffe c te d  f ilm  area given  any se t o f r e s is t o r  param eters, and was te ste d  on a l l  p o s s ib le  c o n fig u r a tio n s . The bulk o f the programming i s  concerned w ith the d e te ctio n  and p ro cessin g  o f overlapping are as.
A r e s is t o r  which i s  p h y s ic a lly  too sm all can cause seriou s overh eating e f f e c t s  in  the r e s is t iv e  la y e r  and an overlarge r e s is t o r  wastes valu ab le  board area . In  the d e s ig n , an e stim a tio n  i s  made o f the maximum current or v o ltag e  w'hich could a r is e  -  t h is  has an a sso cia te d  maximum power d is s ip a t io n . Every r e s is t iv e  f i lm  has an in lieren t power d is s ip a t io n  fig u r e  measured in  w atts per square m etre, so i t  i s  a simple ta sk  to  c a lc u la te  the minimum peim iissible area fo r  any p a r t ic u la r  r e s is t o r .
The flo w ch art given  in  Figure 3.25 shows the i t e r a t io n  necessary  to  in cre a se  the r e s is t o r  area from i t s  low est (using the sm alle st tra ck  width which can be m anufactured), to  an acceptable v a lu e .
The tra c k  width i s  in creased  by an e x p o n e n tia lly  d ecreasin g amount as the ta r g e t  value i s  approached. T h is  m inim ises computation tim e.

3 .2 .9  Minimum Area R e sisto r  Design Program -  lESRSS
Figure 3.26 shows the complete design process needed to  syn th esise  mi n imum area meandering r e s is t o r s . T h is has been implemented in  a program c a lle d  DESRES.
The necessary  in p u t data i s  as fo U o w s :-

p a rticu la r  m icrocircu it package 7  Co'.-nwvoT.'i cal-'iCn^g
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F ig u r e  3-22 Meandering resistor area

e f fe c t iv e  area

areas to be counted only once

F ig u r e  3 23 Meandering resistor area
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effective area

areas to be counted only once

F i g  u re 3.. 2L MEANDERING RESISTOR AREA
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START

input design 
specification '

subtract trim  percentage 
from RESISTOR DESiCMW .^5
SET No TRIM BLiDCKS =  O 
TRACK WIDTH =  MINIMUM

simple res is t or  
des i gn  

Fig.  3.16

calcu la te No. of Trim Blocks 
needed. Subtract resistance 
of Trim Blocks from 
Resistor  Design Value

s imple
d

Fig

? resistor 
?sign 

3.16

>f

T Last’ TRACK WIDTH

f i nd now track width to give 
an overall area

^ M I N I M U M  AREA 
Fig. 3 .25

F ig u r e  3-26 Design of min imum

area r e s i s t o r s
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(a) Output d ata  f i l e  naiie. T h is  f i l e  v d .ll u lt im a t e ly  co n tainthe r e s is t o r  geom etries in  co -o rd in a te  form . I t  i s  used by l a t e r  in t e r a c t iv e  placem ent and ro u tin g  program s.
(b) The sheet r e s i s t i v i t y  in  ohms/square
(c) The la s e r  beam diam eter
(d) Trim block th ic k n e s s .
(e) A ffe c te d  area fa c t o r  (K) as d escrib ed  in  s e c tio n  3 .2 .8 ,
( f)  Minimum p e rm issib le  tr a c k  v ld th .
(g) R e s is to r  valu e to  be ach ieved .
(h) Minimum allow ab le a re a .
( i)  Percentage to le ra n c e  re q u ire d .
( j)  R e s is t o r ’ s o r ig in  c o o rd in a te s . These are not needed i f  the r e s is t o r  i s  to  be a u to m a tic a lly  p o s itio n e d  on the s u b s tr a te .

When the trim  percentage has been su b tracted  from the ta r g e t  v a lu e , a r e s is t o r  i s  designed w ith minimum tra c k  wd.dth and no trim  b lo c k s . From the param eters produced, the number o f trim  b locks can be estim ated and the r e s is t o r  i s  im m ediately re -d e sig n ed  w ith the b locks p re s e n t.The tra c k  width i s  then c a lc u la te d  such th a t  the minimum area r e s t r ic t io n  i s  s a t i s f i e d . I f  the new tra c k  width i s  the same as b e fo r e , then the design i s  com plete. I f ,  however, i t  has changed, an i t e r a t iv e  loop  i s  entered to  ensure th a t  the number o f trim  blocks has been c a lc u la te d  u sin g the l a t e s t  tra c k  w idth.
When a compromise i s  reach ed , the param eters are d isp lay ed  and the user has the option  o f a cce p tin g  or r e je c t in g  the d e s ig n . I f  the r e s is t o r  i s  acce p ted , i t s  c a lc u la te d  o u tlin e  i s  drawn on the screen and a co -o rd in a te  d e s c rip tio n  w ritte n  to  the data f i l e .
S ev e ral r e s is t o r s  may be designed in  t h i s  v/ay and each i s  given  a unique name such as R E S l, RES2 e t c .
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F ig u re s  3.27 and 3.28 i l l u s t r a t e  the d ia lo g u e between user and maciiine in  the design  o f a t y p ic a l  r e s is t o r .  T M s v e rsio n  produces GAELIC (R ef 6) ¡aanual in p u t language in  the output f i l e  -  as shovn in  fig u re  3. 27( b ) . There i s  a ls o  a v e rsio n  o f t h i s  program which produces a f i l e  vhich  i s  com patible w ith the la y o u t and in te rco n n e ctio n  progra;ns to be d iscu ssed  in  ch ap ters 4 through 9 . In  t h is  way th e program can be used as an a id  to manual la y o u t as w e ll as being an in t e g r a l  p a rt o f an o v e r a ll  design s u it e .
3.3 D efined Area Meandering R e s is to r s
3. 3.1 In tro d u c tio n

A second r e s is t o r  design method has been developed to  f i t  a r e s is t o r  in to  a d efin ed  area on the s u b s tra te . T h is f a c i l i t y  i s  u s e fu l when developing a manual la y o u t sin ce  the d esign er can s e le c t  h is  own bounding r e c t a n g le , then allo w  the computer to  do the work o f c a lc u la t in g  a f e a s ib le  geometry.
A s o lu tio n  i s  not always p o s s ib le , o f co u rse , sin ce  i t  may be p h y s ic a lly  im p ossib le to  f i t  the r e s is t o r  in to  the given  a re a . The user must then r e - s p e c ify  the re c ta n g le  o r , more com m only,alloiv the computer to  in cre m e n ta lly  expand the re c ta n g le  in  one or both dimensions u n t i l  a s o lu tio n  becomes p o s s ib le . T h is au to-expansion fe a tu re  i s  very u s e fu l when one dimension i s  s t r i c t l y  lim ite d  because o f other components on the board.
T h is design method could a ls o  be used in  the autom atic lay o u t su ite  by d e lib e r a t e ly  u n d erestim atin g the req uired  bounding r e c t a n g le , thereby fo r c in g  an expansion to  r e s u lt .  O verheating e f f e c t s  would not be taicen in to  acco u n t, however, and the program would in v a r ia b ly  talte much lon ger to  achieve a s o lu tio n  than the ” IESRES” algorith m  described  in  the previous s e c tio n s .
fig u r e  3.29 shows the standard geometry assumed in  t h is  design algo rith m . T h is i s  id e n t ic a l  to  th a t used in  a r e s is t o r  design program c a lle d  "GALOR” (R ef 4)> but a ra th e r  d if fe r e n t  technique i s  used to carry  out the d e sig n . T h is  i s  due to  the f a c t  th a t GADOR does not a u to m a tica lly  in clu d e  Trim B lo ck s.
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DESRES^FOR
A program io design Thin Film Resistors to 
occupy an area just larger than that specified

This version is compatible with GAELIC

Enter name for proposed DATA FILE 
TEMP

Input LASER UIDTH and trim BLOCK SIZE 
10,30

Input calculated AREA FACTOR for this circuit 5
Input SHEET RESISTIUITY value in ohms/sq 
400

Input required RESISTOR ORIGIN coordinates 
354,876

Input RESISTANCE required 
4E4
Input niNIPlUn AREA and NINIMUn TRACK width 
0 10
PERCENTAGE +/- trim required ?
5

N-

IR> 0

IT-

IRL>

10

81

IE = 

IN-

30

0

NTRIN-

INL» 0

Do you accept this resistor solution ? 
YES

( a i  P r o g r a m  D i a l o g u o

■POLYGON*(1) 354,876:0,30,0,10,81,10,-81,30,0,40,0,10,120,10,
-120,20,0,10,120,10,-120,20,0,10,120,30,10,-40,-120,-10,120, 
-30,-120,-10,120,-30,-120,-10,120,-30,-120,-10,81,-30,-81, 
- 10, 0 , - 20 , - 10, 0 ;
■FINISH*;

( b) GAEL I C d a t a  p r o d u c e d  to d e s c r i b e  R e s i s t o r

F i g u r e  3 - 2 7  O p e r a t i o n  of  t h e  p r o g r a m  D E S R E S
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LASER UIDTH • 10 BLOCK SIZE ■ 30RESISTANCE« 38000« RESISTIUITY« 0 UITH 
AREA • 24665 TRACK« 10

5 K+/-
NoT’ TRin BLOCKS • 1 I|« 3« , 6IR • 0 IRL • 81 in« 0 inL«
Rasisior height is 11.5000 thoua

0

Fi gu r e  3-28 Graphical output f rom DESRES
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T = w i d t h of r e s i s t o r  t r a c k

h = height of f i n a l  m e a n d e r

L - 1 (? n g t h of f i n a l  m e a n d e r

k = l e n g t h of term i n at i ons

W = def i ned w id th  of bounding i

H - def i ncd he igh t  of bounding

N - n u m b e r of ha l f  m e a n d e r s

Ro . r e s i s t i v i t y in a / s q u a r e

R = overal  1 r e s i s t a n c e  in jo.

R -  Ro[ (N-l) W+2L + 2 k + h - 2 T ] / T

F i g u r e  3 . 2 9  G e o m e t r y  o f  a d e f i n e d  a r e a  r e s i s t o r
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3.3.2 Simple Design Of Defined Area Resistors
The r e s is t o r  i s  d efin ed  by the number o f h a l f  meanders (N ), i t s  tra ck  v,idth (T) ,  the dim ensions o f the r e c ta n g le  (H and W),  and the le n g th  o f i t s  te rm in atio n s o u tsid e th e re c ta n g le  (K) . I t  a ls o  has tv;o areas of freedom, namely i t s  f i n a l  meander h e ig h t (h) and le n g th  ( 1 ) . The formula fo r  o v e r a ll  r e s is ta n c e  (as developed in  GADOR) can be d efin ed  by;

R =  R o x ( ( N - l ) x W + 2 x l + 2 x K + h - 2 x T ) / T  -  (a) vhere; R = o v e r a ll  r e s is ta n c eRo = sheet r e s i s t i v i t y  in  ohms/squareThe bounding re c ta n g le  h e ig h t (H ), i s  r e la te d  to  the r e s is t o r  p a ran eters by the form ula:H = 2 X N X T +  h - ( b )I f  ve i n i t i a l l y  assume th a t the r e s is t o r  i s  a p e r fe c t  f i t  -  i . e .  h = T , then v,-e can re-arran ge t i i i s  form ula to  c a lc u la te  N;
N = (H/T -  l)/ 2N must be an in te g e r  -  i f  i t  i s  odd, then the te rm in atio n s vsdll be a t the same side o f the bounding r e c ta n g le . An even-numbered N v i l l  r e s u lt  in  terrainations a t opposite s id e s . I t  i s  up to  the user to  decide viiich  option i s  to be p r e fe r r e d . (The r e s is t o r  in  F igure 3*29 has te rm in ation s at opposite sid es o f the bounding r e c ta n g le . An example w ith te rm in atio n s a t the same side i s  g iven  in  Figure 3 .3 1 ) .
Having determined an in te g e r  value fo r  N u sin g the minimum tra ck  w idth, we can now c a lc u la te  the f i n a l  meander h e ig h t by re -a rra n g in g  eqviation(b) to  g iv e :h =  H - 2 x N x TI f  t h is  valu e o f h i s  le s s  than z e ro , i t  means th a t the design  i s  im possibl:- and the user must r e -d e fin e  the bounding r e c ta n g le . T h is can e ith e r  be achieved m anually or u sin g  the au to-expansion  f a c i l i t y .
The p rocess i s  completed by c a lc u la t in g  the le n g th  o f the f i n a l  meander (1 ) . By re -a rra n g in g  form ula ( a ) , we have th a t :1 = (R X T/Ro -  (N -  1) X W -  2 X K -  h +  2 X T)/2
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I f  the value fo r  1 turns out to  be n e g a t iv e , i t  L'nplies th a t th e  tra c k  \vidth (T) i s  too sm all ( i . e .  the r e s is ta n c e  i s  too h ig h ) . tfnen t h is  s itu a tio n  a r i s e s ,  the tr a c k  v,-id.th i s  increm ented and the d esign  process repeated.
To ob tain  a m eaningful s o lu tio n  we req u ire  th a t ” 1” be g re a te r  than 2 X T , and le s s  or equal to  (W -  T ) . The tra c k  width i s  i n i t i a l l y -  set to the minimum p e rm issib le  valu e and g ra d u a lly  in cre a se d  u n t i l  the f i n a l  meander le n g th  i s  g re a te r  than th e minimum f ig u r e . I f  ” 1” i s  then found to  be g re a te r  than (W -  T ) ,  i t  i s  c lip p e d  to t h i s  value th ereb y cau sin g  an unavoidable in a ccu ra cy  in  the r e s is t o r  d e sig n . This % e rro r i s  given  as output data from the program.
Figure 3*30 i l l u s t r a t e s  the flo v n h a r t d e s c r ib in g  t h is  techniquein  f u l l .

3 .3 .3 L a s e r  Trnnming
Trhm b locks s im ila r  to  those describ ed  in  s e c tio n  3 .2 .6  are nov, assign ed . Thg form ulae fo r  th e block in  i t s  trimmed and untriinmed s ta te s  s t i l l  ap p ly . The only d iffe r e n c e  i s  th a t th e h o r iz o n ta l vddth o f the trim  block i s  now f ix e d  a t "W” ,  the ^»idth o f the bounding r e c ta n g le . In  the o r ig in a l form ulae i t  was a fu n c tio n  o f tra c k  width and the nunber o f h a l f  meanders.
Figure 3.31 show's how the b locks may be added to  th e r e s is t o r  p a tte r n s . The req u ired  number o f b locks i s  c a lc u la te d  and the d efin ed  re cta n g le  h e ig h t '’H” reduced a c c o rd in g ly . A r e s is t o r  i s  then designed to  f i t  the rem aining space in  the r e c ta n g le . The r e s is ta n c e  o f the untrim-ned blocks must be taken in to  acco u n t, o f co u rse , and t h is  fu r th e r  com p licates the algoritim n.

3.3.4 Bounded Area R e s is to r  Design Program -  lEBOR
Figure 3.32 shows the flo v x h a r t  o f a program c a lle d  "DEBOR” which has been w ritte n  to  design  Bounded Area r e s is t o r s  u sin g  the techniqu es explained in  the p reviou s s e c tio n s . The input data req uired  i s  very s im ila r  to  th a t o f "lESRES” ,  except th a t the user must s p e c ify  a set o f re cta n g le  dim ensions. A t y p ic a l  d ia lo g u e i s  given  in  Figure 3 .3 3 (a ) .
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F i  g u r e  3  -30 S i m p l e  ‘d e f i n e d  r e s i s t o r “ des ign
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N u m b e r  of t r i m  b l o c k s  = Ng(  =  1]

Reduct ion in d e f i n e d  he igh t  =  N g [ B + l ]

B = t r im  b l o c k  t h t ckness  
T = t rack  width

F i g u r e  3 . 3 1  D e f i n e d  a r e a  r e s i s t o r  w i t h  t r i m m i n g  b l o c k
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F i g u r e  3 32 The f u l l  design process ( program DEBOR)
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DEBOR.FOR
A proaram to design meandering Thin Film 
Resistors to fit a bounding rectangle

Enter name of DATA FILE to be produced 
TEMP

Enter LASER DIAMETER and TRIM BLOCK size 
10^30

Enter sheet RESISTIUITY in ohms per square 
400

INPUT RESISTOR ORIGIN COORDINATES 
867,489

Enter UIDTH and HEIGHT of bounding rectangle 
400,460

Enter RESISTANCE value required 
8E4

Enter trim PERCENTAGE +/- required

How long do you want the TERMINATIONS to be ? 
30

Do you want the terminations to be on 
the same side of the bounding rectangle ?

( a ) C o m p u t e r  d i a l o g u e

'POLYGON*(1) 867,489:0,30 ,0 ,50 ,0 ,2 0 ,38 0 ,2 0 ,-3 8 0,6 0 ,3 8 0 ,3 0 ,-3 8 0
60,380,20,-380,60,380,20,-258,130,258,30,20,-50,-258,-90,258,  
-6 0 ,-3 8 0 ,-2 0 ,3 8 0 ,-6 0 ,-3 8 0 ,-2 0 ,3 8 0 ,-6 0 ,-3 8 0 ,-2 0 ,3 8 0 ,-6 0 ,-3 8 0 ,  
-2 0 ,3 8 0 ,-3 0 ,-3 8 0 ,-3 0 ,-2 0 ,0 ;

'POLYGON*(2) 867,489:400,520,-400,-520;
'FINISH*;

"GAELIC d a t a  f i ll i e  p r o d u c e d

f i g u r e  3 - 3 3  Op e r a t i o n  o f  p r o g r a m  ' D E B O R- 66 -



There are three main stages in the prograia:-

(a)
(b)

(c)

C a lc u la tio n  o f th e number o f Triia B lo ck s.T h is uses the cu rren t valu e o f tr a c k  v id th  and th e bounding r e c ta n g le  \vidth.C a lc u la tio n  o f a v a ila b le  re c ta n g le  h e ig h t . T h is re q u ire s  the number o f Trim Blocks and the tr a c k  v id th .The siimple r e s is t o r  design  which uses the a v a ila b le  re c ta n g le  h e ig h t , re cta n g le  v id th  and th e number of trim  b lo ck s  to produce nev v alu es fo r  the tr a c k  width and th e number o f h a l f  meanders.
Since each stage depends upon the r e s u lt s  o f a t  le a s t  one o th e r , the program must c y c le  through t l i i s  sequence o f c a lc u la t io n s  u n t i l  the d esign  param eters reach steady v a lu e s . T h is i s  shown as a siiuple loop in  th e flo w ch art given in  Figure 3*32.

I f  the program f a i l s  due to  la c k  o f sp ace , th ere  i s  the option of a u to -e sp a n sion. T h is in v o lv e s  a gradu al in cre a se  in  one or bothre cta n g le  dimensions u n t i l  a s o lu tio n  i s  o b tain ed . The increm ent s iz e  i s  i n i t i a l l y  set h igh  and r a p id ly  reduced to  g ive  a r e s u lt  accu rate  to  1 screen u n it  ( 0.00005 in c h e s , i f  p h o to p lo ttin g  c a rr ie d  out at a s c a le  o f 2 0 :1 ).
The c a lc u la te d  param eters and e rro r percentage are d is p la y e d , and the user has the ch o ice  o f acce p tin g  or r e fu s in g  the r e s is t o r .  I f  accep ted , i t  i s  drawn on the screen and a set o f co -o rd in a te  data w ritte n  to  a GAELIC language f i l e  (an example o f which i s  shown in  Figure 3*3 3(h )),
Figure 3*34 shows the type o f g r a p h ic a l output th a t  i s  o b tain ed .
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B ioirsIzE.'-’ T U lH R T IO N S

CALCULATED PARAMETERS»
N ■ 9 IF ■ 1 LAST MEANDER LENGTH • 2T8MEANDER HEIGHT ■ 90 TRACK WIDTH • 20FINAL hS  - 460 FINAL WIDTH - 400X OUT ON DESIGN - 0.2398546E-01
DO VOU ACCEPT RESISTOR ? VES
Haight of raaistor is 26.0000 thous

data given before design t
30

i : z : :  r

... .........................  1

LI
ma s k  1 

m a s k  2

F i g u r e  3-3i* G raph ica l ou tpu t f rom DEBOR
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Chapter 4
D escrib in g  and R epresenting A C ir c u it

4 .1 In tro d u c tio n
The r e s is t o r  design  program s, d escrib ed  in  Chapter 3> generate data f i l e s  which can be m anipulated in t e r a c t iv e ly  u sin g  the GAELIC grap h ics s u ite  (R ef 6 ) , The same data can a lt e r n a t iv e ly  be merged with geom etric and to p o lo g ic a l  in fo rm a tio n  su p p lied  by the d esig n e r and used to  cre a te  a num erical model o f the c irc id L t. Having con stru cted  such a m odel, a s e r ie s  o f  a lg o rith m s can then be a p p lie d  with a view' to  g e n e ra tin g  a la y o u t a u to m a tic a lly . T h is  ch ap ter d escrib e s  th e form al in p u t language which has been adopted as a means o f e n te rin g  the n ecessa ry  c i r c u i t  in fo rm a tio n . The stru ctu re  o f the model i s  exp lain ed  in  d e t a i l .
The d ata  form ats d escrib ed  in  the fo llo w in g  s e c tio n s  are based upon the v/ork c a r r ie d  out by Rose (R ef 19) in  the d esign  o f s in g le -s id e d  p r in te d  c i r c u i t  boards.
Having designed the n ecessa ry  meandering r e s is t o r s ,  the f i r s t  step in  producing a la y o u t i s  to  prepare the c i r c u i t  data in  a s u ita b le  form at fo r  in p u t to  the computer. T h is  c o n s is ts  o f  two d is t in c tstages and i s  b est i l l u s t r a t e d  \'dth re fe re n ce  to  the simple c ir c u i t  described in  F ig u re s 4 .1  and 4 .4 .

4 .2  M aster Component L ib r a r ie s
The i n i t i a l  stage i s  a set o f d ata d e s c r ib in g  the geom etric shape and dim ensions o f the c i r c u i t  elem ents. S in ce  se v e ra l components may be p h y s ic a lly  i d e n t i c a l ,  th ese d e f in it io n s  are re fe rre d  to  as "MASTER” shapes and can be a p p lie d  to  more than one d e v ic e . The d e s c r ip tio n s  are stored in  "MASTER COMPONENT" b lo ck s (groups o f data) ^daich are lin k e d  to g e th e r to  form a l i s t ,a n d  each i s  g iven  a unique name. For exam ple, the geom etries rep rese n tin g  \  watt and §  wattr e s is t o r s  could  be c a lle d  RESl and RES2 r e s p e c t iv e ly .
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The geometry o f a component i s  d efin ed  by a bounding r e c ta n g le  vhich allow s space fo r  the component and s e v e ra l connection  pad s.I f  the re c ta n g le  rep resen ts an atta ch ed  d evice then the pads w i l l  be used to  connect th e ch ip  in to  the c i r c u i t  u sin g  a ^^d.re-bonding te c h n iq u e . In  the case o f an i n - s l i c e  component such as a meandering r e s is t o r  th ey  sim ply a c t as m e ta llis e d  te rm in a tio n s .
Each M aster B0.ock h old s geom etric in form atio n  concerning the component i t  re p re se n ts . The bounding re c ta n g le  di mensions are s to re d , to g e th e r w ith the number o f in p u t pads and t h e ir  in d iv id u a l co -o rd in a te s  -  the o r ig in  o f which i s  taken as th e bottom l e f t  hand co m er o f the r e c ta n g le . I t  i s  im portant to  r e t a in  the pad p o s it io n s  in  a c o n s is te n t c y c l ic  d ir e c t io n  and a convention has been adopted to  use, a co u n ter-clock w ise  l i s t .
Component M aster "TRAN’* in  F igu re 4«!^ fo r  exam ple, has been d efin ed  as a square o f side 80 u n it s  w ith th ree in p u t pad s. T h is p a r t ic u la r  d e s c r ip tio n  assxmies th a t th e component i s  a s o lid  s ta te  chip  v/hich w i l l  e v e n tu a lly  be atta ch ed  to  the s u b s tr a te . Thus th e bounding re cta n g le  w ith i t s  a s so c ia te d  pads i s  a l l  th a t need be s p e c if ie d . In  co n tra st to  t h i s ,  component "MRES" rep rese n ts a p r e v io u s ly  d efin ed  meandering r e s is t o r . The computer assumes t h i s  when no re c ta n g le  h e ig h t and width are g iv e n . I t  then r e fe r s  to  the data f i l e s  produced by the r e s is t o r  design  programs to  o b tain  the n ecessa ry  geom etric d a ta .
The component d e s c r ip tio n s  must be stored in  computer memory in  an e f f i c i e n t  manner. A convenient method i s  to  use a lo n g  arra y  and simply to  l i s t  the d e s c r ip tio n s  one a f t e r  the other as shown in  fig u r e  

4. 2( a ) . T h is  i s  very econom ical with regard to  storage sp ace , b u t, i f  we assume an ir r e g u la r  data b lock  s iz e , then each and every lo c a t io n  must be examined in  fu r th e r  p ro c e s sin g . A b e tte r  system i s  to  in clu d e an e x tra  item o f d ata in  each block o f r e la te d  elem ents to  h old  the "address" o f  th e n ext b lock in  sequence ( r e fe r  to  fig u r e  4 .2 ( b ) ) .Such ein a d d itio n  i s  c a l le d  a "D ata P o in te r" and can be used to  jump p a st ir r e le v a n t  d ata w ith a s ig n if ic a n t  saving in  p ro ce ssin g  tim e. This can be represented s ch e m a tica lly  by o m ittin g  the lo c a t io n  numbers and drawing each is o la t e d  group o f data elem ents as a separate b lo ck . T h is i s  demonstrated in  fig u r e  4 .2 ( c ) , I t  i s ,  o f co u rse , p e r fe c t lyp o ssib le  to  in clu d e  more than one p o in te r  in  each b lo c k , and a number o f in te r lin k in g  " L is t s "  and "R in gs" can be produced to  speed up access tim e.
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A ”L i s t ” i s  d e fin e d  as a s tr in g  o f b lo ck s which te rm in ates in  a zero or n egative data p o in te r  and i s  demonstrated as ’’ POINTERl” in  the diagram . The a lt e r n a t iv e  i s  a d ata  "R in g” where the p o in te rs  are arranged to  form a never-ending lo o p . T h is  i s  sho\>n as the p o in te r  group "P0INTER2”in  the diagram .
Figure 4.3 i l l u s t r a t e s  the data form at employed to  d e scrib e  a Master Component geom etry. Each "M aster Block" has e x a c t ly  6 -f n e n tr ie s  where "n" i s  the number o f te rm in a l pads in co rp o rated  w ith in  the bounding r e c ta n g le .

The block s to re s :
(a) The d e s c r ip tio n  name(b) A p o in te r  to  the n ext M aster Block in  sequence. T h is  forms a simple d ata l i s t  as demonstrated in  Figure 4 *2 ( c ) .(c) The n m b er o f te rm in a l pads a s s o c ia te d  ivlth the component geometry.(d) The Width and H eight o f the bounding r e c ta n g le .(e) A set o f pad c o -o rd in a te s  r e la t iv e  to  the bottom l e f t  hand co m e r o f the bounding re c ta n g le  (Both the X and Y v alu es are coded in to  the same data word u sin g  the form ula lOOOOX +  T . T h is technique reduces the s iz e  o f the d ata  f i l e s  c o n s id e ra b ly ) .( f)  A p o in te r  to  one o f  a separate group o f d ata b locks c o n ta in in g  in form atio n  regard in g  the shape o f i n - s l i c e  components. T h is p o in te r  i s  zero -valu ed  in  the case o f atta ch ed  d e v ic e s .

The example given  in  F igu re 4»3 r e fe r s  to  the component M aster "TRAN" described in  Figure 4.1 .
4*3 P rep aratio n  Of The C ir c u it  Topology

Having e s ta b lis h e d  a l i s t  o f a v a ila b le  component geo m etries , the c ir c u i t  top ology must now be s p e c if ie d . Each e l e c t r i c a l  node i s  f i r s t  la b e lle d  w ith a unique p o s it iv e  in t e g e r , re fe rre d  to  as a "Node Number". Each i s  a s so c ia te d  w ith a separate "Node Block" in  the data s tr u c tu r e . The con nection s to  each component are d efin ed  by l i s t i n g
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th e Node Numbers to  v.hich i t  i s  a tta ch e d . A g ain , th ese must be l i s t e d  in  an an ti-clock ^ vise  d ir e c t io n  round th e d e v ic e . An a d d it io n a l c o n stra in t i s  th a t  tw o-pin components ^vlth a marked p in  o f p o la r i t y  such as diodes or e le c t r o ly t i c  c a p a c ito r s  are l i s t e d  ^^ith the marked p in  f i r s t .
To code th e  data from a c i r c u i t  diagram , th e n , each component i s  described by a unique name and a l i s t  o f  "Node Numbers” . (Components o f the same type are l i s t e d  c o n s e c u tiv e ly  in  a group and each group i s  preceded by th e name o f i t s  M aster Component d e s c r ip t io n .
Two a d d it io n a l dummy M aster names are used -  ” STOP” and “ EDGE” .The former sim ply term in ates the c i r c u i t  d ata  and the l a t t e r  s i g n i f i e s  the s ta r t  o f a l i s t  o f  c i r c u i t  nodes, \diich rep resen t the in p u ts  and outputs to  the c i r c u i t .  These n odes, ( s p e c if ie d  once more in  a counter­clockw ise d ir e c t io n )  are the o n ly  nodes to  e v e n tu a lly  have p h y s ic a l r e a l i t y  as ”Edge Pads” .
F igure 4*4 dem onstrates the t o p o lo g ic a l  d ata  needed to  d escrib e  the simple c i r c u i t  shovvn. In  t h i s  c a s e , f iv e  Node Numbers are needed -  fo u r  o f \iMch v ,i l l  be Edge Pads in  th e completed la y o u t .

4.4 R epresenting A Two-Pad Component In  The Data Stru ctu re
Two-pad and m u lti-p a d  components are rep resented  in  d if fe r e n t  ways in  the d ata s tr u c tu r e . The former case i s  the sim p lest and can be exp lain ed  w ith re fe re n ce  to  F igure 4«5.
Three new typ es o f data b lock  are needed to  d escrib e  the e l e c t r i c a l  c i r c u i t .  The f i r s t  i s  c a l le d  a ” Node Block” and rep resen ts a c ir c u i t  node. Edge Pads, which are fundam entally  Edge Nodes, need s p e c ia l Node Blocks to  sto re  X and Y c o -o r d in a te s . The other nodes, however, have no p h y s ic a l s ig n if ic a n c e  on the board.
’’ Branch B locks” are then cre a te d  as to p o g ra p h ica l re p re se n ta tio n s  o f c i r c u i t  components. Each Branch Block p o in ts  to  two Node Blocks rep resen tin g  the Node Numbers assign ed  to  th e component’ s in p u t te rm in a ls .
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1
3
A
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The n ext stage in  the design  p rocess i s  the use o f a " P la n a r ity  A lg orith m ". T h is  in v o lv e s  c r e a tin g  a se t o f  "R egions” which cou ld  be p laced  side by sid e  on the s u b s tr a te . A Region i s  formed bylin k in g  Component Branch BQ.ocks to g e th e r in  a r in g . Since theRegions are ad jace n t to  each o th e r , every Branch v . i l l  appear in  t\vo R egions.
The th ir d  b lock  type i s  th e "Component HLock", which has storage space fo r  co -o rd in a te  and r o ta t io n a l  in fo rm a tio n . T h is  b lock  i s  la b e lle d  w ith the component’ s name, and i s  lin k e d  to  a l l  th e oth er Component Blocks by a s e r ie s  o f p o in te r s . The HLock w i l l  sto re  the component’ s X and Y p o s it io n  on the board, to g e th e r w ith the angle through which i t s  M aster d e s c r ip tio n  has been r o ta te d . A d ir e c t  p o in te r  to  the appropriate M aster HLock allow s the la y o u t to  be drawn out sim ply by a cce ssin g  each Component Block in  tu rn .
Figure 4*5 i l l u s t r a t e s  how th e th ree typ es o f b locks are l in k e d , u sin g  data p o in te r s .

4 .5  M u lti-P ad  Components In  The Data Stru ctu re
The Branches d escrib ed  in  the l a s t  s e c tio n  rep resen t in d iv id u a l two-pad components, When d e a lin g  w ith m u lti-p a d  d e v ic e s , a s l i g h t l y  more s o p h is tic a te d  technique must be a p p lie d . F igu re 4 .6  i l l u s t r a t e s  how a th re e -te rm in a l d evice can be described  u sin g  s e v e ra l b lo c k s .Each te rm in al o f the component i s  f i r s t  assign ed  a Node B lo ck , but since these nodes are not tru e  c ir c i i i t  n od es, th ey  are c a l le d  "Pseudo-Nodes" and are marked w ith a s p e c ia l code (P N l, PN2 and PN3 in  the exam ple). Corresponding "Pseudo-Branch" b locks are used to  form a l i t t l e  sub­c ir c u i t  rep rese n tin g  the component (P B l, PB2 and PB3)
Only one Component Block i s  needed, o f  co u rse , and i s  id e n t ic a l  to  th a t o f a two-pad component.
A set o f "L ink Branches" are crea ted  to  l in k  the c i r c u i t  nodes to  the Pseudo-Nodes, These are very  s im ila r  to  ordin ary Branches except th a t  th ey  are marked with a coded word, as in  the case o f the pseudo-blocks mentioned above. These are la b e lle d  L I ,  L2 and L3 in  the diagram .
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I t  can be seen th a t w hile a s in g le  Branch Block d e s crib e s  a tvo-pad component, we req u ire  3N b lo ck s o f v a rio u s  typ es to  rep resen t an N-pad component.
4.6 Conductor Paths

When th e components have been p la ce d  on the s u b s tr a te , in t e r ­connection paths aire cre a te d  to  form the d esired  c i r c u i t .  The form er process m erely in v o lv e s  e n te rin g  X and Y c o -o rd in a te s  in to  e x is t in g  Component B lo ck s , but a new se t o f b locks are needed to  sto re  the conductor p a tte rn s  generated in  the l a t t e r .
Figure 4.7  shows how a connection  i s  represented  u sin g  a ” Connection Block” .  I t  i s  assumed th a t  the width o f a l l  the conductor paths i s  c o n s ta n t, so i t  i s  on ly  n ecessa ry  to  store co m e r and term in at­io n  c o -o r d in a te s . For p ro ce ssin g  purposes i t  i s  convenient to  have the s ta r t  and end p o in ts  to g e th e r a t the s ta r t  o f the b lo c k . T h is  avoids an u n -n ecessary  search through a l l  the co m e r p o in ts  in  la t e r  p ro ce ssin g . S in ce each connection  rep rese n ts a c i r c u i t  node and se v e ra l may rep resen t the same node, i t  i s  a ls o  n ecessa ry  to  sto re  t h is  value in  the Connection B lo ck . T h is  enables th e  R outing Algorithm  to  cross or in t e r s e c t  connections o f id e n t ic a l  c i r c u i t  p o t e n t ia ls .
Another fe a tu re  o f t h is  b lock  ty p e , i s  th a t  i t  can be shortened, lengthened or re-u sed  very  e a s i l y  u sin g  a system o f p o in te r s . When reading the b lo c k , a n e g a tiv e  number denotes a jump to  another data lo c a t io n , ivhile a p o s it iv e  s ig n i f ie s  a le g it im a te  p ie ce  o f in fo rm a tio n . T h is  arrangement means th a t  any connection  can be a lte r e d  as the need a r is e s , by jumping p a st ir r e le v a n t  c o -o r d ina te s  or adding sm all b lo ck s o f a d d itio n a l d a ta . Should the whole connection become d e le te d  then the d ata space i s  re-u sed  when the n ext connection  i s  formed. The system e f f e c t i v e l y  reduces the s iz e  o f the d ata s tm c tu r e  needed fo r  any p a r t ic u la r  c ir c u i t  by r e - u t i l i s i n g  redundant memory lo c a t io n s .

4« 7 R epresenting P la n a r ity  In  The Data S tm c tu re
The P la n a r ity  Algorithm  describ ed  in  Chapter 5 forms a number of c ir c u it  loop s or ” R egions” . F igu re 4*8 dem onstrates a simple c ir c x iit  id.th i t s  a s so c ia te d  R egions. ✓

-  8 0



X1/Y1

X
X U Y L

X2/Y2  
~X

X3 / Y3

X______

X5/Y5

X6/Y6
~ Y

X______

X7/Y7
X X8X Y8

Shortening
the

connection

POINTER

X I  XY1

X8X  Y8

X 2 /  Y2

-v e  pointer

X 3 / Y 3

X U / Y l ^

- ve p o in te r

X 7 / Y 7

X 8 X  Yd

N o d e  Number

(F irs t  p o i n t )

( End  p o in t )  [ -1  i f  de le ted ]  

(•)/ Corner po in ts )

/

X 5 X  Y5
Additional

X 6 X  YS Specification

- \/e pointer
block

( End point)

F i g u r e  k - 7  T H E  C O N N E C T I O N  B L O C K

-  81



F i g u r e  ¿*-8 P l a n a r  R e p r e s e n t a t i o n  o f  C i r c u i t

è2



Each Region i s  sim ply a s e r ie s  o f Branch and Pseudo-Branch EOLocks lin lced v ia  p o in te rs  to  form a r in g . The f i r s t  Region l in k s  a set o f  •'Edge Pseudo-Branches" to g e th e r , to  sim ulate the a v a ila b le  board a re a . T h is  Region makes i t  p o s s ib le  to  lo c a te  the Edge Pads q u ic k ly  v.hen redrawing the la y o u t .
I t  can be seen th a t  every Branch Block appears in  e x a c t ly  two R egions, so each i s  assign ed  a p a ir  o f "T ie  HLocks". The T ie  Blocks are lin k e d  to g e th e r and to  the Branch Block in  q u e stio n . Pigure 4*9 shows how a Region i s  formed by l in k in g  a s e r ie s  o f "T ie  B locks" to  a s p e c ia l "R egion" b lo c k . The l a t t e r  i s  la b e l le d  w ith a unique number and added to  a data r in g . T h is  a llow s each Region to  be examined s e q u e n tia lly  in  subsequent p ro c e s sin g .
In  F igu re 4 .9  • (which rep rese n ts Region 2 in  F igu re 4 . 8 ) ,components R1 and R2 have been lin k e d  \/ith an Edge Pseudo-Branch,The Region Block i s  both the s ta r t  and end p o in t o f  the lo o p .
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Chapter 5The P la n a r ity  Algorithm
5 .1 In tro d u ctio n

The main o b je c tiv e  in  d esign in g  a th in  f i lm  la y o u t i s  to  arrange the components and t h e ir  in te rco n n e ctio n s > lth  a view to  m inim ising the niuaber o f conductor cro ssin g s  req u ire d . Crossovers are achieved in  p r a c tic e  by bonding m etal vdres on to  s p e c ia l pads in  the c i r c u i t  in  order to  jump over one or more connection tr a c k s . T h is i s  a manual process and hence to  be avoided i f  p o s sib le  -  even a t the ejqjense o f a lo n g e r , more complex in te rco n n ectio n  s tru c tu re . Given a t o t a l l y  p lan ar re p re se n ta tio n , wires s t i l l  have to  be attach ed  between the Edge Pads and package term in als to  connect the c ir c u i t  to  the ou tsid e world. T h is i s  a much e a s ie r  t a s k , however, since a l l  the pads are lo c a te d  on the board perim eter -  not hidden in  the m idst o f the c i r c u i t .
The concept o f p la n a r ity  i s  a ls o  im portant in  the case o f s in g le ­sided p rin te d  c i r c u i t  boards. A s u ite  o f programs have been developed by Rose (R ef 19) to  design such c i r c u i t s  a u to m a tic a lly . Although the bulk o f h is  work i s  not a p p lica b le  to  th in  f ilm  technology due to  the in h eren t d iffe r e n c e s  between the two c ir c u i t  ty p e s , h is  algorithm  to  determine p la n a r ity  seemed e q u a lly  u s e fu l to  the th in  film  problem.A v ersio n  o f h is  algorithm  has been implemented and i s  described  in  the fo llo w in g  s e c tio n s .
The fu n c tio n  o f the " P la n a r ity  Algorithm " i s  to  cre a te  a set o f "Region" loop s o f Branch Blocks which could t h e o r e t ic a l ly  be p laced  side by side and drawn in  two dim ensions. Figure 5 . l(a )  shows at3rpical c ir c u i t  top ology drawn as a Regular Graph. I t  i s  d i f f i c u l t  to  know from t h is  diagram i f  a p lan ar so lu tio n  e x is t s  or n o t . However, by choosing a p e rtin e n t set o f  Regions and redrawing the graph with the Regions a d ja ce n trtb  one' another (plgure 5 .2 ( b ) ) , i t  i s  im m ediately obvious th a t no crossovers are needed. Had th ere been a branch between, Say, nodes 10 and 3 then a non-planar s itu a tio n  would have re s u lte d  and the branch would be removed from the graph. A l i s t  o f such non-piatcu^ branches can then be used as a b a sis  fo r  choosing a minimum set o f crossover s i t e s .
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To e x p la in  the mechanics o f the P la n a r ity  A lgorithm , the form ation o f graph (b) from (a) v .l l l  be used as an example.
5 .2 Tree Search Procedure

An im portant sub-algorithm  in  the process i s  the "Tree S ea rch ", which i s  used to  f in d  the sh o rtest path  between two c ir c u i t  nodes.R efer to  Figure 5 .2  which i l l u s t r a t e s  the search fo r  a path between nodes "A" and "L" in  a simple Regular Graph.
The search i s  s p l i t  in to  a number o f " L e v e ls " , each rep resenting the tr a v e r s a l o f a Branch in  the c i r c i i i t .  I t  i s  obvious th a t the fewer le v e ls  needed to  complete the p a th , the shorter the p a th ." A " , in  t h i s  c a s e , i s  re fe rre d  to  as the " S ta r t "  node and "L" as the "T arget" node. There i s  only one p o s sib le  route from the S ta r t  node and t h is  le a d s  to  node " C " , L e v e l 2. Node " C " , however, i s  connected to  two a d d itio n a l nodes namely "B" and "D ". Since i t  i s  not obviouswhich path w il l  u lt im a te ly  le a d  to  the T a rg e t, both routes must be inve s t i  gat e d sim ult ane ou s ly .
By L e v e l 4» th ree p o s sib le  d e s tin a tio n s  could have been reached, and t h is  in cre a se s  to  f iv e  in  L e v e l 5 . NoJes " F " , "G”  and "A" can be d isreg ard ed , however, as th ey have a lread y  been encountered in  the search . The T arget i s  f i n a l l y  reached in  L e v e l 6 , g iv in g  the sh ortest path to  be A - C - B - G - H - L .
T h is system w il l  in v a r ia b ly  f in d  the sh o rtest p o s sib le  route between any tv/o nodes.

5 .3  Formation o f Regions
The f i r s t  step in  co n stru ctin g  a Planar &raph i s  to  d efin e the allow able board p erim eter, so an i n i t i a l  Region i s  constructed  lin k in g  a l l  the Edge Pseudo-Branches. A convention has been adopted to  s p e c ifyRegions in  a clockw ise d ir e c t io n , so the f i r s t  Region in  the example of Figure 5 .1  would be d efined a s 4 - l - 2 - 3 - 4 .  This i s  a lso  known as the "Free R egio n ", since i t  in d ic a te s  the board space a v a ila b le  fo r  placem ent. Consecutive nodes on the perim eter o f the Free Region are s e le cte d  at random as " S ta r t"  and "T arget" nodes in  a Tree Search. In  la t e r  stages the c r it e r io n  fo r  s e le c tio n  i s  th a t the node must have a t
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le a s t  one unused Branch connected to  i t  (othervd.se no p o ssib le  Region could  s ta r t  from i t ) .  The corresponding Target node i s  chosen as the next in  a clockw ise ( o r , when t h is  f a i l s , ,  a n ti-c lo ck v d se ) d ir e c tio n  round the Free Region vdth a s im ila r  "Free Branch".
Figure 5.3  i l l u s t r a t e s  the process using the example given in  Figure 5. 1.  Nodes 4 and 1 have been se le cte d  as Stcirt and Target in( a ) , and the sh o rtest path found to  be 4 -  5 -  11 -  12 -  1. I t  i s  now p o s s ib le  to  form a second Region ( ^ 2 )  d efined as 4 - 1 -  12 - 1 1  -  5 -  4 and the Free Region i s  re -d e fin e d  to  be 4 - 5 -  11 - 1 2  - 1 - 2 - 3 -  4 (shown as a shaded area in  diagram ( a ) ) . The Region v '̂hich has ju s t  been formed co n tain s no nodes vd.th Free Branches other than those i t  has in  common vvith the Free Region i t s e l f ,  so there i s  no doubt th a t i t  i s  a p la n a r subset o f the t o t a l  graph.
Since node 4 ha-s no remaining Free Branches, the S ta rt node i s  next chosen as node 5 which i s  the next "Free Node" in  a clockw ise d ir e c t io n  round the Free Region. Node 12 i s  s e le c te d  as the Target fo r  s im ila r  reasons and the process con tin u es.
E v e n tu a lly  th ere are no Free Branches l e f t  in  the Free Region, as in  (d ) ,  and the Free Region i t s e l f  becomes the f i n a l  Region.

5.4 Non-Planar Graphs
A com pletely p lan ar set o f  Regions have been developed in  t h is  example from the graph given  in  Figure 5 .1 ( a ) , but t h is  i s  not alvvays the c a s e . Should two branches be found to  c o n f l ic t  vvith one another ( i . e .  prevent the form ation o f a p lanar R egion),  then one i s  im m ediately removed from the graph and stored in  a data l i s t  fo r  fu tu re  re fe re n ce .At the end o f the algorithm  t h is  set may con tain  several branches which could  be r e -in s e r te d  without lo s s  o f p la n a r ity . (A branch may have been added to  the l i s t  u n n ece ssarily  i f  a l l  the branches i t  c o n f l ic t s  with have them selves been removed). This i s  not a serio u s problem since a fu rth e r  algorithm  i s  used to  rep lace le g itim a te  branches im m ediately a f t e r  the P lanar Graph has been formed.
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F i g u r e  5-3 The P l a na r i t y  A l g o r i t h m  

-  9d -



5 .5  Conversion Of Non-Planar to  Planar Graphs
I f  no com pletely p la n a r graph can be generated by the P la n a rity  Algorithm  then one or more conductor cro ssin g s  are needed. In  order to  detennine vh ich  node connections must be cro ssed , i t  i s  u s e fu l to co n su lt the ” Pseudo-Planar Graph” i t s e l f .  Figure 5 .4 (a) i s  such a graph e x h ib it in g  two non-planar branches th a t cannot be r e -in s e r te d . T h is can be converted to  a Planar Graph u sin g two fo u r-te rm in a l components C l and C2. These m u lti-p a d  components a r e , in  f a c t ,  crossover d evice s in  \dxLch opposite pads are connected to g e th e r; one set o f pads are lin k e d  v,ith a short le n g th  o f conductor t r a c k , while the other p a ir  are lin k e d  w ith a bonded jump v .ire . This i s  a co n ve n ien tly  simple method o f rep resen tin g a crossover since i t  can be tre a te d  as a normal component -  see Figure 5 .5 .
C rossings can be s p e c ifie d  in  e x a c t ly  the same way as other components in  the c ir c u i t  d e s c rip tio n  f i l e ,  but th ere i s  a lso  p ro v isio n  fo r  a u to -in s e r tio n . In  the l a t t e r  case the program co n su lts  the non-p la n a r l i s t ,  in  con ju nction  vdth the Graph, and a u to m a tica lly  in s e r ts  crossovers to  cre a te  a com pletely “ P lan ar” s o lu tio n .
Only two types o f element can be found in  the ilcihplanar l i s t ,  namely two-pad Component Branches and m u lti-p ad  Component Branches.Each type i s  r e -in s e r te d  in to  the Graph by the a d d itio n  o f a m inimum set o f crossovers but in  sl ig h t l y  d if fe r e n t  wuys. Figure 5 .6  demonstrates the technique ap p lied  to  the m u lti-pad ca se .
A Tree Search i s  used to  f in d  a path to  the n earest Region co n tain in g  a c ir c u i t  node o f the same number. In  t h is  example the path would be Region 5 Region 3 Region 2. A s e r ie s  o fcrossovers are then created  and incorporated in to  the Graph which e f f e c t iv e ly  e lim in a te s  the n o n -p la n a rity  caused by the branch.
A d if fe r e n t  method i s  employed to  d eal with fWrt planar tv;o—pad branches. The ta sk  i s  to  f in d  a p a ir  o f Regions contain in g the two d if fe r e n t  nodes to  which the component i s  atta ch e d . There may be many such p a ir s  and i t  i s  necessary to  examine a l l  o f them to  determine the sh o rtest in te r -r e g io n a l path .
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P 4  □  □  P 2

(a) representation in layout  su i te

C 3  conductor track 

I I '  attached wi re

( b) how it will appear in a fabricated circuit

Pads P I and P3 are used to attach a crossing 
wire. Pads P2 and P i are linked by a shor t  
length of conductor track

F i g u r e  5-5 Crossover  "component '
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©  points representing the same node number

F i g u r o  5-6 A uto - insertion of crossovers to deal wi th 
unplanar  mu l t i - pad  components
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The component i s  incorporated in to  the Graph im m ediately a ft e r  the f i r s t  crossover has been s p e c if ie d , and the process then continues as an unplanar m u lti-p ad  branch. T h is i s  demonstrated in  Figure 5 .7 .
Each Component Branch in  the unplanar l i s t  i s  processed in  tu rn , u n t i l  a com pletely p la n a r so lu tio n  i s  o btain ed . Problems can a r is e , however, i^ath ^ S trin g s" o f unplanax branches -  consider component Cl in  Figure 5 .8  fo r  example. There are no two Regions in  the Graph v.hich can be used fo r  r e - in s e r t io n  because one end o f the component i s  connected to  another unplanar branch. The so lu tio n  i s  to  in s e r t  one o f the s tr in g  p r o v is io n a lly  and then to  process the other in  the normal way. T h is in v o lv e s  an a r b itr a r y  choice o f  Region to  use fo r  the p r o v is io n a l placem ent. In  Figure 5 .8 , fo r  example, there are fou rp o s s ib le  s o lu tio n s  and i t  i s  not im m ediately c le a r  which i s  b e s t , although the d e cis io n  w il l  obviously  in flu e n ce  the subsequent p rocessing o f the rem aining unplanar branches.

5 .6  Choice Of P lan ar Graph
The edge d e f in it io n s  l i s t e d  below are t o p o lo g ic a lly  id e n t ic a l :

EDGE, 1, 2 , 3 EDGE, 2 )  i j  2 EDGE, 2 , 3 ,  1Each r e fe r s  to  a layo u t w ith three Eldge Pads wMch have been assigned a r b itr a r y  node numbers 1 , 2 and 3 in. the c ir c u it  topology d e s c r ip tio n .A l l  th ree d e f in it io n s  im ply th a t the order o f Edge Pads i s  PAD 1 PAD 2 = y  PAD 3 in  an a n ti-c lo ck iv lse  d ir e c tio n  round the board perim eter -  each m erely s ta r t in g  a t a d if fe r e n t  p o in t in  the chain  (note th a t "EDGE, 1 , 3 , 2” i s  NOT an id e n t ic a l  to p o lo g ic a l d e f in it io n ) .E x a c t ly  three e q u iv a le n t v a r ia tio n s  are p o ssib le  in  t h is  example in v o lv in g  th ree Edge Pads. This i s  a general ru le  in  th a t ”n” d e fin it io n s  r e s u lt  from ” n” Edge Pads.
The P la n a r ity  Algorithm  i n i t i a l l y  chooses the f i r s t  S ta r t  and Target nodes a r b it r a r i ly  as the f i r s t  twu Edge Nodes in  the d e scrip tio n  f i l e .  T h is  means th a t each d e f in it io n , although to p o lo g ic a lly  id e n t ic a l ,  may generate a s l i g h t l y  d if fe r e n t  Planar Graph. Assuming th a t the c ir c u i t  i s  in h e re n tly  p lan ar (no crossovers are needed), then the only advantage in  examining a l l  p o ssib le  graphs would be to obtain  a so lu tio n

- 9 5 -



Unp lanar  2pin component Bup nodes  0  fo  0

F i g u r e  5-7 Auto- inser t ion of crossovers to deal 
wi th unp I an ar two-pad component
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solution 1 
Cl pu t into Region 2 C,,puUnJ?35i-'

F i g u r e  5-8 Un p l a n a r  STRING of two-pad components
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which ta k e s  up the minimum o f computer sto ra g e . The saving in  memory, however, must be weighed a g a in st the in creased  computation in v o lv e d .
I f  the c i r c u i t  i s  in h e re n tly  unplanar (some crossovers are needed),  then the emphasis must be switched from data stru ctu re  s ize  to  the number o f cro ss in g s  generated in  each s o lu tio n . In  t h is  case i t  i s  u s u a lly  w e ll worth the e x tra  p ro cessin g  time to  minimise the time taken to  fa b r ic a te  each c i r c u i t ,

5 ,7  P la n a r ity  Program -  PLANAR
The program to  c re a te  a P lanar Graph o f a c ir c id t  i s  c a lle d  PLANAR, An example o f i t s  operation i s  shown in  Figure 5 .9 .
Two data f i l e s  are required by the program -  the f i r s t  con tains the M aster Component d e s crip tio n s  and the top ology o f the c i r c u i t ,  the second holds r e s is t o r  d e s crip tio n s  generated by the design programs described in  Chapter 3.
I f  an abnorm ality i s  d etected  while the Graph i s  being c o n stn ic te d , the program h a lt s  and outputs an erro r message. This reduces the chance o f  a t 3q)ing erro r being overlooked in  the c ir c u it  f i l e  -  a common erro r to  be found i s  the use o f an undefined Master d e scrip tio n  caused by a s p e llin g  e r r o r .
Node Numbers must always appear in  a t  le a s t  two e n tr ie s  in  the c ir c x iit  top ology to  malce sense, and a check i s  made to  t h is  end. This tra p s both ty p in g  erro rs and wrongly d efined to p o lo g ie s .
Assuming th a t a Graph has been fonned s u c c e s s fu lly , the r e s u lt­in g  data stru ctu re  i s  WTitten to  a f i l e  w ith exten sion  ” ,PLA” ( e ,g ,TEST, p l a ) in  the format defined in  Figure 5 .1 0 ,
The f i r s t  item  o f data i s  simply a l in e  o f te x t  d escrib in g  the c ir c u i t  and i s  follow ed  by the t o t a l  number o f data elements present in  the f i l e .  P o in ters to  the main data block l i s t s  are stored in  the f i r s t  s ix  p o s it io n s . T h is i s  follow ed by the main bulk o f the data stru ctu re  and may extend to  sev eral thousand lo c a t io n s .
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RUN PLANAR

PLANAR.FOR

This program c o n s tr u c ts  a p la n a r re p re se n ta tio n  o f a 
c i r c u i t  and s to r e s  i t  in  a data s tr u c tu r e .

E n te r name o f f i l e  c o n ta in in g  c i r c u i t  AMPUN

LOW VOLTAGE AUDIO POWER AMPLIFIER

W ill I proceed to  en ter cro sso ve rs i f  n ecessary? YES

INSERTING CROSSOVERS -  DON'T GO AWAY! 
CROSSING NUfTBER 1 INSERTED! •
CROSSING NUilBER 
CROSSING NUMBER 
CROSSING NUMBER 
CROSSING NUMBER

2 INSERTED!
3 INSERTED!
4 INSERTED!
5 INSERTED!

5 CROSSOVERS INSERTED
Do you req u ire a PLANAR GRAPH d e s cr ip tio n  f i l e ?  YES

The fo llo w in g  components need a d e s cr ip tio n  :

RES 1 
RES 2 
RES 3 
RES 4

E n ter name o f component d e s c r ip tio n  f i l e  AMP 

Enter D ata Output F i l e  Name OUTPT

END OF EXECUTION

F i g u r e  5 -9  PLANAR e x ec u t i o n
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TITLE OF CIRCUIT
MAXD = ( number of elements in data)
DATA(1)= pointer to f irs t  master description
DATA(2]= pointer to firs t region block
CA3A{3)= pointer to first node block
CATA(4)= POINTER TO FIRST UNPLANAR BRANCH
CA1A(5)= pointer to firs t component block
DATA(6)= pointer to first connection block
DA1A(7)

DATA(MAXD)

d a ta  s t r u c t u r e  
eie ments

F i g u r e  5-10 Format  of PLANAR data s t r u c t  ur q f i l e s
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Chapter 6 Vi ttThe S ta r t  Of A Layout -  Program ELACB
An interm ed iate program i s  used to  read in  p e rtin e n t p h y s ic a l data and to  p o s it io n  the f i r s t  components on to  the board as a b a sis  fo r  fu tu re  in t e r a c t io n . Figure 6 .1  shows a t y p ic a l  dialogueproduced uiien running the program, vdiich i s  c a lle d  ” PLACE” .
A PLANAR type data s tn ic tu re  i s  needed as in p u t, and a f i l e  with the same name, but exten sion  ” .LAY”  « a l l  be produced. The f i l e  TEST.PLA, fo r  exam ple, v d l l  cause an output f i l e  named TEST.LAY. This can then be used by the layo u t and in te rco n n ectio n  program, described in  Chapter 9 .

6 .1  Geometry Of Crossover S ite s
Having inpu t valu es fo r  conductor v.idth and spacing allow ance, i t  i s  p o s s ib le  to  determine the geometry o f crossover «components'*. Unless the u ser i s  convinced th a t the c ir c u it  i s  com pletely p la n a r , he w i l l  have in clu d ed  a Master Crossover d e s crip tio n  in  the c ir c u it  data f i l e .  T h is  takes the form o f;

MASTER CROSS, padwhere ’’pad” i s  the s ia e  o f the in corporated  bondin g pads, i l l u s t r a t e s  a crossover s it e  g r a p h ic a lly . Figure 6 .2
Pads 1 and 3 w i l l  be connected with a short jump-wire and th e ir  s ize  i s  d efin ed  by the Master Crossover d e scrip tio n  given above. The other two pads (4 and. 2) w il l  be rep laced with a short le n g th  o f tr a c k .I t  i s  th e re fo re  se n sib le  to  malce them the same s iz e  as the conductor width i t s e l f .
Normal spacings are assumed, so the bounding re cta n g le  dimensions and pad coord inates can be c a lc u la te d  d ir e c t ly . These are entered in to  the crossover Master Component Block (see Chapter 4«2). The crossover now appears to  be a normal fo u r-te rm in a l component and i s  tre a te d  as such in  fu tu re  p ro ce s sin g .
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PLACE. FORT h is  program  re a d s in  th e  p h y s ic a l  p a ram eters r e q u ir e d  f o r  a t h in  f i l m  la y o u t  and p la c e s  th e  f i r s t  components onto th e  s u b s t r a t eE n te r  name o f  p la n a r  graph d a ta  s t r u c t u r e  f i l e  YUK LOW VOLTAGE AUDIO POWER AJ/IPLIFIERE n te r  CONDUCTOR WIDTH and SPACING a llo w a n ce  30, 30E n te r  EDGE PAD s i z e  100C o n s id e r in g  th e  t o t a l  component a r e a ,I s u g g e s t  a b o a rd  a re a  n o t s m a lle r  than  :
5257 by 5257In p u t BOARD X and Y d im en sio n s 6000 6000

Edge pad p o s itio n s
NODE NO 4 T/B? T
NODE NO 5 T/B? T
NODE NO 12 T/B? T
NODE NO 1 T/B? B
NODE NO 9 T/B? B
NODE NO 8 T/B? B
NODE NO 2 T/B? B

CHIP XS ORIENTATED 0
COIIPONENT R4 ORIENTATED 180 
CHIP X3 ORIENTATED 270COMPONENT R1 ORIENTATED 90

Enter D ata Output F i l e  Name -  OUTFIL

END OF EXECUTION •

F i g u r e  6-1 D i a l o g u e  f r o m P LACE
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N.B.
pad - bonding pad 

size  
specified in 
desaption 
f i l e

space- spacing
al lowance

conwid-width of 
conductor 
tracking

width -width of 
bounding 
rectangle

height -height of 
bounding 
rectangle

0, 0 - p a d  ■

x1,y1

x2,y2j

width

height

[  pad /2 ,  p a d / 2 ]

[ p a d  - conw id/2, pad  + space + conwi  d / 2 ]

[ pad/2,  3 X pa d /2  + 2 x space + conwid ]

[  conwid/2, pad + space * c o n w i d / 2  ]

[  p a d  ]

[ 2  X pad  + 2 X space + conwi  d ]

F i g u r e  6-2 Physical  characteristics of the Crossover Master description
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6.2 Board Dimensions
The user must next s e le c t  a s u ita b le  boaxd s iz e . Each component in  the data stru ctu re  now has a d e f in it e  h eigh t and \>idth, so i t  i s  a simple m atter fo r  the computer to  add up the t o t a l  area in v o lv e d . This area i s  m u lt ip lie d  by a “packing” fa c to r  to  allow  fo r  spacings and tr a c k s , then used as a guide to  board s e le c t io n . The choice o f packing fa c to r  i s  escplained more f ilL ly  in  se ctio n  1 1 .4 .2 .2 . I t  should be n oted , however, th a t  the user can change the board s iz e  in t e r a c t iv e ly  in  la t e r  stages o f th e d esig n .

6.3 Edge Pad Positions
Having set a l l  the necessary  p h y s ic a l dimensions in volved  in  the la y o u t , the Exige Pads are p laced  on the board. Edge Pads may onlye x is t  on the top or bottom edges and are a u to m a tica lly  p o sitio n e d  with re g u la r  sp acin g . The computer requests the code T (Top) or B (Bottom) fo r  each Edge Pad in  an a n ti-c lo ck v d se  d ire c tio n  round the board p erim eter. Figure 6 .3  g iv e s  th ree examples o f the dialogue in v o lv e d .
Only two changes from Top to  Bottom are allov.ed -  t h is  corresponds to  the l e f t  and r ig h t  board edges. Example three f a i le d  because the u ser attempted to  s p e c ify  three changes.
The Edge Pads can l a t e r  be moved in t e r a c t iv e ly  to  improve thela y o u t .

6 .4  I n i t i a l  PLacement
The f i n a l  fu n ctio n  o f program PLACE i s  to  p o s itio n  the f i r s t  components on to  the board, to  provide a s ta r t in g  p o in t fo r  the in te r a c t iv e  lay o u t s ta g e . A l l  the Regions conta in in g bottom Edge Pads are examined in  tu r n , s ta r t in g  Adth the pads n earest the r ig h t -  hand edge and working to  the l e f t .  The data p o in te rs from the Region loops are compiled in  an array  to  produce a l i s t  o f components which i^ ill  be p la ced  along the bottom edge from r ig h t  to  l e f t .

6.4 .1  Component Orientation
Each component has so fa r  been defined as a bounding rectan g le
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p lace m en t COMPUTER DIALOGUE

Example 1

NODE No. 7 T/B ■? T 

NODE No. 8 T/B ? B 

NODE No. 13 T/B  ? B 

NODE No. 9 T/B ? B 

NODE No. 2 T/B ? T

NODE No. 7 T/B T 

NODE No. 8 T/B 7 T 

NODE No. 13 T/B ^ B 

NODE No. 9 T /B  ? T 

NODE No. 2 T/B ? T

Example 2

NODE No. 7 T/B B

NODE No. 8 T/B ? T

NODE Na13 T/B ? B

NODE No. 9 T /B  ? T

you cannot define them 
like this- - the cyclic 
order is a ll wrong !

F i g u r e  6-3 E d g e - p a d s ,  c y c l i c  d e f i n i t i o n
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encompassing a number of terminal pads. The f ir s t  task is  to decidev.idch angle of rotation is  required fo r each member of the l i s t .
There are exactly  eight d ifferen t pad positions ivithin the bounding rectangle -  these are sho’.sn in  figure 6, 4. I f  the co­ordinates of a pad are eqxii-distant from an X or Y boundary l in e , the pad i s  deemed a ^Corner Pad” . The four Comer Pads have been lab elled  TL (Top L e f t ) , H j (Bottom L e ft ) , TR (Top Right) and BR (Bottom R igh t). A conductor track can start at a Comer pad in  one of two v/ays; p a ra lle l to the X axis or p a ra lle l to the Y a x is .
The other four p o sitio n s, namely L (L e ft) , R (R ight), T (Top) and B (Bottom), force the track to start in  one direction only. I t  i s  good sense, then, to position pads at the vertices i f  possible as th is  may save connection length.
The component is  connected to the Region by two of i t s  pads.One pad, the ”Incoming” pad, wi l l  be connected to another component or Edge Pad to the RIQH of i t ,  while the "Outgoing” pad w ill be connected to the LEFT, The ease of routing the connections is  obviously very dependant upon the positioning of these two pads within the bounding rectangle. Consider Figure 6.5 ^diich shows a two-pad component with i t s  associated connections.
In  the o rig in al d e fin itio n , the Incoming pad is  positioned on the L e ft and the Outgoing pad on the Right. The component can be orientated in  one of four different p o sitio n s, since the bounding rectangle edges are restricted  to l i e  on either the X or Y a x is .The allowable angles are 0, + 90> ~ 90 and + 18O degrees -  where a p o sitive angle refers to a clociad.se rotation. Figure 6.5(b) shows the best solution for th is  example -  a rotation of + I80 degrees. This i s  only an i n i t i a l  orientation and may subsequently be changed to improve the layout.
Each component in the placement l i s t  must be assigned an orientation angle in  th is  way. The Incoming and Outgoing pads are f i r s t  c la s s if ie d  into one of the eight position codes, then a look-up table i s  used to read o ff  the best orientation. The table can be seen in  Figure 6. 6,
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Figure 6 -L Possible pad locations inside 
a comport ent b oun dory

la ) ( f  o r i en ta t i on lb) i1 8 ( f  or ientat ion

I  = Incom ing Pad I from Right) 
0 - Outgoing Pad I to L e f t )

Figure 6-5 Component  ori en t a t ion
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outgoing pad posit ion 
TL T TR R BR B BL L

cr
o

TL

T
i/)
o
^  TR

■§ R
CL

BRcn■5 Bcn

-  BL

t1 & f t!8 ( f H 8 C f 118? * 9 ? * 9 ? * 9 ?

0 ° ±W lO :i8 c f *90° * 9 ? * 9 ? * 9 ? 0°

0° 0° t9 Ü * 9 ? i-9 ? 0° ?

0 ° 0 ° -9 0 ° -90/v5C *90° 0° 0° 0°

0 ° -9 0 ° -9 0 ° -9 C f ? ? ?

- 9  i f -9 0 ° -9 ( f -9 C f 1 1 8 ? 180j0 0° ?

-9 ( f - 9 ( f -9 (f 1180° 1180° - 9 ? - 9 ?

n s c f 1180° 1181? 118? 118? 118? * 9 ? -90f90

Where two angles are given, the f igure on the 
l e f t  applies if the Ingoing Pad is to the l e f t  
or lower than the Outgoing Pad

F i g u r e  6 -6  Componen t  O r i e n t a t i o n
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S p e c ia l cases a r is e  ^̂ lien the p o s itio n  codes o f the pads are the same -  t h is  corresponds to  the main diagonal in  the t a b le . I t  i s  im p ossible to  have tv,'o id e n t ic a l  Com er Pad codings since t h is  v.ould im ply th a t the pads overlap one another. The rem aining elements along the diagon al need a fu r th e r  t e s t  before an o r ie n ta tio n  can be chosen.Consider Figure 6.7 which illu s tr a te s  the situation ivhen both pads are on the right edge of the bounding rectangle.
The Incom ing pad in  (a) i s  lower than the Outgoing pad. This req u ire s an a n ti-c lo c k w is e  r o ta tio n  o f 90 degrees ( -9 0 ) . I f  the pad p o s itio n s  had been reversed (shown in  diagram ( b ) ) , a clockw ise ro ta tio n  i s  needed (+90). Each le g itim a te  p o s itio n  on the ta b le  d ia g o n a l, th e n , has two arguments in ste a d  o f ju s t  one.
When every component has been assigned an i n i t i a l  o r ie n ta tio n , the program proceeds to  the a c tu a l placement algorithm  shown in  Figure 6 .8 . A t o t a l  i s  f i r s t  made o f a l l  component widths in  the X d ir e c t io n .S u ita b le  spacing i s  added between components to  allow  the connections to  be routed and the t o t a l  compared with the board w idth. I f  the board i s  wide enough the components are p laced  along the lower board edge and t h e ir  co -o rd in a te s  entered in to  the re le v a n t component data b lo ck s .
Figure 6 .9 (a ) shoŵ s such a case where the component s tr in g  has f i t t e d  n e a t ly  in to  the a v a ila b le  space. The components are packed from the l e f t  with mi Tvimimi spacing and the user w ill  have the option of reducing the board width to  save w^asted space. I t  i s  a lso  p o s sib le  to a u to m a tica lly  in crea se  the inter-com ponent spacings in  order to  take up the whole board width.

6 .4 .2  Component R otation
I f  the s tr in g  o f components do not f i t  the board, one or more o f them are ro ta te d  to  save space. Each component’ s h o rizo n ta l width i s  determined from i t s  p h y s ic a l dimension and necessary connection sp acin g s, then compared w ith i t s  corresponding v e r t ic a l  h e ig h t. (R efer to Chapter 8 fo r  d e t a i ls  regarding connection spacing allow an ces). The p o ssib le  saving in  width i s  sim ply the d iffe re n c e  between these two f ig u r e s .
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Example (a) board width adequate

Example ( b j one component rotated

Example (c) all components rotated but board too small

F i g u r e  6-9 I n i t i a l  placement  technique 
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Figure 6 .9(b) shov/s the saving th a t can be obtained by r o ta tin g  component A through -90  degrees. There i s  obviously  a l im it  to  the saving v/hich can be gained from r o ta t io n , and Figure 6 .9 (c) i s  such a c a s e . The components are a l l  o rie n ta te d  in  such a way th a t no fu rth e r  saving can be obtained .
Three b a sic  h e u r is t ic  r u le s  have been adopted as regards ro ta tio n ;
(a) Two-pad components should be ro ta ted  in  preference to  m u lti-p ad  components.
(b) Components which are connected to  bottom Edge Pads should be ro ta ted  such th a t the re lev a n t connection pad i s  n earest the bottom o f the board.
(c) Any two ad jacen t components which are to be ro ta ted  must be ro ta te d  in  opposite c y c l ic  d ir e c t io n s .

Rule (a) has been adopted to  avoid u n -n e c e ss a rily  long connections. The components have been p r o v is io n a lly  o rien ta te d  with a view' to  easing the ro u tin g  p ro c e s s , so i t  makes sense to  ro ta te  those components wiiich w il l  a f f e c t  the le a s t  number o f conductor tr a c k s . M u lti-p ad  d evices should only be ro ta te d  as a l a s t  r e s o r t .
The second ru le  a p p lie s  to  components which are d ir e c t ly  connected to  an Edge Pad. U su a lly  i t  i s  not c le a r  whether a clockw ise or a n ti­clockw ise r o ta tio n  \ i l l  cause the le a s t  in crease in  connection le n g th , but in  t h is  case the component i s  ro ta ted  such th a t the appropriate pad i s  n earest the bottom edge. T h is m inim ises the conductor le n g th  to  the E ige  Pad, although the e f f e c t  on the other connection i s  not c le a r .
Rule (c) i s  best i l lu s t r a t e d  by example. Ctonsider Figure 6.10(a)which shows a s tr in g  o f fo u r two-pad components A, B, C and D in  t h e ir  o r ig in a l  o r ie n ta tio n s . Since each component i s  la r g e r  in  the X d ir e c tio n  than in  the Y , i t  should be p o s sib le  to reduce the t o t a l  width o f the s tr in g  by r o ta t io n . Figure 6.10(b) r e s u lts  from r o ta tin g  each component through 90 degrees in  an a n ti—clockw ise d ir e c t io n . The saving in  width i s  le s s  than one might have expected because e x tra  space must be a llo c a te d  between the components fo r  in te rco n n e ctio n s , A much b e tte r  so lu tio n  i s  to ro ta te  ad jacen t component p a irs  in  opposite d ir e c t io n s .
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This elim in ates the need fo r  extra  spacing and produces a compact r e s u lt .  
The t o t a l  conductor len gth  has s t i l l  increased s ig n if ic a n t ly , but t h is  i s  
only to be expected since the i n i t i a l  o rie n ta tio n s were chosen on the 
p r in c ip le  o f minimum connection le n g th .

6. 4.3 Removing Components To Upper Levels
1ihen the ro ta tio n  method f a i l s  to  reduce the component strin g  

width s u f f i c i e n t l y  to f i t  the board, a technique Icnown as "Component 
Removal” i s  employed. A component i s  selected  and removed from the 
placement l i s t .  The o rie n ta tio n  angles fo r  the other components are 
then re se t to  t h e ir  o r ig in a l values and the placement algorithm  repeated. 
Several components may have to be removed in  t h is  fash ion u n t i l  a 
so lu tio n  can be found.

The components which are removed p la y  no fu rth er part in  the 
i n i t i a l  placement algorithm  and w ill  be d e alt with in  the a ctu a l Placement 
Algorithm mentioned in  Chapter 7. The order in  which the components 
are removed i s  quite im portant, however, and the fo llo w ing ru le s have been 
formulated as a guide to  t h is  d e cisio n :

(a) The components in  the l i s t  are numbered se q u e n tia lly  
from the l e f t .  Only even-numbered components 
can then be removed.

When a ll o f these have been removed (excluding  
end components), the remaining components are re­

numbered.

(b) M ulti-p ad components should be removed in  preference 
to two-pad components (providing th at t h is  does not 
co n tra d ict rule ( a ) ) .

The f i r s t  rule describes a s tr ic t  removal algorithm designed to minimise the connection length betw'een layers, or "stacks” ,  of components with the consequent saving in  board area that tliis  im plies. The algorithm is  explained ivith reference to Figure 6.11.
Seven components have been placed in  th e ir  o rig in a l o rie n ta tio n s  

in  diagram ( a ) .  Sm aller board widths would cause ro ta tio n s to occur 
u n t il  a c r i t i c a l  p oint i s  reached where Component Removal i s  required.

115



(a)

(b)

(c)

( d )

r ----
I___

J

placed component

expected placement 
of stacked components

approximate 
connection paths

board edges

F i g u r e  6-11 Component Stacking

1 1 6



Any even-numbered component can then be removed and the s tr in g  checked to  see i f  r o ta tio n  v d ll  produce a s o lu tio n . JOiagrai-a (b) shows the s itu a tio n  where component B has been removed and component E ro ta te d .
A l l  even-numbered components have been removed in  diagram (d ) , so i t  i s  n ecessary  to  re-number the s tr in g . Component C then becomes number 2 in  the s tr in g  and i s  th erefo re  e l ig ib l e  fo r  removal. There being no other le g itim a te  even-numbered component in  the s t r in g , re-numbering i s  again  ap p lied  and component E removed (diagram ( f ) ) .
A s im ila r  removal technique i s  ap p lied  in  l a t e r  p ro ce ssin g , and t h is  produces a m u lt i - t ie r  s o lu tio n . Rule (b) ensures th a t m u lti-  pad components are removed to  upper le v e ls  in  preference to  tw/o-pad components. T h is  avoids a connection o r ig in a tin g  at the bottom o f the board and having to  t r a v e l  through severcil la y e r s  o f components.
The algorith m  tends to  produce a n e a tly  stacked layo u t in  which components are connected to  immediate neighbours with a minimal amount o f spacing and conductor le n g th .

6 .5 >1 IIProgram PLACE
PLACE produces a data stru ctu re  f i l e  to  be used by LAYOUT, the program fo r  in te r a c t iv e  lay o u t and in te rco n n e ctio n . The output format i s  s im ila r  to  a PLANAR data stru ctu re  except th a t i t  contains a d d itio n a l p h y s ic a l dimensions (see Plgure 6 .1 2 ).
I t  i s  now p o s s ib le  to  obtain  a g rap h ical rep resen tatio n  o f the lay o u t as i t  stan d s, since co -o rd in ate s have been entered in to  the Eidge Node b locks and c e r ta in  Component B locks. Pigure 6.13 shows a ty p ic a l  g ra p h ica l output from PLACE.
Each Edge Pad and component pad i s  la b e lle d  with i t s  corresponding c ir c u it  Node Number, and the components are named fo r  easy id e n t i f ic a t io n . These dra^^dJlgs provide the operator with a means o f v is u a l ly  checking the e f f e c t s  o f d if fe r e n t  Edge Pad p o s itio n s  before a f i n a l  choice i s  made. Chapter 11, s e c tio n  4 , d iscu sses t h is  p rocess.

- 1 1 7 -



s ta r t
of
f i  le

TITLE OF CIRCUIT
board w id th
board height
edge pad size
conductor track w idth
spacing allowance
MAXD = number of elements in data
DATA11) = pointer to firs t Master Description
DATA (2) = pointer Id firs t Region Block
QAlA(3) = pointer to firs t Node Block
DATA (4) = pointer to firs t Unplanor Branch
DATA6) = pointer to first Component Block
DATA(6) = pointer to first Connection Block
DATA(7)

I

■ "V.\\

1
f

1
1

P  d a t a  s t r u c t u r e
; e l ements 
1

Ì 1

QAIA(MAXD)./'

F i g u r i ?  6-12 Forma t of  p l a c e /LAYOUT  data s t r u c t u n . f i l e s

- 1 1 a -



F i g u r e  6-13 Graphical  output  f rom P L A C E

- 1 1 9 -



Chapter 7The Placement iU.:?;oritha
7 .1 In tro d u ctio n

The lay o u t at t h is  stage c o n s is ts  o f a rectan g u lar board v ith  a nuíüber o f Edge Pads along i t s  top and l o w e r  edges. A la y e r  of components have a lrea d y  been placed at the bottom o f the board using the methods described in  the l a s t  ch ap ter, A seq u en tia l placejiient algorithm  i s  now- used to  f i t  the rem aining components in to  the a v a ila b le  area.
The Algorithm  chooses a pertin.ent Region from the to p o lo g ic a l graph, forms a l i s t  o f components to  be p la ce d , then proceeds to  stack them on top of the e x is t in g  components. Repeated use of the Algcrithm  w ill  generate a complete lay o u t and i t  i s  convenient to  h a lt  a f t e r  each cy cle  fo r  human in te r a c t io n .

7 .2 Choosing The Next Region
The I n i t i a l  Placement Algoritiim  described in  Chapter 6 used components from the Regions co n tain in g  bottom Ehge Pads. This meant th a t th ey  could be p laced  along the lower edge o f the board v.ithout le a v ­in g  space underneath them fo r  other components. A s im ila r  argument can now be ap p lied  to Lnm ediately adjacent R e g io n s ,in  th a t th e ir  components can be stacked d ir e c t ly  above the o r ig in a l la y e r .
Every Region co n tain in g  bottom Edge Pads i s  ’’¿-larked” with a coded word in  i t s  data b lo ck . The Placement Algorithm then hunts through the Marked Regions loo k in g  fo r  any unplaced components. This ensures th a t any components which have been removed from the Edge S tr in g  during the i n i t i a l  placement are d e a lt with f i r s t .
Figure 7« 1 sho'.s the Region s e le c tio n  process in  the form of a flo w ch a rt. A Region i s  chosen according to the fo llo w in g  ru le s :

(a) The Region must be Marked(b) I t  should contain  the fev.est unplaced components of a l l  the Marked Regions.
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Figure 7 1 Flowchart of Region select ion process
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The second ru le  s im p lif ie s  the placement ta sk  by processing sm aller component s tr in g s  f i r s t .  Some components may be common to several s tr in g s  so t h is  may mean th a t the longer s tr in g s  are s ig n if ic a n t ly  reduced before th ey are s e le c te d . T liis i s  q u ite important since i t  i s  much more d i f f i c u l t  to  p la ce  a lon g s tr in g  in  one it e r a t io n  than to  place several short s tr in g s  one a f t e r  the o th er.
iihen a l l  the components in  Marked Regions have been brought onto the board, every Region co n tain in g  at le a s t  one p laced component i s  Marked and the process co n tin u e s. The layou t i s  complete ivhen every Region has been Marked and no unplaced components can be found in  the search.
The technique i s  best explained .i t h  reference to  Figure 7 .2  which shows a simple to p o lo g ic a l graph. Regions 1 and 2 contain  tie bottom Edge Pads and have been used at the i n i t i a l  placement sta g e . Diagram(a) in d ic a te s  th a t th ree 2 - pad components have alread y been placed onto the board and th a t a m u lti- pad device has been removed due to a r e s t r ic t iv e  board v.idth. Both Regions are Marked and the m ulti-pad device i s  se lecte d  as th e f i r s t  component to  be d e a lt v .ith . This exhausts the idarked Regions o f unplaced components, so adjacent Regions 3 and 5 are added to  the l i s t .  Since the l a t t e r  has the fewer unplaced components i t  i s  chosen f i r s t  (diagram ( c ) ) .
The p rocess h a lt s  at Diagram (d) '„hen every Region has been Marked and the components have a l l  been p la ced .

7 .3  Forming The “ S lo t  Bomidary”
The Placement Algorithm  i s  designed to  in s e r t  components in to  an ir r e g u la r  lov.er boundary composed o f h o rizo n ta l and v e r t ic a l  l in e  segments. The ” S lo t s ” are the d iv id in g  l in e  between the fre e  board space above, and the occupied area below'. The S lo ts  can be displayed at any stage o f the design u sin g the «SLOT” command in  the LAYOUT prograin- an example of th is  i s  given in  Figure 7 .3 .
A shnple one dim ensional array i s  used to store the co -o rd in ates of each v e r t ic e  in  the S lo t  Boundary -  '.h ich i s  defined from the l e f t  side of the Board. The « S lo t Array” ,  as i t  i s  c a l le d , i s  o r ig in a l ly  set up to  be
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a tv.o p oin t h o r iz o n ta l l in e  im m ediately above the bottom Edge Pads as shov.n in  Figure 7 .4  ( a ) . T h is i s  deformed to  in clu d e components by adding p o in ts  to  the array (see diagra^n ( b ) ) . The deformation allov.s space fo r  connections round the components so i t  should n o t , in  theory at l e a s t ,  m atter v.hether the connections a c t u a lly  e x is t  at t h is  stag e .
Each placement stage uses the S lo t  Boundary to bring on another s tr in g  o f components, then changes the d e fin it io n  acco rd in g ly . Figure 

7 . 4(c) i l l u s t r a t e s  the main c h a r a c t e r is t ic s  o f the deformation technique. Component '*C” on the l e f t  has f i t t e d  n e a tly  in to  a s lo t le a v in g  a small amount o f e x tra  space. T h is .^ould n o nn ally  cause the form ation of a sm all s lo t  to  the r ig h t  -  i f  the v.idth had been la rg e  enough to be u s e fu l. The S lo t  i s  deemed ’’In co n se q u e n tia l" i f  tvo conductor tra ck s  cannot be routed in to  i t  (corresponding to  Input and Output co n nection s). In  th is  exaiaple the S lo t  Kidth i s  too small to  be o f any use and the S lo t  Boundary has ignored i t .
Component "D" has not f i t t e d  any o f the S lo ts  but has been placed as c lo s e  to the boundary l in e  as p o s s ib le . This technique i s  used as a l a s t  re so rt since i t  wastes valu ab le space by "Masking" p o t e n t ia lly  u se fu l s lo t s .
The s iz e  o f the S lo t  Array changes v lth  each la y e r  of components.In  diagram ( c ) ,  fo r  example, i t  f e l l  from 14 p o in ts  to  10. The formula fo r  the maximum p o s s ib le  array s ize  i s  given by:
Noiax = 2 X B\v/ (2xCw +  Sp) vvhere: Bw = current board widthCw =  connection tra ck  widthSp = spacing allowance (constant)This form ula assumes th a t the Boundary i s  composed e n t ir e ly  o f S lo ts  v,hich are ju s t  la r g e r  than the "In con seq u en tia l" width of 2xCw. In  general tne array s ize  reaches only a sm all fr a c tio n  of t h is  maxiiaum.

7.4 Placement Techniques
Having set up the S lo t  Boundary and chosen a R egion, the program proceeds to  the a c tu a l p o s itio n in g  stag e . The Region can be thought o f as a s tr in g  o f p laced components connected across a s tr in g  o f unplaced
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components as in  Figure 7 .5 . A l l  th e unplaced components / d ll e v e n tu a lly  l i e  above the e x is t in g  ones so i t  i s  p o s s ib le  to  d efin e  an X range on the S lo t Boundary in to  which the ne^ components should be f i t t e d .  The range boundaries are set /dth regard to  the t ..o  end components in  the placed s tr in g . In  F igure 1 , S ,  f o r  exaiaple^ the boundary l in e s  are d efin ed  from the Incoming pad o f component A to  the Outgoing pad o f component C. The general ru le  i s  th a t  th e component s tr in g  should be p laced  vdthin the two points where i t  jo in s  the e x is t in g  components.
The unplaced components are assign ed  an o r ie n ta tio n  angle in  e x a c t ly  the saiae way as the bottom la y e r  ( r e fe r  to  6. 4, 1) .  The s tr in g  i s  then f i t t e d  onto the S lo t  Boundary u sin g  a com bination o f the techniqu es described in  the next s e c tio n . Figure 7 .6  shows the flo w ch art o f the process.

7. 4.1  F i l l i n g  The S lo ts
The best placem ent method in  terras of space u t i l i s a t i o n  and conductor len gth  i s  to  p la ce  the components d ir e c t ly  in to  S lo ts  between the X boundaries. This i s  demonstrated in  Figure 7 .7 .
A S lo t  i s  d efin ed  as a h o r iz o n ta l s e ctio n  o f Boundary in  which at le a s t  one o f i t s  iimnediate neighbours i s  set to  a h igh er Y c o -o rd in a te .A h o rizo n ta l segment w ith both neighbours set to  a lower le v e l  than i t s e l f  i s  c a lle d  a ” Mound” . S lo ts  are used in  p referen ce to  Mounds on the p r in c ip le  th a t the Boundary should be kept as le v e l  as p o s s ib le . T h is reduces the wasted space a t the top o f the board ■••hen a l l  the components have been p la ce d .
S ev e ral components may occupy the saiae S lo t  i f  i t  i s  la r g e  enough a fte r  s u ita b le  spacing has been a llo c a te d  around and between the components fo r  conductor tr a c k s .

7. 4.2 F i l l i n g  The Slots/Mounds
I f  the f i r s t  method f a i l s  to  f i t  a l l  the components between the X boundaries, the S lo t  -  only r e s t r ic t io n  i s  re la x e d . Components may now be placed on any h o riz o n ta l l in e  segment (see Figure 7 .8 ) .
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F i g u r e  7-6 P lac ing  a s t r i n g  of components into the Slot Boundary
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While t h is  technique does net a c t u a lly  v/astc space as such, components p laced  on Mounds W ill accentuate the ir r e g u la r it ie s  of the Boundary l i n e .  T h is in cre a se s  the lik e ly h o o d  o f miused space being trapped between the Boimdary and the top board edge '-hen the layout i s  com plete.
7 . 4.3 Component R otation

When both methods f a i l ,  a coioponent i s  ro tated  through + /- 90 degrees in  order to  reduce the o v e r a ll width of th e  s tr in g . A component i s  se le cte d  fo r  R o tatio n  using the same ru le s  developed fo r  the I n i t i a l  Placement algorithm  described in  Chapter 6. In  t h is  c a s e , however, i t  i s  no lo n g er s u f f ic ie n t  th a t the t o t a l  component s tr in g  width be narrower than the a v a ila b le  sp ace , since the S lo ts  and Mounds may be o f inconvenient s iz e s . The e f f e c t  o f R otation m erely in crea ses  the p o s s ib i l i t y  th a t a so lu tio n  w il l  be found -  the components appear sm aller so they have a b e tte r  chance of f i t t i n g  the a v a ila b le  S lo t s .
A s in g le  component i s  ro ta ted  each time the two placement methods f a i l .  T h is continues u n t i l  a so lu tio n  i s  found or the s tr in g  has been compacted as f a r  as p o s sib le  without success. This simple loop ensures th at R o ta tio n , with i t s  a sso cia te d  in crease in  conductor le n g th , i s  kept to an ab so lu te minimum. I t  should a lso  be appreciated th a t R otation w ill  accentuate the ir r e g u la r it y  o f the Boundary in  much the same way as the Mound method.

7.4*4 X Boundary Expansion
When the component s tr in g  cannot be compressed enough to  f i t  the S lo t Boundary, i t  i s  o fte n  p o s sib le  to  extend the X range in v o lv ed . The l e f t  and r ig h t  bounding l in e s  are g ra d u a lly  moved to e ith e r  side u n t i l  the s tr in g  can be p la ce d . Figure 7*9 demonstrates t h is  technique using a s tr in g  o f th ree unplaced components.
The boundary edges are incremented at the same rate  u n less one side i s  c o n s tr ic te d , in  which case the expansion i s  confined to  the other s id e .I t  i s  very d i f f i c u l t  to  decide when to  abandon t h is  approach in  favour of other tech n iq u es. At present the algorithm  i s  allowed to expand the boundary range by a f ix e d  percentage of i t s  o r ig in a l s iz e . Tliis was
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intended as a temporary iaeasure u n t i l  the ’’ Domain” approach shovn in  Figure 7.10 i s  implemented. Expansion uould then be lim ite d  by board edges and other X range boundaries. T h is prevents the expansion obscuring component connection pads from unplaced components in  other R egions, sin ce  the X ranges are prevented from overlap p in g.
7 . 4.5 Component Removal

T h is technique i s  very simple to apply -  a component i s  snaply removed from the s tr in g  u sin g the ru le s  form ulated in  S e ctio n  6 .4 .3 .I f  t h is  s t i l l  doesn’ t  produce a s o lu tio n , another component i s  removed and the process co n tin u es.
Removed components are tre a te d  as normal unplaced components in  fu rth e r  placement s ta g e s . Any p a r t ic u la r  Region may thus be s e le c te dseveral tim es before a l l  o f i t s  components are f i n a l l y  p o s itio n e d  on the board.

7. 4.6 Rough Placement
The p o s itio n in g  methods described in  tho previou s s e c tio n s  t r y  to p la ce  components such th a t th ey do not l i e  across v e r t ic a l  l in e  segments in  the S lo t  Boundary. T h is i s  not always p o s sib le  as in  the case o f Figure 7 . 11 ,  f o r  example. In  t h is  case a s tr in g  o f th ree la r g e  components have to  be p laced onto the se ctio n  o f Boundary shown. R otation  i s  o f no use here since the sm allest dimension o f any component i s  s t i l l  la r g e r  than any of the h o riz o n ta l l in e  segments. Component Removal i s  e q u a lly  u s e le s s  since at le a s t  one component must f i t  the boundary.A technique known as "Rough Placement" i s  used to  p o s it io n  component "A" onto the Boundary, reg a rd le ss  o f v e r t ic a l  l in e  segments. T h is  i s  the le a s t  econom ical placement approach as regards board space and i s  used as a l a s t  r e s o r t .
Having p laced component A, the algorithm  ends and the S lo ts  are r e -d e fin e d . The re s t o f the s tr in g  are tre a te d  as removed components and the Placement Algorithm  must be used several tim es in  su ccessio n .

7.5 Using The Placement A lg o rith a
The p r in c ip le  aim o f the Algorithm i s  to  b ring the next components onto the board ready fo r  human in te r a c t io n . I f  the components have been
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p o sitio n e d  s a t i s f a c t o r i l y ,  the user can l e t  the process continue a u to m a tic a lly , but i t  i s  im portant to  g ive  him the chance o f v e tt in g  the lay o u t at each ste p . Most Se q u e n tia l Placement a lgoritlim s s u ffe r  from the disadvantage th a t the f i r s t  components tend to  be b e tte r  p laced  than l a t e r  ones. Manual in te r a c t io n  can be ap p lied  to  c o rre c t t h is  degradation at each stage thereby s im p lify in g  the next placem ent ta s k .I t  i s  a ls o  g e n e r a lly  e a s ie r  to  ad ju st the lay o u t at each step than to  attempt major changes a f t e r  the layo u t has been com pleted.
Figure 7.12 i l l u s t r a t e s  the design loop in v o lv e d . The p rocess s ta r ts  w ith an Edge Placement and ends .̂hen every component has been p o sitio n e d  on the board. Chapter 9 d escrib es the a v a ila b le  in t e r a c t iv e  f a c i l i t i e s  in  d e t a i l  and Appendix 1 demonstrates the Placement Algorithm  as ap p lied  to  a simple c i r c u i t .
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Chapter 8The R eutins A lsorithin
8.1 D e fin itio n s

A "ra y  o p t ic ” type algorithm  i s  used to  route the in te rc o n n e c tio n s . Each conductor tra ck  i s  con strain ed to  be the same >,ddth and must be orthogonal -  i . e .  made up o f segments which are p a r a l le l  to  the X or Y a x is . A connection i s  said  to  be generated between a "START” component and a "TARGET” component. A l l  the other components. Edge Pads, Board Edges and connections are deemed "O b sta c le s” .
8 .2  Basic Algorithm

A "Ray" i s  em itted from the Outgoing Pad in  the S ta r t  component at r ig h t  an gles to  i t s  bounding r e c ta n g le . iihen the Ray i s  obstru cted  or reaches th e T arget c o -o rd in a te , i t  tu rns through 90 degrees to  l i e  along the other a x is . The connection "hunts” through the Board in  t h is  manner u n t i l  i t  reaches the co rre ct pad in  the T arget component.
Consider Figure 8 .1  (a) which i l l u s t r a t e s  the b a sic  id e a  o f the a lgorith m . The S ta r t  pad i s  p o sitio n e d  on the r ig h t  h e re , so the Ray must s ta r t  in  a h o r iz o n ta l o r ie n ta tio n . An o b sta cle  i s  encountered before the Target X co -o rd in ate  can be reached, and the Ray i s  forced  to change d ir e c t io n . I t  i s ,  in  f a c t ,  d ire cte d  upvards because the Target Y co -o rd in ate  i s  high er than the present v a lu e . T h is tim e i t  i s  p o s s ib le  to  reach the required co -o rd in ate  without o b stru ctio n  and the Ray re v e rts  to  i t s  o r ig in a l  d ir e c tio n  to  reach the Target pad.
The Algoritiira produces a s tr in g  of tu rn in g  p o in ts  in  t h i s  way, to be stored in  a Connection Block in  the data s tru c tu re . Figure 8 .1  (b) shows how these co -o rd in a te s  can be in te rp re te d  to  draw the connection on the screen. Since the conductor wddth i s  p re -d e fin e d , the tu rn in g  p o in ts  com pletely d efin e the shape o f the polygon. T h is i s  a very economical method o f data sto rage.

8 .3  Approach D istances
When the Ray encounters an o b sta cle  o f some kind i t  stops short o f the
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b a rrie r  by a c e r ta in  amount kno'..n as the "Approach D ista n c e " . T h is  i s  c a lc u la te d  in  each case from the conductor \vidth (CTif) and the spacing constant (S) which have a lread y  been chosen.
Figure 8 .2 (a) shows the Approach D istance req uired  ihen the connection meets a Board Edge. The side o f the conductor tra ck  i s  p o sitio n ed  to  be e x a c t ly  one spacing constant from the b a r r ie r . T h is gives an Approach D istance o f S +  CT!i/2 since the tu rn in g  p o in t co -o rd in a te  i s  d efined to  be a t the centre o f th e Conductor tr a c k .
The same Approach D istance i s  used v.hen Eldge Pads (diagram (b)) or p re v io u sly  routed connections (diagram (c)) are encountered. A s p e c ia l case a r i s e s , however, when the Ray meets a connection rep rese n tin g  the same Node Number. The two paths a r e , by d e f in it io n , a t id e n t ic a l  c ir c u it  v o lta g e s  so th ey are allowed to in te r s e c t  and merge f r e e ly .
The connection may sometimes meet the S lo t  Boundary but i t  w all not always tr e a t  t h is  as an o b sta cle  ( r e fe r  to  s e ctio n  8 .1 0 ) . \Vhen i tdoes, the Boundary i s  regarded in  the sane way as a Board Edge.
Components are the most d i f f i c u l t  o b s ta c le s  to deal w ith because they have t h e ir  own co n nection s. I f  these have not a lre a d y  been ro u ted , the Algorithm  must a l lo c a t e  s u f f ic ie n t  space fo r  them in  the Approach D istance c a lc u la t io n . The m u lti-p ad  component shown in  Figure 8 .3  demonstrates ju s t  how much u n ce rta in ty  t h is  in v o lv e s .
Every pad along the "Edge of Approach" must be a llo c a te d  a channel of width S +  CW to  allow  fo r  the wnrst case in  which every connection tr a v e ls  in  the same d ir e c t io n  (shown in  diagram ( a ) ) . The spacing can thus be c a lc u la te d  from;
Spacing =  Npad (S +  CT) +  S +  Cii/2 where Npad i s  the number of pads along the edge in  q u estio n . TheApproach D istance can be sm aller than t h is  v a lu e , however, when the connections le a v e  in  opposite d ir e c tio n s  (d iagraa (b)) or from d if fe r e n t  edges (diagram ( c ) ) .  I t  i s  im possible to  talce advantage o f t h is  u n t i l  a l l  the connections have a c t u a lly  been routed so the maximum spacing i s  always assumed. T h is i s  acceptable fo r  components wiiich have been placed a u to m a tica lly  but may cause problems with those th a t have been
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moved in t e r a c t iv e ly . A l l  the Placement A lgorithm s set the spacings to t h e ir  maximum valu es as a m atter o f course and i t  i s  up to  the user to r e -p o s it io n  components i f  he ^vishes to save space. Should he do so , hov.ever, the connection may f a i l  due to  la c k  o f space. Mien t h ishappens, the component connection allov.ances are tem p o rarily  re lax ed  u n t i l  the tra c k  has been routed.
The technique o f r e la x in g  Approach D istan ces may cause some connection pads to be blocked u n n e c e ss a rily , Wlien t h is  happens, the designer must use h is  e^qperience to  decide ’»hether to  move the o b sta cle  or to re -ro u te  the o ffen d in g  connection by hand. The im portant p o in t i s  th a t he i s  im m ediately av.are o f the problem since a l l  connection f a i lu r e s  are d isp layed  at the con clu sion  o f the ro u tin g  p ro ce ss .

8 .4  I n i t i a l  Shunting
8. 4.1  In tro d u ctio n

A seriou s disadvantage o f the b a sic  algorithm  i s  th a t the Rays are always sent out TOWARDS the Target pad. The ru le  i s  th a t Rays should be d ire c te d  to decrease the d iffe r e n c e  in  the X/Y co -o rd in a te s  at each step . T liis  v .l l l  c e r t a in ly  produce minimum le n g th  connections but th ere are many s itu a tio n s  »̂ hen t h is  s tra te g y  '. i l l  siinply not work.A number of s p e c ia lis e d  tecim iques have had to be in clu d ed  v.ith the algorithm  in  order to  cope with these p o te n tia l f a i lu r e  c o n d itio n s , and the f i r s t  o f these i s  c a lle d  " I n i t i a l  Sh unting".
8. 4.2 S in g le  Shunt

Figure 8.4 shows the sim plest example \^here a s in g le  "shunt" i s  req u ired . The S ta r t  pad i s  p o sitio n e d  on the L e f t  o f the bounding re cta n g le  h e re , so the i n i t i a l  connection segment must be h o r iz o n ta l.The algorithm  v.ould t r y  to go R ight in  order to  reduce the d ista n ce  between the two X co -o rd in a te s . T h is i s  q u ite  im p ossible in  t h is  c a s e , so the conductor tra ck  i s  shunted to the l e f t  before the algorithin  i s  a p p lie d .
I

8. 4.3 Double Shunt s
Two shxmts may be necessary in  some cases and t h is  in trod u ces a
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v aria b le  in to  the a lg o ritb ai -  --.hether to  go c lo c k v is e  or a n tic lo c k v .ise  round the component. Figure 8 .5  (a) i l l u s t r a t e s  the former v.here a Dov-nvards shunt has been fo llo u e d  by a L e f t  Shunt. I f  the secondshunt had been to  the R igh t in ste a d  o f to  the L e f t ,  t l i i s  vould have been deemed an a n t ic lo c k ’ ,is e  c a se .
In  g en era l i t  i s  not c le a r  v,hich d ir e c t io n  i s  to  be p re fe rre d  u n t i l  both have been t r i e d  and the r e s u lts  compared.
Figure 8 .5  (b) j u s t i f i e s  the use o f the second shunt. In  t h is  case the L e f t  shunt has been om itted cau sing the Algorithm  to  f a i l .  A fte r  reaching the T arget X c o -o r d in a te , the v e r t ic a l  Ray v.as s t i l l  ob stru cted  by the S ta r t  component.

8. 4.4 Slaunt S e le c tio n
A set o f r u le s  have been form ulated to  govern v.hich shunt (or shunts) should be a p p lie d  in  every p o s sib le  s itu a t io n . These are l i s t e d  in  Figure 8 .6 .
The f i r s t  step i s  to  d e fin e  an ’’Encompassing Boundary” round the S ta rt Component. T h is i s  i n i t i a l l y  set to  be the Bounding R ecta n g le .Each pad i s  then examined in  turn and the re le v a n t X or Y co -o rd in a te  i s  adjusted in  the Encompassing Boundary d e f in it io n  to  allov. fo r  co n n e ctio n s. iVhen t h is  has been com pleted, the four boundary l in e s  are extended to d e fin e  e ig h t se ctio n s  or “ O ctan ts” round the component (see Diagram ( a ) ) . The Target Pad i s  c l a s s i f i e d  in to  one o f these O ctants and i t  i s  then p o s s ib le  to read the n ecessary  shunting requirem ents from the ta b le  given  in  Diagram (b),
An example i s  shoim in  (a) vhere the Target Pad i s  in  Octant 8 and the S ta r t  Pad i s  in  the Eu (Bottom L e ft)  p o s it io n . The connection can e ith e r  be given  a s in g le  shunt dovn'.>ards, or a l e f t  shunt foUov.-ed by an upward shunt. These two a lte r n a t iv e s  are given in  the ta b le  and represent A nticlockw ise and d o c k v is e  so lu tio n s r e s p e c tiv e ly . A l l  the co m er pad p o s itio n s  produce two a lte r n a t iv e s  since the connection may s ta r t  p a r a l le l  to  e ith e r  board a x is . Even i f  no shunting i s  re q u ire d , the connection i s  attempted using both i n i t i a l  d ire c tio n s  to  fin d  the best o f the two.
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ia) DefiniHon of the 8 octants round a component

TL -  top left  T -  top 

BR-bottom right B = bottom 

U =up 0  -  down

TR- top right R = r ight  

BL= bottom left L = lef t  

+ = ''followed by"

Where two alternatives are given, the upper refers to a CLOCKWISE shunt, 
and the lower to on ANTIClJDCKWISE shunt.

(b) Table of shunts requi red in al l si  tuat ions
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Only h a l f  o f the p o s s ib le  64 s itu a tio n s  v.arrant a shunt o f anykind.
8. 4.5 Shunt D istan ces

Having chosen the shunt d ir e c t io n , the a c tu a l d ista n ce  v.hich the Ray should t r a v e l  i s  c a lc u la te d  from the p o s itio n in g  o f the other connector pads round th e component r e c ta n g le . T h is i s  again  best i l l u s t r a t e d  by example. Consider F igu re 8 .7  '-.hich shows a set o f p o s s ib le  LEFT shunts from a m u lt i-p in  component.
The Target Y co -o rd in a te  i s  h igh er than the S ta r t  Y co -o rd in a te  in  th is  case so room must be l e f t  fo r  connections going to  pads im m ediately above the S ta r t  p o in t . A g en era l ru le  i s  th a t the shunt d ista n ce  be: d is t = (Npad + 1) (S +  Qi) where Npad i s  the number o f pads along the same component edge between the S ta r t  and Ih rg e t.
The double shunt s itu a t io n  i s  rath e r more com plicated . T h is time the second shunt must allow  fo r  connections along TWO sid es o f the component -  Fi,gure 8 .8  shows t h is  g r a p h ic a lly . The ru le  here i s  th at the second shunt should continue p a st the component edge in  question (Yuax in  t h is  example) by a d ista n ce  d efin ed  as; d is t  = (Npad + 1 )  (S +  CW)where % ad i s  the number o f pads along BOTH edges between the S t a r t  and Target p o in ts . The f i r s t  shunt i s  tre a te d  in  the same way as b e fo re .

5.5 F in a l Shunting
The b a s ic  A lgorithm  has the disadvantage th a t the Ray must s tr ik e  the component on the edge bearing the T arget pad. I f  i t  h i t s  any other edge, the connection w il l  f a i l  since the Ray i s  blocked by the Target component i t s e l f  (see F igure 8.9)«
A s e r ie s  o f up to  th ree " F in a l Shunts" are ap p lied  to  route the connection round the component in  order to  reach the co rre ct edge. T h is can be done in  a Clockw ise or A n ticlockw ise d ir e c t io n  and i t  i s  not c le a r  which i s  to  be p re fe rre d  u n t i l  both have been t r i e d .
The shunt d is ta n ce s  are c a lc u la te d  in  a s im ila r  manner to  the
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I n i t i a l  Shunt tecim iqu e except th a t pads along any of the th ree s id e s  must be taken in to  acco u n t. F igure 8 .1 0  shows an example o f tia is  method.
8.6 Under-Run

F in a l Shunting can sometimes be avoided usin g  a teclinique knov.n as "Under-Run” . The Ray i s  sa id  to  have Under-Run the Target co -o rd in a te  i f  i t  prem aturely changes d ir e c t io n  without encountering an o b s ta c le .This method i s  used in ste a d  o f F in a l Shunting wherever p o s s ib le  because i t  produces s h o r te r , l e s s  complex co n n ectio n s.
The two methods can be compared with refere n ce  to  Figure 8 .1 1 . In  th is  example the T arget pad i s  s itu a te d  on th e lower edge o f the component and the Ray i s  i n i t i a l l y  d ire c te d  upwards. Under-run can only  be a p p lie d  when the n ea rest component edge to  the Ray i s  a ls o  the edge co n ta in in g  the Target pad. T h is i s  o b vio u sly  th .; case h e re , so the Ray i s  d e fle c te d  before the T arget Y co -o rd in a te  i s  reached. The a c tu a l magnitude o f the Under-Run i s  c a lc u la te d  from the pad p o s itio n s  along the Target pad edge and i s  given  by;d is t  =  Npad (S +  OT) +  S +  P/2where Npad i s  the number o f pads between the Ray and Target co -o rd in a te  and P i s  the component's pad s iz e .

8.7 Over Run
Wlaen th e T arget edge i s  p erp en d icu lar to  the Ray, but on the fa r  side of the component, an amount o f "Over-Run” can be a p p lie d . The Ray i s  forced  to  continue p a st the Target co -o rd in a te  by a s p e c ifie d  amount (ca lcu la te d  from the IMder-Run form ula) in  order to  e lim in a te  Fin a l Shunting. T h is  i s  demonstrated in  Figure 8 .1 2 .
The Over-Run technique does not generate sh orter connections than the F in a l Shunting method, but i t  does reduce the number o f tu rn in g  p o in ts  involved. T h is  i s  iiuportant as i t  speeds up the artwork generation  process and reduces the chance o f f a u lt s  in  m anufacture.

8.8 E x tra n o la tio n
We have seen th a t when the Ray meets an o b s ta c le , i t  im m ediately
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changes d ir e c t io n  to  nm  p a r a l l e l  v.ith i t .  Should the T arget co -o rd in a te  be reached b efore the o b sta cle  i s  c le a re d  (a llo v .in g  fo r  Under-Run and Over-Run), the Ray . . i l l  s t i l l  be blocked and the A lg oritira  ' .d l l  f a i l .This can b.. avoided i f  the Ray i s  shunted or "E xtrap o lated " to  the end o f the o b stru ctio n  as demonstrated in  Figure 8 .1 3 . The Ray con tin u es p a st the Target c o -o rd in a te  u n t i l  i t  has c leare d  the o b sta cle  and any a s so c ia te d  connection space then the Algorithm  i s  re -a p p lie d .
8.9 In term ed iate  Shunting

T h is technique i s  used v.hen the Ray has reached one o f the Target co-ord in ates and i s  then prevented from reaching the o th e r. F igu re 8. 14(a) gives a t y p ic a l  example o f t h is  ’.ihere a h o r iz o n ta l ray  at the co rre c t height has been o b stru cted  by a coinponent.
An a r b itr a r y  ch o ice  must be made here -  whether to  shunt the Ray upwards or downwards. The former s tr a te g y  v d ll  route the connection round the o b sta cle  in  a clockw ise manner, -..hile th e l a t t e r  w il l  route i t  in  an a n ti-c lo c k v is e  d ir e c t io n . These two a lt e r n a t iv e s  are i l l u s t r a t e d  in  diagrams (b) and (c) r e s p e c t iv e ly .
The shunt magnitudes are chosen such th a t  the new conductor tra ck  w ill not in t e r fe r e  with any o f the o b s ta c le ’ s own co n n ectio n s. In  general the two shunts w i l l  be o f d if fe r e n t  s iz e s  and the ru le  i s  th a t the shorter should be s e le c te d . This can r e s u lt  in  a co n sid erab le  saving in  connection le n g th  sin ce  the tra c k  has been d iv e rte d  by the le a s t  amount.The a c tu a l saving betwween the s o lu tio n s  given  in  (b) and (c) can be ca lcu la te d  from:Saving =  2 (S up -  S down)v.iiere S up and S dov.n r e fe r  to  the magnitudes o f the shunts xn questxon.
I t  should be noted th a t t h i s  approach does not always produce the shortest connection sin ce  the e f f e c t  o f subsequent o b s ta c le s  may cancel out t h is  sav in g . Another disadvantage i s  th a t the spacings round the ob stru ction  are norm ally set such th a t one d ir e c t io n  111 f a i l .  I f  t h is  happens to  be the d ir e c t io n  wloich has been chosen, then the connection attempt w ill  f a i l  even though i t  i s  p o s s ib le  to  route roxmd the component in  the other d ir e c t io n .
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[ a ]  No extrapolation

algor ithm

lb )  E x t r a p o la t i o n  a p p l i e d

F i g u r e  Q -13 E x  t r a p ó l a  t i o n  t e c h n i q u e
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algor i thm
fa i ts

(aj Basic algorithm fai ls because Y co-ordinate already at ta ined

(b) Ray shunted upwards ( clockwise)

Q .Io ;
CL
t/l

ic) Ray shunted downwards ( anti - clockwise )

F i g u r e  â-1A I n  t e r me d  iate s h u n t i n g  
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A s a fe r  techn iqu e >.ould be to  t r y  each d ir e c t io n  and then s e le c t  the s u cce s sfu l or sh o rter s o lu tio n  but t h is  i.ould slow the ro u tin g  p rocess considerably as th ere  may be any number o f such d e c is io n s . The Routing A lgoritba a lre a d y  in co rp o ra te s  a la r g e  namber of a r b itr a r y  ch o ice s  and a lte r n a tiv e s . R e su lts  suggest th a t th ese v .i l l  s u f f ic e  to produce a solu tion  in  the m a jo r ity  o f c a s e s . Ivhen a connection does f a i l ,  the user iaust in t e r a c t iv e ly  route the tra c k  by hand.
8.10 F o llo u in g  The S lo t  Boundary

The R outing Algorithm  can be ap p lied  a t any stage in  the design  but i t  i s  best to  connect up the components as soon as th ey appear on the board. There are two good reasons fo r  adopting t h is  approach:
(a) I f  a connection  f a i l s  i t  must be due to  the most recent components which have been p laced  along the top edge o f the e x is t in g  la y o u t . I t  i s  much e a s ie r  to  r e -p o s it io n  them at t h is  stage v .iiile th ey  are easy to  a c c e s s , than to  v.ait u n t i l  th ey  have become imbedded v .ith in  subsequent c ir c u i t r y . In  the l a t t e r  case i t  may be n ecessary  to  move a g re a t many oth er components in  order to  get at the s tr in g  in  q u estio n .
(b) The S lo t  Boundary can be used in  co n ju n ctio n  ,i t h  the Routing Algorithm  to  produce a much h igh er packing d e n s ity  than v;ould otherv.ise be ach ieved .

The second reason can be j u s t i f i e d  u lth  re fe re n ce  to  Figure 8.15 vhich shovvs the r e s u lt s  obtained in  a t y p ic a l  s itu a t io n .
The connection i l l u s t r a t e d  in  Diagram (a) v;as produced u sin g the normal Routing A lgorithm . Tlris i s  c e r t a in ly  the sh o rtest s o lu tio n  but i t  v,astes a la r g e  amount o f board space corresponding to the gaps betv/een the S lo t Boundary and th e tra c k  edges. The space can be conserved by fo rcin g  the connection to  fo llo v , the Boundary wherever p o s s ib le  as shown in  Diagram ( b ) . Since the next components w i l l  have the opportunity o f using t h is  e x tra  sp ace , i t  fo llo w s  th a t the complete lay o u t should f i t  in to  a sm aller board a re a .
The in crea sed  packing d e n s ity  i s  o f fs e t  by the f a c t  th a t the
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( a )  Normal a lgo r i thm

( b )  F o l lo w in g  tho bou nda ry

la )  So lu t ion  (b) a f t e r  connection reduct ion

F,
igure 8 15 Using the slot boundary to assist the rout ing algor ithm
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connection i s  ra th e r  lon g er and changes d ir e c tio n  more fre q u e n tly  than before. In  gen era l i t  i s  b e tte r  to  s a c r i f ic e  connection le n g th  to  produce a compact la y o u t but th ere  are ob viou sly  cases where the e x tra  space i s  never a c t u a l ly  used. The Connection Shortening Algoritiim  (described in  Chapter 9»3*22) must th e re fo re  be employed at the end o f the design to  ensure th a t every connection i s  in  i t s  sh o rtest p o s s ib le  s ta te . Diagra»n (c) shows the e f f e c t  o f tiiiS  on the given example, assuming th a t th e e x tra  space was not req u ire d . The connection i s  ju s t  as short as the v e rsio n  obtained usin g  the nonaal algorithm  but in co rp o r­ates a g re a te r  number o f tu rn in g  p o in ts . T h is i s  not a serio u s problem considering the p o t e n t ia l  space th a t can be saved. The user has the opportunity to  a l t e r  the connection in t e r a c t iv e ly  in  any c a se .
8.11 Using The Algorithm

The Algorithm  does not make an exhau stive search fo r  every p o s s ib le  cormection route so th ere i s  a f i n i t e  chance th a t i t  w il l  f a i l  in  any given s itu a tio n . I n i t i a l  r e s u lt s  suggest th a t the percentage f a i lu r e  ra te  i s  acceptably  low and i s  co n fin ed  to  the lo n g e r , more complex, co n n ectio n s.The emphasis here i s  on speed o f execu tion  ra th e r  than IOCa  ̂ r o u t e a b il it y
Any p a r t ic u la r  connection may req u ire a number of attem pts before the best s o lu tio n  can be s e le c te d . The flow ch art shown in  ELgure S ,l 6  shows how th ese a lt e r n a t iv e s  can be generated .
Only one attam pt i s  n ecessary  should the Basic Algorithm  be s u c c e s s fu l. I n i t i a l  and F in a l Shunting can in cre a se  t h is  by th r e e , corresponding to  clockw ise and a n ti-c lo c k w is e  s e l c tio n  a t e ith e r  or both ends o f the co n n e ctio n . I f  the Algoritlim  i s  s t i l l  u n s u c c e s s fu l, the ’’ S lo t ” Boundary i s  n e g le cte d  and the '..hcle process repeated -  t h is  gives a t o t a l  o f 2 X 4 =  8 p o s s ib le  attem p ts. When t h is  a lso  f a i l s  there i s  the option  o f d isre g a rd in g  connection spacings round the components (re fe r  to  S e ctio n  8 .3 ) . T h is produces an ab so lu te maximum o f l6 d if fe r e n t  attem pts. I f  the connection cannot be routed u sin g one o f th e s e , a fa ilu r e  message i s  w ritten  to  the screen and a dotted l in e  or ’’ Sp ring” i s  drawn between the S ta r t  and Target nodes.
The user can then r e -p o s it io n  th e re le v a n t component and re -a p p ly  the A lg o r ith a . He a ls o  has tlie option of ro u tin g  the Connection m anually.
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In  g en era l the Algoritiua i s  q u ite  f a s t  -  the a c tu a l speed i s  determined by the number o f attem pts vhich need to  be made. I t  i s  unfortunate th a t th ere  i s  no vay o f re co g n isin g  p o t e n t ia l ly  u n -ro u tab le  connections v-ithout u sin g  the f u l l  l6 v a r ia t io n s .
The Algorithm  has only r e c e n tly  been developed so th ere has been l i t t l e  time fo r  rig o ro u s t e s t in g . There are a ls o  se v e ra l other techniques v,hich cou ld  be added but t h e ir  e f f e c t  on speed and r e l i a b i l i t y  can only be guessed a t t h is  s ta g e . They are described in  Chapter 11.
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Chapter 9I n t e r a c t iv e  Desi.sn Prograin -  LAIDUT
9.1 In tro d u c tio n

The data stru ctu re  generated by the I n i t i a l  Placement program i s  now used by the main in te r a c t iv e  design program, which i s  c a lle d  LAYOUT, The l a t t e r  in co rp o ra te s  both the Placement and Routing algorithm s d iscu sse d  in  Chapters 7 and 8 , and the user can apply them at any s ta g e . In  a d d it io n , a number o f manual in te rv e n tio n  f a c i l i t i e s  allow  him to  a d ju s t th e la y o u t in t e r a c t iv e ly .
The p rocess can be suspended a t any time and the current board geometry i^ritten  to  the sane or another d ata f i l e .  A sequence o f f i l e s  rep resenting the la y o u t at vario u s stages can be b u i l t  up in  t h is  way. These enable the u ser to  abort h is  present lay o u t attem pt v,ithout having to r e s ta r t  from s c r a tc h .

9 .2 Command iModes
9 . 2.1 Menu Mode

There are two d is t in c t  methods of c o n tr o llin g  the program flo w . These are c a lle d  "Menu Mode” and "Cursor Mode” ,  The d e fa u lt  i s  the form er, and r e fe r s  to  a s e c tio n  of d is p la y  area down the r ig h t  haiid edge of the screen c a l le d  th e "Menu” .
Figure 9 .1  g iv e s  an example o f the use o f Menu Mode to  move a placed component to  a new p o s it io n . The t i t l e  o f the c ir c u it  (s p e c ifie d  in  the o r ig in a l  d e s c r ip tio n  f i l e )  i s  d isp layed  along the top of the screen , and the message "What Next ? ” w ritte n  a t the top o f the Menu.
Any command s tr in g  typed in  v ia  the term in al keyboard w il l  au to m a tica lly  appear a f t e r  the Command Prompt in  the menu are a .In  the example g iv e n , the code-word "MOVE” has been inpu t causing the message " In d ic a te  Component and New P o s itio n "  to  be generated. The Command Prompt i s  used to  d is t in g u is h  between command s tr in g s  and program messages.
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There i s  only room fo r  34 l in e s  o f te x t  in  the Menu A rea , so the layo u t must be com p letely  re d ra w  at in te r v a ls  to  allow  the output o f more t e x t .  T h is  i s  a co jap letely  autom atic p rocess in  th a t the program in it i a t e s  the redraw _f a c i l i t y  when the number o f rem aining fr e e  l in e s  i s  in s u f f ic ie n t  fo r  the command type requested.
A comprehensive range o f op eratin g commands i s  given  in  Figure 9 .2 . T h is l i s t  can be d isp lay ed  on the screen by ty p in g  the code-word "HELP” in  Menu-Mode. The in form ation  i s  stored in  a simple te x t  f i l e  ca lle d  LAYOUT.HLP, so i t  can be l i s t e d  on the l in e p r in t e r  to  provide a reference document.

9 . 2.2 Cursor Mode
The tim e taken to  redraw a layo u t i s  re la te d  to  i t s  s iz e  and com plexity. In  any event i t  i s  b e tte r  to  avoid t h is  time-consuming process as much as p o s s ib le . One way o f doing t h is  i s  to r e s t r i c t  the use of the menu area to  an ab solu te minimum, thus reducing the frequency \vith which i t  o verflo w s. An a lte r n a t iv e  method o f program c o n tro l has been added w ith t h is  p iiilosop h y in  mind. I t  i s  c a lle d  "Cursor Mode".
When "CURSOR" (or sim ply "CUR") i s  typed in  the menu a re a , a s trin g  o f " F a c i l i t y  Boxes" are drawn along the top o f the screen . Each box co n tain s a v e rb a l d e s c r ip tio n  o f the fu n ctio n  i t  rep resents and can be selected  u sin g  the X/Y cu rso r.
Since a l l  the boxes are p o sitio n e d  a t the same h e ig h t on the screen, i t  i s  s u f f ic ie n t  to  ensure th a t the v e r t ic a l  cursor l in e  in te r s e c t s  with the box in  q u e stio n . In  Figure 9.3» fo i' exam ple, the "WINDOii"option would be s e le c te d  when a ch a ra cte r i s  typed.
The ch a ra cte rs  in s id e  the boxes are hardware generated and are w ritten as a continuous l in e  o f t e x t .  Since the term in al i s  norm ally working a t 120 ch a ra cte rs  per second, the e x tra  time in cu rred  when re­drawing the screen i s  n e g l ig ib le . The boxes take s l i g h t l y  lon ger to  draw but are ergon om ically  p le a sin g  to  the u se r .
The program compares the X co -o rd in ate  returned from the cursor with a l i s t  o f X ranges corresponding to  the f a c i l i t i e s .  I t  i s  a r e la t iv e ly  simple programming ta sk  to  change the s e le c tio n  when the needa r is e s .
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•LAYOUT.FOR* OparaUng Commanda

AUTOMATIC..
BOARD....
CONNECT UP. 
CURSOR

.(AUT).. 

.(BOA).. 

.(CON).. 

.(CUR)..
FND........
EXPAND... .(EXP)..
HARD COPY...(HAR)..
help..... .(HEL)..
IDENTIFY....(IDE)..
MANUAL... .(MAN)..
MASK..... .(MAS)..
MOUE..... .(MOU)..
NEXT..... .(NEX)..
NO CON... .(NOC)..
NO NODES...(NON)...
PLACE.... . (PLA).j
query... . . (QUE).j
redraw... . (RED)tj
REMOVE......(REM)._.
RESTART.....(RES).j
ROTATE... . (ROT)tj
SHORTEN..... (SHO)t̂
SHRINK...... (SHR)tj
SLOTS.... . (SLO)tj
SPRINGS..... (SPR)u
WINDOW... . (WIN).j
ZOOM..... .(ZOO)..

.(CUR)......Move into CURSOR mod«
... Close files and exit from program

(EXP)......Expand circuit in a given quadrant
(HAR)...... Produces a hard copg of screen
.(HEL)......Prints out this HELP file
(IDE)...... Component is identified
(HAN)......Requests a MANUAL connection
.(MAS)......Changes the o/p format to second mask
(MOU)... . Move a component
(NEX)...... Brings on the next components

... Forget all the connections 

.. SUPPRESSES O/P OF NODE NOS (OR ENABLES)

... Place a component on the substrata 

... as SPR but for one component 

... Redraw the complete circuit 

... Remove - spacifg COMponant / CONnaction 

... Close files and restart program 

... Rotate a component

... Shorten a connection as far as possible 

... Shrink the board area as specified 

... Draw out the SLOTS 

... Draw out connections as dotted lines 

..• Reset the screen window dimensions 
ZOOM......(ZOO)........ Zoom in or out to a specified point on scree

F i g u r e  9 - 2 LAYOUT o p e r a t i n g  c o m m a n d s
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F i g u r e  9-3 Example of  Cursor Modo
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Menu Mode i s  re-e n te re d  when the cursor i s  p o sitio n e d  such th a t i t  does not in t e r s e c t  \d.th any f a c i l i t y  box. The e a s ie s t  way o f doing th is  i s  to  inove the v e r t ic a l  cursor l in e  in to  the Menu Area i t s e l f  before pressing a keyboard c h a ra c te r .
Cursor Mode i s  much quicker to  use than Menu Mode since the need fo r typ in g  command s tr in g s  i s  reduced. Each box must be o f a reasonable s iz e , however, so t h is  r e s t r i c t s  the s e le c tio n  to  a maximum o f about tw elve d iffe r e n t f a c i l i t i e s .

9.3 F a c i l i t i e s
T h is s e c tio n  g iv e s  a b r ie f  d e s c r ip tio n  o f each f a c i l i t y  which i s  a v a ila b le  to  the u s e r . In  each case i t  i s  assuined th a t Menu Mode has been s e le c te d . I f  t h is  i s  not the c a s e , then most prompt messages w il l  be suppressed (to  save Menu a r e a ) , and the onus i s  on the user to  knovv what input data i s  exp ected .
I t  i s  not n ecessa ry  to  type in  the complete f a c i l i t y  code in  each case -  these can be shortened to  any e x te n t , provided th a t the code s tr in g  given i s  unique to  one f a c i l i t y  name.

9 .3 .1 "AUTOMATIC” Connection
When t h i s  f a c i l i t y  i s  s e le c te d , the message:In d ic a te  START and EiiD pads i s  given and the cu rsor appears.The user must now p o in t to  the pad at which the connection should s t a r t . Assuming th a t the cursor i s  p o s itio n e d  w ithin  a component boundary, the nearest pad w il l  be s e le c te d  as shown in  Figure 9 .4 (a-). F a i lin g  t h i s ,  an error message w i l l  be output and the atteinpt i s  abandoned.
A cro ss i s  dra;«i a t the START pad p o s itio n  to  in d ic a te  th a t the program now req u ire s  the lo c a t io n  o f the second pad. T h is i s  d efined as before (diagraia ( b ) ) , and the prograai proceeds to  apply the autom atic routing a lg o rith m . I f  t h is  i s  s u c c e s s fu l, the connection i s  drawn on the screen and the "What Next ?" prompt g iv e n . Should the algorithmf a i l ,  a message i s  w xitten  to  t h i s  e f f e c t  and the attempt i s  abandoned.
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la) Cursor is positioned near required pad in f i r s t  component 
and a character pressed.

D2

 ̂ Computer indicates pad and cursor is positioned over 
Ta r g e t  component, nea r  r e te v a n t  pad.

' S u r e  9 ■ ¿, I n s t i g a t i n g  a n  a u t o m a t  i c  c o n n e c t i o n
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F i g u r e  9 ■ I n s t i g a t i n g  an  a u t o m a t i c  c o n n e c t ! o n (continued)
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9 .3 .2 "BOARD” -  In cre a se  Board Area
T h is  f a c i l i t y  allov.'s the in s e r tio n  of h o r iz o n ta l and v e r t ic a l  " s tr ip s ” o f board space -  e f f e c t i v e ly  in c re a s in g  the s iz e  o f the layo u t area. I t  i s  best exp lain ed  \.ith refere n ce  to  F igures 9 .5  and 9 .6v.hich show the same c i r c u i t  before and a f t e r  t i i is  technique has been ap plied .
The cu rsor i s  p o s itio n e d  a t the d esired  lo c a t io n  and a ch a ra cte r i s  p ressed . Thick l in e s  are dravn along the current cursor segment p o sitio n s  as a re fe re n ce  fo r  the next stage^ which i s  to  move one o f the thumbwheel c o n tr o ls . I f  a h o r iz o n ta l s tr ip  i s  to  be in s e r te d , then the h o rizo n ta l cu rsor segment must be moved. V e r t ic a l  s tr ip s  can likev/ise be defined u sin g  the v e r t ic a l  c o n tr o l. The th ick n e ss  o f the s tr ip  to  be in serted  i s  in d ic a te d  by the d ista n ce  between the new and o ld  p o s itio n s  o f the re le v a n t cu rsor segment.
The la y o u t i s  n ext ad ju ste d  and the g ra p h ic a l output r e -s c a le d  to f i t  the screen -  as shown in  Figure 9 .6 * A v e r t ic a l  s tr ip  has been in se rted  in  t h is  example.
A very s im ila r  technique i s  used to  remove unwanted s tr ip s  o f board a re a . T h is  in v o lv e s  the use o f the "SHRIilK” f a c i l i t y  which w i l l  be d iscussed  in  s e c tio n  9. 3. 23.

9 .3 .3 "CONNECT” Up Components
T h is command causes the Routing Algorithm  to  be ap p lied  in  a general fa s h io n . I t  i s  eq u iv a le n t to  u sin g the "AUTOMATIC” (Automatic Connections, s e c tio n  9 .3 .1 )  command between every p a ir  o f term in al pads bearing the same Node Number. Figure 9 .7  g iv e s  the s tr a te g y  required to do t h is  in  the form o f a flo w ch a rt.The f i r s t  ta sk  i s  to f in d  a l i s t  o f component p a ir s  which req uire to be connected to g e th e r . The most convenient way o f doing t h is  i s  to consult the P lanar Graph o f the c i r c u i t .  Since each "Region” in  the graph i s  a c t u a l ly  an in tercon n ected  loop o f components, every component dust be connected to  i t s  immediate neighbours in  the d e f in it io n .
I t  i s  th e re fo re  q u ite  straightforw 'ard to  fo llo w  round the Region d e f in it io n s , p ic k in g  out ad jacen t p a ir s  to  add to the l i s t .  Each Region
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F ig u re  9-6 Resul ts of Board fac i l i t y
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F i g u r e  9 - 7  F lo w c h a r t  o f  th e  "CON f a c i l i t y  a l g o r i t h m
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v .i l l  produce "n ” p a ir s  i f  i t  co n ta in s  ” n” Branches. The only exception to  t h i s  i s  Region nuiiiber 1 vhich  l in k s  a l l  the Edge Pads togeth er to  sim u late  th e a llo w ab le  board a re a . S in ce each pad rep resen tsa d if fe r e n t  Node Niimber, i t  i s  m eaningless to  use t h is  Region as a b a sisfo r  in te r c o n n e c t io n .
An a lt e r n a t iv e  method o f g en era tin g  the p a ir  l i s t  i s  to  carry­out an e x h a u stiv e  search fo r  te rm in a ls  o f s im ila r  Node Number. T h iswould in v o lv e  p ic k in g  one component pad then lo o k in g  a t every oth er in  tu rn  t o  f in d  a match -  o b v io u sly  a much slower te ch n iq u e . I t  can , however, be used in  co n ju n ctio n  w ith th e P lanar Graph approach to  s ig n i f ic a n t ly  reduce connection  le n g th . T h is i s  d iscu sse d  fu r th e r  in  Chapter 1 1 ,5 .2 , but has n ot been implemented due to  the in cre a se d  execu tio n  time in v o lv e d .
The ” CONNECT UP” f a c i l i t y  can be used a t any tim e throughout the desigp. p r o c e s s , so i t  i s  not c e r t a in  wiiether every  component has a c tu a lly  been p la c e d  on th e Board. Having found a le g it im a te  p a ir ,  the algorithm  must f i r s t  check th a t  th e y  both appear on th e su b stra te  before applying th e r o u tin g  p ro ce s s .
Given th a t  t h i s  i s  so , th ere  s t i l l  remains the p o s s i b i l i t y  th a t they have a lr e a d y  been connected to g e th e r . T h is p re se n ts  a problem , since th e y  may be i n d ir e c t l y  lin k e d  in  a "Component S tr in g "  through any number o f  in te rm e d ia te  components. In  f ig u r e  9 .8 ,  fo r  exainple, components A and B are e l e c t r i c a l l y  connected through C and D alth o u gh  th ere  e x is t s  no d ir e c t  l i n k  between them, A "Tree Search" o f a l l  th e Connection Blocks i s  used to  check t h i s .  The program s t a r t s  a t  th e f i r s t  component pad and computes th e  pads which have been connected to  i t .  I t  then s ta r ts  from each o f th e new p o s it io n s  g e n e ra tin g  a new' l i s t  o f  p o s s ib le  d e s tin a tio n s . The p ro cess co n tin u e s  u n t i l  «11 th e connections have been exhausted or the ta rg e t pad i s  reach ed . I f  the l a t t e r  i s  the case then the p a ir  are already connected and th e R outing A lgorithm  need not be a p p lie d . Thistechnique i s  v e ry  s im ila r  to  th e Tree Search used in  the P la n a r ity  Algorithm  (C hapter 5 .2 ) ,
Each tim e the Routing Algorithm  i s  s u c c e s s fu l, the new connection  

i s  im m ediately drawn on the screen. When i t  f a i l s ,  a dotted lin e  i s  
drawn betw'een th e two component pads in  question ( r e fe r  to  the "SPRINGS" 
f a c i l i t y  in  s e c tio n  9 .3 .2 5 ) .
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A fte r  every connection p a ir  has been attem pted, the program w rites a message in  the menu area and req uests another command. I f  every component has been p laced  on the board and every connection p a ir  is  now lin k e d , the message;
THE CIRCUIT I S  COMPLETEi s  output. I f  every connection attem pt succeeded, but th ere are s t i l l  some unplaced components, the foUow dng >/ill appear;
NO FAILURESA count i s  kept o f any f a i lu r e s  which may have re s u lte d  during the process and t h is  may a ls o  be d isp lay ed  a s , fo r  example;
3 HAVE FAILED I

9 .3 .4 '’END'* Program
As the name su g g e sts , t h is  f a c i l i t y  causes the program to term inate and update the data stru ctu re  f i l e  with the l a t e s t  in fo rm a tio n . An a lte r n a t iv e  to  t h i s  i s  to  use the jo b  co n tro l language h a lt coimaand (CNTRL/C), which stops the program running. The data f i l e  would not then be a lt e r e d , and the user could s ta r t  from the p o in t at which he l a s t  f i le d  the la y o u t d a ta .
The “ RESTART” f a c i l i t y  (s e c tio n  9.3*20) has the same e f f e c t  as the "END” f a c i l i t y ,  in  th a t i t  updates the la y o u t f i l e .  In ste a d  o f te rm in a tin g , how>ever, the user i s  then in v ite d  to  en ter a new data f i l e  name and the program i s  r e s ta r te d .

9 .3 .5 "EXPAND" Layout
The "Expand" f a c i l i t y  a u to m a tica lly  in cre a se s  sp aces, and a lt e r s  connection t r a c k s , in  order to  ¡aap a sm all re cta n g u la r  window o f the layout onto a la r g e r . I t  i s  best i l lu s t r a t e d  by example.
Figure 9. 9(a) shows a la y o u t in  v.liich the su b strate has been increased in t e r a c t iv e ly  u sin g  the "Board" f a c i l i t y  ( 9 .3 .2 ) . The cursor is  used to  d e fin e  th e sm aller r e c ta n g le . Any o f the fou r quadrants generated by the in te r s e c t io n  o f the two cursor l in e s  can be s e le c te d .
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In t h is  case the bottom l e f t  (BL) has been chosen. The oth ers are referred  to  as BR (Bottom R ig h t) , TL (Top L e ft)  and TR (Top R ig h t) .
Having d efin ed  the la r g e r  re cta n g le  in  a sm aller manner, the program in d ic a t e s  both re c ta n g le s  u sin g  dotted l in e s  (see fig u r e  9 .9 (b )) and asks the operator i f  he s t i l l  in te n d s to  expand the c i r c u i t  v,dth the re cta n g le s  shown. He can abort the process by ty p in g  ” N0” at t h is  p o in t.
Assuming th a t  he allow s the program to  proceed , the ad ju sted  layout i s  redrawn as in  Figure 9 .9 ( c ) .
Connections cro ss in g  the boundary betv;een the two re c ta n g le s  are d e le te d , sin ce  i t  i s  not c le a r  where the corner p o in ts  on e it h e r  side should go.
Edge Pads cannot be moved in  a Y d ir e c t io n  since th ey  are constrained to  l i e  along the top and bottom edges. Connections to  Edge Pads which l i e  w ith in  th e sm aller re cta n g le  are th e re fo re  d e le te d .
I t  i s  now up to  the user to  move Edge Pads and re fo ra  any connections which may have been d e le te d . The l a t t e r  ta sk  may be manual or autom atic as re q u ire d . f ig u r e  9 .9 (d ) shows the f i n a l  expanded lay o u t a fte r  subsequent a lt e r a t io n .
The ^EXPAND'* f a c i l i t y  i s  a ls o  very u s e fu l when a p p lie d  to  the I n i t i a l  Placement s tr in g  along the bottom o f the Board. I f  i t  i s  known that the board width i s  not going to  be reduced, i t  i s  best to  ejqjand the components to  take up the a v a ila b le  space. T h is eases the ta sk  o f the Placement A lgorith m .

9 .3 .6 ’’HARD COPr’ Generation
The te rm in al used was coupled to  a Hard Copy device which takes a permanent copy o f the drawings on the screen. The paper diagram which i s  obtained g iv e s  a very good re p re se n ta tio n  o f the layo u t and i s  a quicK su b stitu te  fo r  a p e n -p lo tte r  drawing. Typing "HARD COPT" w il l  cause a copy to  be produced. The d u p lic a to r  can a lso  be operated u sin g a push button.
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The advantage o f  t h i s  f a c i l i t y  l i e s  in  the f a c t  th a t  the computer jo b  c o n tr o l language i s  b u ffe re d . T h is means th a t  the user can type in  s e v e r a l commands w ithout having to  w ait u n t i l  each has been executed. I t  i s  th e re fo re  p e r fe c t ly  p o s s ib le  to  copy s e v e ra l la y o u ts  v,ithout h avin g to  s i t  i d l y  w a itin g  fo r  each to  be drawn b efore pushing the ’’copy” b u tto n .
9 .3 .7 "HELP” L i s t

A com plete l i s t  o f  the f a c i l i t i e s  a v a ila b le  to  the u ser can be d isp la y e d  by ty p in g  the word "HELP" in  the menu a re a . A fte r  e ra sin g  the scre e n , th e  program w i l l  l i s t  the commands as shown in  F ig u re 9 .2 .
9 .3 .8  -  ’’IIE N riF Y ”  Component

Two d i s t i n c t  methods o f c h a ra c te r  output are used on the graph ics scre e n . The f i r s t  i s  c a l le d  "hardware g en era tio n ” ,  wMch means th a t the te rm in a l a u to m a tic a lly  w nites the c h a ra cte r  u sin g  a dot m a trix .An a lt e r n a t iv e  i s  to  use "softw are generated” output. In  t h is  mode the ch a racters are drawn u sin g  a s e r ie s  o f  s tr a ig h t  l in e s  se t up in  the program.
The form er i s  a very  speedy w’ay o f g en eratin g  t e x t  and i s  used to  WTite a l l  command prompts and m essages. I t  has the d isa d v a n ta g e , however, th a t  o n ly  c e r t a in  d is c r e te  c h a ra cte r  s iz e s  are p o s s ib le . Since the la y o u t may be s c a le d  up or down u sin g  the ZOCM (9 .3 .2 7 ) and WINDOW (9. 3. 26) f a c i l i t i e s ,  i t  i s  obvious th a t  the component names and Node Njrabers w i l l  a ls o  have to  be i n f i n i t e ^  v a r ia b le  in  s iz e . Softw are generated c h a r a c t e r s , being a s e r ie s  o f  s tr a ig h t  l i n e s ,  may be sca le d  in  an id e n t ic a l  manner to  the component shapes and are n ecessa ry  in  t h i s  ca s e .
Softw are gen erated  ch a ra c te rs  are l i t e r a l l y  hundreds o f tim es slower to  draŵ  than  t h e i r  hardware generated e q u iv a le n t . The time needed to  re-draw' th e la y o u t can th e re fo re  be s ig n i f ic a n t ly  reduced by om ittin g c h a r a c te r  names and Node Numbers (NO NAMES” s e c tio n  9 .3 .1 4  -ahd "NO NOTES” s e c tio n  9 .3 .1 5 ) . I f  t h i s  i s  the case then the user must be provided w ith a means o f f in d in g  out the name o f  a p a r t ic u la r  component without having to  re—draw the complete c i r c u i t .  The f a c i l i t y  to -d o  t h is  i s  c a l le d  "IIK N T IFY” .

1 7 9 -



A fter typing the code mnemonic, the coaputer respondswith;
’’In d ic a te  Component”and sets up the cu rso r segments. The user must now p o s itio n  the cursor v .itiiin  the boundaries o f the component re cta n g le  v.hich he wishes to  id e n t i f y .  One o f se v e ra l responses may now be made. I f  the cursor has not been p o s itio n e d  in s id e  a component d e f in it io n , the message:
COMiPONENT NOT FOUND

vd.ll be given and the attempt term inated . I f  a component i s  found, i t s  naae and r o ta tio n  angle are supplied e . g . :
COMPONENT ” TR6” ANGauE 270
The ’’IDEiiTIFY” f a c i l i t y  i s  a lso  very u s e fu l when the s c a lin g  i s  such th a t th e component names cannot e a s i ly  be read.

9. 3.9 ”MANUAL” Connection
lihen the R outing Algorithm  f a i l s ,  or the user wishes to  improve the r e s u lt ,  he can d efin e a connection path in t e r a c t iv e ly  using the ’’MANUAL” f a c i l i t y .  T iiis  i s  dejaonstrated with referen ce to Figure 9 .1 0 .
The f i r s t  stage i s  to  in d ic a te  the component pad a t wiiich the connection i s  to  s t a r t .  T h is need not be a very exact o p e ra tio n , since the n earest pad w 'ill be s e le c te d  p ro vid in g  th a t the cursor i s  a c t u a lly  in sid e a component d e f in it io n . F a i lin g  t h i s ,  the message;
COMPONENT NOT FOUNDV 'ill be d isp lay ed  and the connection attempt aborted.
The pad i s  marked with a cro ss as shown in  diagram 9 .1 0 (b ) , and the f i r s t  co m e r p o in t can then be d e fin e d . Connections are r e s tr ic te d  to  be made up o f h o r iz o n ta l and v e r t ic a l  segments, so the prograia checks to  see '..hich co -o rd in a te  has changed the laost. I t  then assumes th a t  th e other remains unchanged. In  t h is  case tne X change i s  g re a te r  than  the Y , so a h o r iz o n ta l segment i s  assumed. The Y co­ordinate i s  r e s e t  to  be the same as the l a s t  valu e and anotner cro ss drawn on the screen as in  Figure 9 .1 0 ( c ) .
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ia ]  Cursor is positioned near pad in f irs t component.

■ +

R8

( b) F irs t corner point is then in d ic a te d

F ig u re  9-10 D e f in in g  a connection  m a n u a lly
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(d  TARGET pad is f in a l ly  ind ica ted  (approximately)

corner point adjusted 
because o f End PointI I

F ii g u  r e  9  10 D e f i n i n g  a connec t i on  m a n u a l l y  ( c o n t i n u e d )
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To a id  the user in  p o s itio n in g  the edge o f the co n n e ctio n , the true co m e r p o s it io n  i s  set to  be h a l f  a tra c k  width back from the cursor p o s itio n  in  the d ir e c t io n  o f movement. In  Figure 9 .1 0 ( c ) , the d ir e c tio n  is  to the R IQ iT , so the corner p o s itio n  w il l  be set s l i g h t l y  to  the l e f t  o f the cu rso r .
When a l l  the co m er p o in ts  have been d e fin e d , the user can term inate the connection by p o s itio n in g  the cursor near a component pad and ty p in g  the l e t t e r  ( fo r  FIN ISH ). The program f i r s t  ensures th at the la s t  co m e r p o in t i s  in  a l e g a l  p o s it io n  to  g ive  a n o n -slop in g  end segment. In  F igure 9 .1 0 ( d ) , the l a s t  d ir e c t io n  of movement i s  along the Y a x is ,  so the penu ltim ate X co -o rd in ate  has been ad ju ste d .
The connection i s  then drawn onto the screen and the process term inated.
An a d d it io n a l option i s  to  abort the process at any stage in  the connection attem pt. T h is i s  achieved by ty p in g  an "X” ( fo r  EXIT) character while d e fin in g  a S t a r t ,  Com er or End p o in t . In  t h is  ev e n t, the process i s  term inated im m ediately.
I t  may be co n ve n ien t, in  some s it u a t io n s , to  use p a rt o f an e x is t in g  connection w hile d e fin in g  the new con nection . T h is i s  c a lle d  '’L a tch in g ” , and can be employed by ty p in g  the ch a ra cte r "L” . I f  the cursor i s  p o s itio n e d  w ith in  a connection boundary, the re le v a n t cursor co -o rd in ate (s) are a d ju ste d  to  those of the con nection . Consider the s itu a tio n  shown in  Eigure 9 .H ( a ) .
A connection i s  to  be made between components R1 and D4. Having s p e c ifie d  the s ta r t  pad in  R l ,  the user has la tch e d  onto an e x is t in g  connection between D4 and R3. He then la tc h e s  onto an e x is t in g  co m er point in  Figure 9 .11(b) by p la c in g  the cursor w ithin  the co m er "squ are” . When the connection  i s  drawn onto the screen , both conductor tra c k s  w ill  be c c -in c id e n t fo r  some way. T h is saves in  p lo t t in g  time and, o fcourse, reduces the e f f e c t iv e  o v e r a ll  conductor le n g th  (Figu re 9 .1 1 (d )) .

9. 3.10 "MA2I" S e le c tio n
Components and cro sso vers are g e n e ra lly  represented by a re cta n g le  sncompassing a number o f term in al ra d s . I t  i s  a lso  p o s s ib le  to  viev/ the
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( a )  C ursor pos itione d  w ith in  connection boundary 
a f te r  s ta r t  pad has been in d ic a te d

(b) Corner point is adjusted to l ie  w ith in
connection and to have the same y-co-ord. 
as the START pad

F i g u r e  9 - V ' L a  t c h i n g  on to an e x i s t i n g  connec t i on
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Connection complete.

Fii g u r e  9 - n  L a t c h i n g  on to an e x i s t i n g  connec t i on  ( c o n t i n u e d }
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layout as a set o f two superimposed p h o to lith o g ra p h ic  masks v/hich v,d.ll be produced to  fa b r ic a te  the c i r c u i t .  This mode of output i s  s e le cte dby ty p in g  ’’MASIv ,̂ and r e je c te d  by a fu rth e r  c a l l  to  t h is  f a c i l i t y .
In  "Mask Mode", l in e s  drawn in  s o lid  are on Mask 1 and dotted lin e s  are on Mask 2 (R efer to Chapter 1.2  fo r  fu r th e r  in fo rm a tio n ).The only  excep tio n  to  t h is  are Component Names, Node Numbers and perim eter boundaries round attach ed  d evices which v-dll not appear on e ith e r  mask. F ig u re s 9 .9 (c )  and 9 .9 (d ) shown the same lay o u t in  normal and "Mask Mode" r e s p e c tiv e ly .

9 .3 .1 1  "MOVE" Component
The u ser can re p o s it io n  components and Edge Pads v/ith the "Move" f a c i l i t y .  The l a t t e r  are r e s tr ic t e d  to  l i e  along h o riz o n ta l board edges, however, so t h e ir  Y co -o rd in ate  cannot be changed.
A fte r  r e c e iv in g  the command s t r in g ,t h e  program g iv e s  the promptmessage:
INEECATE COMPONENT AND NEW POSITION and se ts  the cu rsor l in e s  up. The user must now p o s itio n  the cursor in sid e  a component or Edge Pad re cta n g le  and h i t  a ch a ra cte r bu tton.This i s  demonstrated in  Figure 9 .1 2 ( a ) . The program then s e le c ts  the nearest re cta n g le  corner and marks i t  w ith a cro ss as sho^m in  9 .1 2 (b ) , This p o in t can now be re -d e fin e d  with the cursor using any button except the "space" b u tto n . A dotted o u tlin e  i s  drawn to  represent the component*s new' p o s it io n  and the cursor re-appears as in  Figure 9 .1 2 ( c ) ,
Any number o f t r i a l  p o s itio n s  may be s p e c ifie d  in  t h is  way u n t i l  a "space" i s  typ ed . On r e c e iv in g  t h is  command, the old d e fin it io n  i s  marked w ith an angled l in e  to show th a t i t  has been d e le te d , and the component i s  re—drawn at the l a s t  t r i a l  lo c a t io n . In  Figure 9 .1 2 (d ), fo r  exam ple, th ree t r i a l  attem pts were made before the space button was p re ssed .
A component may be "p icked  up" by any o f i t s  fo u r co rn ers.Tnis s im p lif ie s  the re—p o s it io n in g  task  since the cursor segment l in e s  can be regarded as two o f the bounding re cta n g le  edges.
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ia )  C u rs o r is positioned over a component and a character pressed

Q CJ)
q :

(b) Computer responds by marking nearest corner and cursor 
is re-positioned

F i g u r e  9 - 1 2  M o v i n g  a c o m p o n e n t  i n t e r a c t i v e l y- 187 -



C Do r

Ic )  Dotted outline marks temporary position and cursor re-appears

□
i
1 C D  i1
1 (T  ̂ ;

□ _____________
' ' \

. J

(d ) Last temporary position is confirmed when the space 
button Is pressed.
The old de fin ition  is deleted and the component re-drawn 
in the new position.

F i g u r e  9-12  M o v i n g  a c o m p o n e n t  i n t e r a c t i v e l y  ( c o n t i n u e d  ]
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The "NEXT" Command i s  used to  i n i t i a t e  the Placement Algorithm d escrib ed  in  Chapter 7. I f  a l l  the components a lrea d y  appear on the board then the message:
' NO REGIONSis  p rin te d  and the placeraent attempt abandoned. Should there be any unplaced components then a p e rtin e n t Region i s  s e le cte d  and the Placement Algoritlim  a p p lie d . The nev components are then dravn on the screen.

9.3.12 "NEXT" Components

9 .3 .1 3 "NO CONNECTIONS"
When "NO CONNECTIONS" i s  typ ed , a l l  connection data i s  d e le te d . This f a c i l i t y  can be used in  con ju nction  v.ith the "CONNECT UP" f a c i l i t y  (9. 3. 3) to  ensure minimum connection le n g th  a f t e r  a board expansion using "EXPAND" ( 9 .3 .5 ) .
There appears to  be no e f f e c t  on the la y o u t , but a l l  the connections have been d eleted  and w il l  not appear w'hen the c ir c u i t  i s  re -d rara .
Once t h is  f a c i l i t y  has been used, the connection data i s  ir r e t r ie v a b ly  l o s t .

9. 3.14 "NO NA>iES"
I t  has a lre a d y  been mentioned th a t a l l  component names are "Softw are" generated and, as such, take a long time to  draw o u t. The "NO NAI'lE" f a c i l i t y  suppresses a l l  component names and so reduces the time taken to  redraw the la y o u t . A fu rth e r  c a l l  o f "NO NA“'iES" r e -s e ts  the option such th a t th ey  re-ap p ear.

9 . 3 . 1 5 "NO NOIES"
Node Numbers are a ls o  "Softw are" generated and can be suppressed using the "NO NOTE" command. As w ith the "NO NAMES" f a c i l i t y  (described iti sectio n  9 .3 .1 4 )^  i t  can be re s e t with a second c a l l  and the Node Numbers ^vill re—appear at the next re-draw lng phase.
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The user can choose to  b ring  an un-placed component onto the board at any stage in  the d e sig n . He sim ply types the command "PLACE” and re c e iv e s  the message:
NA>E AND ORIENTATION ?

He must then en ter a component name and ro ta tio n  angle (in  any order) separated by a space or comma. The computer may respond vdth:
COMPONENT ALREADY PLACED .*

in  '.vhich case the attempt i s  term inated . A lt e r n a t iv e ly , the cursor segments are se t up and the user in d ic a te s  the p o s itio n  which he wishes the cen tre  o f the component re cta n g le  to  occupy. T h is i s  not c r u c ia l  s in ce  he can la t e r  r e -p o s it io n  the component with the "MOVE” f a c i l i t y  (9. 3. 11) .
iihen a ch a ra cte r i s  p re sse d , the component i s  drawn onto the screen in  the d esired  o r ie n ta tio n  and i t s  new co -o rd in a te s  entered in to  the data s tr u c tu r e .
I f  an in v a lid  component name or ro ta tio n  angle i s  en tered , the computer w il l  inform  the user o f h is  e r r o r . Another fe a tu re  i sth at the r o ta tio n  angle i s  taken as zero i f  i t  i s  not s p e c ifie d  by the u ser. T h is saves time when using the f a c i l i t y .

9. 3.17 "QUERY” A Component’ s Connections
Typing "QUERY” , and in d ic a t in g  a component w ith the cu rs o r , w in  cause a l l  unformed connections to  and from the component to  be shown as dotted l i n e s .  T h is a id s  the user in  d ecid in g  where to p o s itio n  the component to g iv e  a minimum connection le n g th . The "SPRINGS” f a c i l i t y  (s e c tio n  9 .3 .2 5 ) can be regarded as a u to m a tica lly  3-Pplying "QUERY” to  every component on the board, f ig u r e  9 .16 demonstrates the output obtained in  such a ca se .

9. 3.18 "REDRAl/”  LayoutSin ce the screen cannot be s e le c t iv e ly  erased , i t  i s  necessary

9.3*16 ’’ FLACE’̂  Component
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to redraw th e la y o u t a t in te r v a ls  to  fr e e  Menu a re a . This i s  done e n t ir e ly  a u to m a tic a lly , but the user a lso  has the option o f re fre s h in g  the screen by ty p in g  the command at any stage in  the d esig n .This f a c i l i t y  i s  used to  erase out o f date in form ation  in  order to  un­c lu t te r  the screen .
9 .3.19 ” REi'iOVE” Component/Connection

The user can remove a component a t any time by typ ing "REI'IOVE COMPONEINT” and in d ic a t in g  the re le v a n t bounding re cta n g le  v/ith the cu rso r . A d ia go n al l in e  i s  dra^vn across the re cta n g le  and the component w i l l  d isappear vhen the c ir c u i t  i s  next redrav>n. T h is i s  demonstrated in  F ig u re s 9 .13(a) and (b ) .
The component may be brought back onto the board a t a la t e r  stage u sin g  the "PLACE” (9 .3 .1 6 ) or "iEXT" (9 .3 .1 2 ) f a c i l i t i e s .
I t  i s  a ls o  p o s s ib le  to  d e le te  a conductor tra ck  by typ in g  "REMOVE CONNECTION" and p la c in g  the cursor anywhere v,athin the co n n e ctio n 's  boundaries. In  t h is  case ( i l lu s t r a t e d  in  fig u r e  9 .1 4 )ja lin e  i s  drawn up the centre o f th e tra c k  to  in d ic a te  th a t i t  has been d e le te d . The connection i s  now- ir r e t r ie v a b ly  lo s t  and i t s  data space v d l l  be re-u sed  by the next connection to  be formed.

9. 3.20 "RESTART" Program
L ik e  the "END" command ( 9 .3 .4 ) j  t h is  f a c i l i t y  updates the data stru ctu re  f i l e  rep rese n tin g  the la y o u t . In ste a d  o f term in ating  the program, however, i t  req uests the name o f a new data f i l e .  Upon re ce ip t o f t h is  data i t  co p ie s  the new la y o u t in to  store and re -e n te rs  command mode. The user has e f f e c t iv e ly  switched to  another la y o u t .

9. 3.21 "ROTATE" Component
Any component appearing on the board may be re -o r ie n ta te d  using the "ROTATE" f a c i l i t y .  Upon r e c e ip t o f t i i i s  command, the computer responds w ith;
ORIENTATION/NAi'E ?
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la )  C ursor is positioned w ith in  components txunding rectangle

(b) Transverse l ine is drawn in to indicate that component 
has been deleted

F i g u r e  9 - 1 3  R e m o v i n g  a c o m p o n e n t
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la) Cursor is positioned 
anywhere wi th in the 
connection outline.

F i g u r e  9 U  R e m o v i n g  a c o n n e c t i o n
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and the u ser a u s t  en ter the name o f the component to g eth er váth a ro ta tio n  a n g le . Since the component must have a l l  i t s  sid es perpendicu lar to  the a x e s , on ly  0 , +  90  ̂ +  l 80 and +  270 degrees are v a lid . The computer \v lll a ls o  check th a t the component name i s  v a l id , and appears on the board, before the user i s  allov.’ed to  proceed.
The cu rsor i s  next used to  in d ic a te  the component’ s ne .̂' lo c a t io n . li/hen a ch a ra cte r  i s  p re ssed , the old  component d e f in it io n  and any a s s o c ia te d  connections are im m ediately d e le te d . The component i s  then drara in  the d esired  o r ie n ta tio n  \vdth i t s  centre p o sitio n ed  a t the p o in t marked by the cu rso r.

9 .3 .2 2  «SH0RTEIÍ”  A Connection
An algorith m  has been developed to a u to m a tic a lly  reduce the o v e r a ll le n g th  o f a connection  Vvhere p o s s ib le . There are two d is t in c t  reasons fo r  the e x ista n c e  o f i n - e f f i c i e n t  connection s:
(a) The user has the a b i l i t y  to  d e fin e  conductor tra c k s  in t e r a c t iv e ly  u sin g  the "MANUAL” f a c i l i t y  ( 9 .3 .9 ) . There i s  no guarantee th a t  h is  e f f o r t  i s  the sh o rtest s o lu tio n .
(b) Although the Routing Algorithm! i s  designed to generate minimum le n g th  co n n e ctio n s, the user may have subsequently moved components on the board. The r e s u lt  o f t h is  i s  t lia t  some o f the "o b s ta c le s "  encountered in  the ro u tin g  stage v ,± ll no lon ger e x i s t .  There !v l l l  be ,in  e f f e c t ,  a number o f connections which avoid im aginary o b sta c le s  and as such cannot be d efin ed  as minimum le n g th .
The Shortening Algorithm  uses a s im ila r  teciinique to  the Routing A lgoritlim . Consider Eigure 9 .15 v.hich shows the e f f e c t  on a connection which has been a u to m a tica lly  routed round a board o b s ta c le , iihen the o b sta c le  i s  removed from diagram ( a ) , the connection may be shortened to  th a t  shown in  ( c ) . Sach h o riz o n ta l and v e r t ic a l  l in e  segment i s  examined in  turn and "Rays" sent out in  opposite d ir e c tio n s  along the re le v a n t a x is . I f  any Ray h i t s  another segment then the connection can be reduced in  le n g th . Diagram (b) shows t i i is  g r a p h ic a lly .
In  t h is  example, the Ray em itted to  the l e f t  from corner C5 in te r s e c ts  with the v e r t ic a l  l in e  segment between C2 and C3. I t  i s  now;
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(al o r i g i n a l  d e f i ni t i on

-  (Cl corner
points

(b) algorithm execution

(c) shortened d e f  inition
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p o ssib le  to  r e -d e fin e  the conductor tra ck  as shov.n in  Diagram (c) by o m ittin g  corners C3 and C4.
The algorith m  i s  c o n tin u a lly  re -a p p lie d  u n t i l  none o f the Rays in te r s e c t  v it h  the corm ection. M aile t l i is  d o esn 't guarantee an absolute minimum le n g th  co n n e ctio n , i t  does provide a quick and f a i r l y  s a t is fa c t o r y  s o lu tio n .
To use t h is  f a c i l i t y ,  the user types in  the co.nmand "SHORTEN" and the cu rsor i s  im m ediately set up. He can then in d ic a te  the connection o f h is  choice by p o s itio n in g  the cursor w ithin  the boundaries of the conductor tr a c k  in  q u estio n . v̂hen the algorithm  has been a p p lie d , the connection  i s  re-drawn over i t s  o r ig in a l d e f in it io n .

9. 3.23 "SHRINK” Board Area
Unwanted s tr ip s  o f board area can be d eleted  using the "SHRINK” f a c i l i t y .  The user does t h is  by p o s it io n in g  the cu rso r , p re ssin g  a c h a ra cte r , then moving a s in g le  cursor co n tro l wheel and p re ssin g  another ch a ra cte r . I f  the X c o n tro l i s  s e le c te d , then the v e r t ic a l  s tr ip  of board between the two X co -o rd in a te s  i s  d eleted  and the layo u t re-drawn. H orizontal s t r ip s  can be d eleted  in  a s im ila r  manner using the Y co n tro l wheel.
The program w il l  only d e le te  a s tr ip  i f  th ere are no components, connection tu rn in g  p o in ts  or Edge Pads contained w ithin  i t .  tvhen a le g a l s t r ip  has been d e fin e d , the board s iz e  i s  reduced in  the re le v a n t d laen sio n . Each component. Edge Pad and connection i s  then examinedand re -p o s itio n e d  i f  n ecessary  before the layo u t i s  re-drawn.

9. 3.24 " SLOTS’L  D isp la y  S lo t  Boundary
The Placement Algorithm  described in  Q iap ter 7 uses a co -o rd in ate  "S lo t Boundary” l in e  to  bring the next components onto the board. Tliis can be d isp lay ed  as a dotted l in e  d iv id in g  the board in to  fre e  area above and occupied area belowu Figure 7 .3  shoe's the type o f g ra p h ica l output obtained when the command word "SLOTS” i s  typed,

9. 3.25 "SPRINGS” On ComponentsEach unrouted connection i s  d isp layed  as a s in g le  dotted l in e
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betv.’een the t;.o  components vhen "SPRINGS” i s  typed, gives an example o f t h i s . f ig u r e  9.16

The "SPRINGS" f a c i l i t y  i s  very u s e fu l throughout the d e sig n .I t  g iv e s  a good guide to  manual p o s itio n in g  and o v e r a ll placement e f f ic ie n c y . I t  i s  a lso  convenient in  th a t i t  provides a speedy methodof fin d in g  any un-routed connections th a t may otiierv/ise have been over­looked.
9. 3.26 "iVINDO î" Layout

V/hen the c ir c u i t  i s  d isp layed  on the te r m in a l, the co -o rd in a te s  involved are a u to m a tic a lly  scaled  up or dov»n such th a t the vhole la y o u t f i t s  the screen . For very la rg e  c ir c u i t s  i t  i s  n ecessary to  view onlya sm all p o rtio n  o f the la y o u t at a time i f  the d e t a i l  i s  too sm all to  be seen. T h is  can be achieved using the "WINDOW" or "ZOOM" f a c i l i t i e s .
When the command vord "IVINDOii" i s  typ ed , the program c le a r s  the screen and retu rn s w ith a message o f the typ e;
"WINDOW lEFlNED AS:BOTTai LEFT CORNER 0 ,0  TOP RI(2fr CORNER 5000, 6OOORE-IEFIInIE window OR RETURN FOR ORIGINAL SETTINGS"

The fig u r e s  given  are in  screen co-ord in ates^ each  o f vioich represent (un-scaled) 0 .00005". The user can s p e c ify  new co -o rd in a te s  or type a re tu rn . In  the l a t t e r  c a s e , the \ îndow i s  set such th a t the v.hole layout i s  d is p la y e d .
Upon r e c e ip t  o f the new window» v a lu e s , the layo u t i s  re-drawn and co n tro l retu rn s to  coiomand mode.

9. 3.27 "ZOOM" IN  OR OUT
The window can a ls o  be re se t using the "ZOOM" f a c i l i t y .  When the program re c e iv e s  t h is  co;amand, i t  responds w ith;
"E nter Zoom Factor"
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and the u ser must type in  a p o s it iv e  or n eg ative  nuaber. The cursor is  then set up and a p o in t in d ic a te d  by t j^ in g  any c h a ra cte r .
The la y o u t i s  now re-drav.n v.lth t h e  p art o f the la y o u t uhich was in d ic a te d  appearing a t the centre o f the screen. I f  the number was p o s it iv e , the co -o rd in a te s  are a l l  scaled  up and the components w il l  seem b ig g e r  - th e  user has ap p aren tly  "ZOCi'iED on a p a rt o f the la y o u t. Conversely, a n e g a tiv e  number w ill  cause the co -o rd in a te s  to  be scaled  down and the components w i l l  seem Sinaller. In  t h is  case the user has apparently ” Zoomed Out” to  look at a la r g e r  se ctio n  o f the c i r c u i t .
F igu re 9.17  shows an example using a p o s it iv e  zoom f a c t o r .This p o rtio n  o f the lay o u t could also  have been s e le cte d  using the klNDOW f a c i l i t y  d escrib ed  in  S ectio n  9*3*26.
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Chapter 10Producing P h o to lith o g ra p h ic  Masks Using A T a p e-C o n tro lled  P h o top lo tter
10.1 In tro d u c tio n

A s u ite  o f programs to  design  th in  f ilm  c ir c u it  layou ts, has a lre a d y  been d escrib ed  in  p reviou s ch a p te rs . The la y o u ts  produced by t h is  method are stored  as s e ts  o f co -o rd in a te s  in  computer memory, and th ere remains the problem o f fa b r ic a t in g  the corresponding p h o to lith o g ra p h ic  masks needed to  a c t u a l ly  make the c i r c u i t s .  There are two main methods of doing t h is  under computer c o n tro l -  the f i r s t  uses a tape c o n tro lle d  co-ordinatograph w ith a k n ife  attachment to  cut out the req uired  shapes in  opaque p l a s t i c  sh e e tin g . T h is i s  a f a i r l y  simple programming task  and th ere e x is t  s e v e ra l p lo t t e r  programs which ensure th a t the k n ife  i s  c o r r e c t ly  o rie n ta te d  a t each c u tt in g  stro k e . The maj or disadvantage with t l i is  method i s  th a t the unwanted s tr ip s  o f p la s t i c  must be m anually removed, and there i s  a ls o  th e p o s s i b i l i t y  th a t the s tr ip s  have not been e n t ir e ly  freed  by the k n i f e . Sometimes very f in e  s tr ip s  are produced \ihich are extrem ely d i f f i c u l t  to  remove by hand. T h is i s ,  in  any c a s e , a tim e- consuming ta s k  b e tte r  avoided.
An a lt e r n a t iv e  method o f mask gen eration  i s  to  use a p lo t t e r  with a l ig h t  beam attachm ent to  expose s e le c te d  areas on a sheet o f photographic m a te r ia l. T h is  e lim in a te s  the need fo r  manual in te rv e n tio n  and i s  the technique adopted in  t h is  ca se .
The equipment used was a F e rra n ti f l a t  Bed P lo tte r  (R ef 8) with a l ig h t  beam f i t t e d  in  p la ce  o f a pen -  f ig u r e  10.1 shows a sketch o f such a system'.
A sheet o f l ig h t - s e n s it iv e  m a te r ia l i s  p laced  onto the f l a t  p lo tt in g  surface and ejqjosed to  l i g h t  in  the d esired  p la c e s . When developed, a tra n slu ce n t p l a s t i c  sheet i s  obtained with b lack  opaque patches where i t  has been exposed to  the l i g h t .  The s iz e  and shape o f the beam can be a lte re d  at w i l l  by s e le c t in g  one o f the s ix ty -th r e e  apertures contained iia a ro ta ta b le  c a r t r id g e . Shapes may e ith e r  be » fla sh e d ” in  a p a r t ic u la r  lo c a tio n  (as in  the case of l e t t e r s  and nximerals fo r  exam ple), or moved 'vith the sh u tte r  open. Moving the l i g h t  source with an open s h u tte r ,however, may cause problems o f over-exposure fo r  some aperture shapes.
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F i g u r e  10-1 E l e m e n t s  of  a P h o t o p l o t t e r

HEXADECIMAL
DIGIT

PRINTING
CHARACTER

0 0
1 1
2 2
3 3
b h
5 5̂
6 6
7 7
8 8
9 9

10
11 *

12 <

13 =■

U
15 7

F i g u r e  10-2  Table of  c o - o r d in a te  p r i n t i n g  c h a r a c t e r s
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The p lo t t e r  can be driven  o n -lin e  by aeans o f a d edicated  support com puter, or o f f - l i n e  by e ith e r  7/9 tr a d ì m agnetic tape or 8 hole paper ta p e . The l a t t e r  method i s  used in  t h is  c a s e , the coded paper tape being produced by the programs described in  t h is  ch a p ter.
10.2 C o -ord in ate  R epresentation

The p lo t t e r  has a co -o rd in a te  range o f -32 ,703 to +32,703 u n it s . Each u n it  rep rese n ts a thousandth o f an in c h , but the la r g e s t  sheet o f photographic m a te r ia l a v a ila b le  i s  37" x  50". Masks draí^n on the p lo tt e r  are u s u a lly  p h o to g ra p h ica lly  reduced to  a tw en tie th  of t h e ir  o r ig in a l s i z e ,  so the p lo t t e r  u n it  i s  e f f e c t iv e ly  l/20th o f a th o u *.For t h is  re a so n , th e screen u n it  o f the r e s is t o r  design and autom atic layou t programs has a ls o  been chosen as l/20th o f a th o u ’ so the r e s u lt in g  co -o rd in ate  data can be used to  d rive  the p lo t t e r  d ir e c t ly .
The o r ig in  or "datum" of the co -o rd in a te s  may be p o sitio n e d  anywhere on the drav.lng a re a , but i s  u s u a lly  set to  the bottom l e f t  hand co rn er. C o -ord in ates are represented on tape by a fo u r d ig i t  hexadecim al number. In  the hexadecim al system , the numbers in  each column are in  the range 0 to  15 in ste a d  o f the u su al 0 to  9 . This enables the la r g e  co -o rd in a te  numbers to  be represented ^ ith  on ly  fo u r d i g i t s .  S in g le  p r in t in g  ch a racters  rep resen tin g  the numbers 10 to  15are used acco rd in g  to  the ta b le  in  fig u r e  10,2 . The conversion froma decim al co -o rd in a te  to  a fo u r d ig i t  coding i s  demonstrated in  Figure 10.3« This p rocess i s  c a rr ie d  out a u to m a tica lly  in  the paper tape gen eratin g program to  be d escrib ed  in  S ectio n  10.4 .

10.3 P lo t t e r  D riv in g  Codes
T h is  s e c tio n  d escrib e s  the code s tr in g s  needed to  d rive the p h o to p lo tte r . These are sim ply punched onto paper tape and fe d  in to  the machine.
A l l  p lo t t in g  commands c o n s is t o f three ch a ra cte rs  and may or may not be fo llo w ed  by X and Y co -o rd in ate  d a ta . The f i r s t  ch a ra cte r i s  always a b ack slash  "\ " to  in d ic a te  the beginning o f a fr e s h  set of in s tr u c t io n s .
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Negative N u m b e r  
e . g .  - 5 7 6 8  
S t e p  1 :
S t e p  2 :

D e c r e a s e  m o d u l u s  b y  1 5 768 —► 5767 F i n d  R e m a i n d e r s  1 6 / 5767360 r  7 1 6 /3 6 022 r  _8 1 6 / 2 21 r  6
S t e p  3 : S u b t r a c t  r e m a i n d e r s  f r o m  15 to g e t  h e x a d e c i m a l  e q u i v a l e n t15 -  1 1 5 - 6  1 5 - 8  1 5 - 7

14 ( M S B  978 ( L S B )F r o m  T a b l e  in  F i g u r e  70-2 : C O D I N G  N E E D E D  = 879>

P o s t iv e  N u m b e r  e .  g .  + 600S t e p  1 : F i n d  R e m a i n d e r s1 6 / 6 0 037 r  81 6 / 3 7_2 r  ^
S t e p  2 ; F r o m  T a b l e  in F i g u r e  70-2 C O D I N G  N E E D E D  = 0 258

f i g u r e  70-3 conversion of a Decimal Number to a f o u r - d i g i t  

hexadecimal coding
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The next c h a ra cte r  determ ines whether the p lo t  i s  to  be ABSOLUTE or INCRKiiENTAL - i . e .  h eth er the co -o rd in a te  codes rep resent an a c tu a l point on the f i L n ,  or whether th ey  are sim ply increm ents in  the X and Y d ir e c tio n s . I f  the ch a ra cte r  i s  a “ B” the p lo t  i s  ABSOLUTE, and i f  i t  is  an the p lo t i s  INCREMENTAL,
The l a s t  ch a ra cte r  c o n tro ls  the l i g h t  source. I f  i t  i s  '*0” , the l i g h t  i s  OFF during the move. I f ,  how^ever, the c h a ra cte r  i s  a '*2” , the l ig h t  i s  l e f t  ON. There i s  one more c a s e - i f  i t  i s  an ” =r ” ,  then the l i g h t  w i l l  be ” FLASHED” a f t e r  the move has been com pleted. The fo u r d ig it  co -o rd in a te  codes are then added to  the th ree co n tro l c h a ra c te rs .
The f i n a l  coiiuaand s tr in g  to  be exp lain ed  i s  the "change symbol" code. "\P2" fo llow ed  by a symbol causes the aperture c a rtr id g e  to  be rotated u n t i l  the d e sire d  shape i s  reached. A ta b le  o f aperture codes can be found in  Figure 10.4 to g e th e r with the comnand s tr in g s  exp lain ed  above.

10.4 P lo t te r  Code Producing Program -  "PHOTO"
Com piling a paper tape to  d riv e  the p lo t t e r  i s  a long and ted io u s task i f  done by hand. A program c a lle d  "PHOTO" has been ■r it t e n  to  au to m a tica lly  produce a data f i l e  co n ta in in g  the re le v a n t p lo t t in g  codes.A sLaple p lo t t in g  language i s  used as a s ta r t in g  p o in t fo r  the tr a n s la t io n  to p lo tt e r  code. Although these commands can be t}med in  during the progran e x e c u tio n , i t  i s  b e tte r  to  malce up a data f i l e  v.ith the sane in fo r ­mation. In  t h is  v:ay, should any mistalces be d etected  by the p rogran , i t  is  a simple m atter to  e d it  the data f i l e .  The comiiiands used in  the data f i l e  are ex p lain ed  beloX'-;-A B S ,X ,Y  DARK A B S ,X ,Y , LIGHT A B S ,X ,Y , FLASH REL,X,Y,DARK REL,X,Y,LIC5iT R E L ,X ,Y , FLASH SYH,N Change to  symbol no. N COM Coinment on next l in e  BRD,X,Y D e fin it io n  o f Board S ize  END End o f P lo t

Move to p o in t X ,Y  Draw to  p o in t X ,Y  F lash  at p o in t X ,Y  Move by X ,Y  displacem ent Draw by X ,Y  displacem ent F lash  by X ,Y  displacem ent
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command 
cod<? string mean i n g

\ EO xxxx yyyy DARK MOVE to p o in t xxxx. yyyy

\B2 xxxx yyyy BRIGHT MOVE to point xxxx, yyyy

\ B = xxxx yyyy FLA SH at po in t xxxx, yyyy

\ @ 0  xxxx yyyy DARK INCREMENTAL move of xxxx, yyyy

, \(3 2 xxxx yyyy BRIGHT INCREMENTAL move of xxxx,yyyy

\@=xxxx yyyy DARK INCREMENTAL move of xxxx.yyyy, 
then FLASH

\P2 c change a p e r t u r e  to t ha t  w i th  
c o d i n g  " c "  (see Table be l ow)

SYMBOL
SIZE TYPE CALL POSITION SYMBOL 

SIZE TYPE CALL POSITION SYMBOL
SIZE

'PE I CALL ¡POSITION

.187 

A 

8 
C 

D 

E F G 
H 

I 

J K 
L H N 
0 
P 

' Q R
• S 

T

Target  
Dowe 1

Reverse 
Char.

■ .070 
High-

\ P2@
'^P2A 

P2B 

P2C 

N P2D 

P2E 

\  P2F 

^ P2C 

'> P2H 

P2I 

P2J

\\̂
 P2K 

'' P2L 

'' P2M 

'' P2N 

^ P20\ P2P
^ P2Q 

'• P2R 

P2S 

^ P2T

0
1

2
3

4

5

6 
7 

8' 

910 11 12
13

14

15

16

17

18

1920

UV W 
XY Z

.005 

. 0 10  

.0125 .015̂  

.030 

.05 0 

,060 

.075 

. 100  

.125  

,150 .200 
.05 0 

.060 

.075

Reverse
Char.

> .070 
Hi gh

L a n d  
an d 
T rack

Lands 
Ci r c u 1 ar

L a n‘d s 
Squa re

\  P2U \ P2V 
P2W 

P2X\ P2Y
P2Z 

^ P2C 

PZ\ 

''■ P23 
'' P2t  

\  P2*-\ p2
^ P2I\ p2i.

P2tP 

' '  P2$ 

P2S 

P2&\ p2 .
' '  P2( 

P2)

21
.22
23

24

25

26 

27 

23

29

30

31

32

33

34

35

36

37

38

39

40

41

. 100  

.020 

.025 

.030 

.040 

.050 

0 
1■ 2
3

4

5

6

78 
9

.060

.075

. 100

.125

.150.200

L a n a s  
Squa re
T rack 

Track 

Track 

Track 

T rack \

\

\

Re ve rs e 
Char.

)■ .070 
Hi gh

T rack 

T rack 

Track 

T rack 

Track 

T rack

j ^ PE* 

i ^ P2 +

I '' P2 ,I  ̂ P2-

\  P2 . 

P2/ 

P20 

P21 \ P22 
\  P2 3 

\  P24 

^ P25 

^ P26 

^ P27 

P28\ p29 
?2 ; 

^ P2 ; 

P2<
\  P2 =
\  P2> 

' '  ? 2 ?

42

43

44

45 

45

47

48

4950
51

52

53

54

55

56

57

58 

59' 

50 

61 

62 

53

e.g. B
character circular

land

o
track square

land

0target
dowel

F i g u r e  W - d  Tab les  of com m and s t r i n g s  and a p e r t u r e  c o d e s
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I f  a  l i n e  i s  e n c o u n t e r e d  \ ^ lt h in  t h e  d a t a  f i l e  v h i c h  f i t s  n o n e  o f  t h e  
ab o ve co a u n a n d s, a  m e s s a g e  o f  t h e  t y p e : -

ERROR IN  UxNE NUMBER 7is  p rin te d  and th e program h a l t s .  T h is prevents a ty p in g  m istake producing an e rro r in  the r e s u lt in g  paper ta p e . In  t h is  example the user would check l in e  7 f o r  an e rro r .
A t y p ic a l  d ata  f i l e  i s  shown in  fig u r e  10.5 to g eth er vdth th e code f i l e  produced. I t  i s  obvious th a t the co m p ilation  o f even t h is  simple code f i l e  vould be time consuming without the use o f the program. The o n -lin e  method i s  shown in  Figure 10.6 fo r  comparison. Note th a t much more computer tim e i s  used compared to  the data f i l e  method.
When th e req u ired  code f i l e  has been produced, a paper tape can be made by sim ply l i s t i n g  th e f i l e  w ith the tape punch sw itcked on.An "end o f p lo t"  c h a ra cte r  (CNTRL/D) i s  a u to m a tic a lly  added at th e end o f the tape to  t e l l  the p lo t t e r  th a t th e drawing i s  f in is h e d .

10.5 S tr a ig h t L in e  Polygons On The P h o to p lo tter
\ihen maddjig a th in  f i lm  mask u sin g  the p h o to p lo ttin g  te ch n iq u e , i t  i s  n ecessary  to  produce q u ite  complex geom etric shapes. T h is should be achieved by s y s te m a tic a lly  esposing the shape to  l i g h t  employing the minimum number o f ap erture changes in  the f a s t e s t  p o s s ib le  tim e. Since there are an i n f i n i t e  nuiaber o f p o s s ib le  shapes, i t  i s  s e n sib le  to  break each one in to  i t s  component t r i a n g l e s ,  re c ta n g le s  and trapezium s.These simple shapes can then be in d iv id u a lly  processed and " f i l l e d  in "  by the l ig h t  beam in  an optim al manner.

10.6 R ectangle Forming Algorithm
The re c ta n g le  i s  by f a r  the e a s ie s t  shape to  process w'hen p h o to p lo ttin g , and any " p a r a x ia l"  polygon may be com pletely d efin ed  by th is  shape. " P a r a x ia l"  im p lie s  th a t a l l  the edges are p a r a l le l  to  e ith e rthe X or the Y a x is  l ik e  the meandering r e s is t o r s  described in  Chapter 3*
A program to  a u to m a tic a lly  break a p a r a x ia l polyson in to  co n stitu e n t rectan g le s was w xitten  and te s te d  on a wide range o f shapes -  Figure 10.7 shows a flo w ch art o f the algorith m  in v o lv e d . To i l l u s t r a t e  the process
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^EXA M PLE OF PHOTO.FOR OPERATION 
 ̂ SVN,36 

CON
THIS IS A CONP1ENT ' [  Data~\

/ ABS>500>600,DARK
o REL,1 0 0 , 0 . LIGHT In p u t
Si

V **̂  / ABS,1 0 0 , 2 0 0 , FLASH
\ / END f i l e  /L

PHOTO-PLOTTER TAPE GENERATOR 
-  CONNANDS ARE * END‘ * SVH* , * REL* AND 
ABS*

INPUT NANE FOR DATA OUTPUT FILE -  TAPE

INPUT NAHE OF SOURCE FILE OR RETURN 
DRIUE

END OF EXECUTION
CPU TINE: 0.01 ELAPSED TINE: 00-02 
EXIT

A
[  use of 

Program 

Photo"I J

EXAMPLE OF PHOTO.FOR OPERATION 
N P a f \B 0 4 ? 1 0 8 5 H 0 \ l2 4 6 0 0 0 0 0 0 \B -4 6 0 0 8 0 0

f  Dafa'^ 

O utput 

y_fUe_y

F i g u r e  10-5 Use of "PHOTO. FOR" wi th a data dr ive f i l e
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FHOTO-PLOTTER ThPE 'jENERnTOP 
- COdliF-ND? i-RE !- “END",'SVir, *REL' AND ‘ABS*

INPUT NAME POP DrtTti OUTPUT PILE - TAPE

i n p u t  HAflE OF SOURCE FILE OR RETURN

TYPE IN DESCRIPTIVE TITLE 
EXAMPLE OF PHOTO.FOR OPERATION

c o m m a n d  ’ s v n
ENTER SYMBOL NUMBER - 36 

COMMAND "5 ABS
INPUT X a n d  Y VALUES '> ECO,600 
DARK OP LIGHT LINE OR FLASH ^ DARK

COMMAND P PEL
INPUT X AND Y v a l u e s  7 190,0 
DARK OP LIGHT LINE OR FLASH 7 LIGHT

COMMAND 7 ABS
INPUT X AMD V v a l u e s  ? 100,200 
DARK OR LIGHT LINE OR FLASH 7 FLASH

COMMAND 7 c-u t TR
INPUT X AND V v a l u e s  7
DARK OR LIGHT LINE OR FLASH 7

COMMAND NOT UNDERSTOOD

COMMAND 7 e n d

END OF EXECUTION
CPU TIME: 1.52 ELAPSED TIME: 1:18.11 
EXIT

e x a m p l e  OF PHOTO.FOR OPERATION 
\P2$''B047i08520\f5460O0C0O\B-46008<00

F i gu r e  10 -6  O n - l i n e  use o f the program  " PHOTO. FOR'
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an a r b itr a r y  shape i s  shown in  Figure 10.8 and re d ra .n  as the re cta n g le s  are forned.
The polygon i s  i n i t i a l l y  stored as a set o f corner p o in ts  in  the "Shape Array” . The next step i s  to  f in d  the low est p a ir  (or p a irs )  ofco-ord in ates in  the shape d e s c r ip t io n . Having stored these valu es ina n a tr ix  c a lle d  "The P a ir  A rray” , the next hi.ghest p o in ts  are found. This stage i s  sho.n  in  diagrara ( a ) . There are tvo cases where a re cta n g le  can be formed -  the f i r s t  i s  \,hen one o f the newly found p o in ts  i s  d ir e c t ly  above a p o in t in  The P a ir  A rray (diagram ( b ) ) , and the second i s  when two new p o in ts  l i e  com p letely  w ithin  two p o in ts  in  The P a ir  Array (as in  (a )) . In  both cases the re cta n g le  co -o rd in a te s  are entered in to  a m atrix c a lle d  ”The R ectan gle Array” ,  and The P a ir  Array i s  r e -d e fin e d .
The p ro cess rep eats  i t s e l f  and new re c ta n g le s  are formed. Figure 

10. 8(c) shows the s itu a t io n  where redundant corner p o in ts  have appeared in The P a ir  A rray. These p o in ts  must be d eleted  from the arra y  beforecon tin u ing . The p rocess h a lts  when a l l  the co -o rd in a te s  in  The P a ir  Array becorae redundant -  diagram ( f)  shows the completed process Vvhere a l l  p ossib le r e c ta n g le s  have been formed.
10.7 S tr a ig h t-L in e  Polygon S p l i t t e r  -  ” C u tte r”

The program d iscu sse d  in  the l a s t  s e ctio n  can on ly  break up polygons whose sid e s  are p a r a l le l  to  the X or Y a x is . Shapes with s lo p in g  sid es are q u ite common in  th in  f i lin  masks, so we need to  extend the progran to deal with any s t r a ig h t - l in e d  polygon. Prograu ” CUTTER” was w.ritten fo r  th is  purpose and te s te d  on a wide range o f shapes -  co n cen tra tin g  m ainly on p a ttern s  which are commonly found in  th in  f i lm  c ir c u i t r y . The program in corporates th e re c ta n g le  form ing method but i s  o v e r a ll  ra th e r  more com plicated. The flow ch art fo r  the b a s ic  s p l i t t i n g  process i s  given in  Figure 10. 9.
The f i r s t  step i s  to read the co -o rd in a te s  o f the polygon in to  the "Shape Array" as b e fo re . Due to  the p ro cessin g  methods adopted, i t  i s  necessary to  d e fin e  the polygon in  a CLOCKWISE d ir e c t io n , although the s ta rtin g  p o in t can be any v e r te x . A l l  the s lo p in g  l in e s  are examined in tu rn . I f  a t r ia n g le  can be formed, i t  i s  added to  a "T ria n g le  Array" arid the shape d e s c r ip tio n  a lte r e d  to  exclude i t .  Should i t  be im possible to form a t r i a n g l e ,  the s lo p in g  l in e  segment i s  stored and the shape d escrip tio n  converted to  be p a r a x ia l a t th a t p o in t . Figure 1 0 .10(a).
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(a)

( b)

'^ -P o in t  in " PAIR ARRAY"
E}~Next highest points in "S H A P E  ARRAY"

( ^ - P o in t  in (PAIR ARRAY) which is re d u n d a n t

( c l

over
\

----- >

' / / / , '  — Rectangl es generated
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( d)

(e)

Q TJf
/ / /

; ;

/ '  / / / / , /

' /  /  V /  /  -

/ / / / / / /  
/ / / / / / /

/  /  /  V  /

/  /  / /  /

^  ^  /

7 v ^
/  /  /  /

/  /  /

/  /  /

/  /  /  /

/  /  /

// / ̂ / ̂  ̂̂ ̂  ̂̂ / // //////// / / / / / /

( f )
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F i g u r e '  10-9 Flowchart o f  bas ic  sp l i t t in g  a lgorithm
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i l lu s t r a t e s  t h is  technique where t r ia n g le s  are generated or s lo p in g  lin e s  are stored fo r  la t e r  p ro c e s sin g . I t  can be seen th a t theconverted shape d e s c r ip tio n  i s  now in  p a r a x ia l fo n a .
The re c ta n g le  s p l i t t i n g  method i s  next a p p lie d , r e s u lt in g  in  Figure 10.10 ( b ) . In  t h is  example th e r e ' are now I  t r i a n g l e ,  1 s lo p in g  lin e  segment and 4 r e c ta n g le s  in  s to ra g e . To d ea l v ith  the rem aining sloping l i n e s ,  i t  i s  n ecessa ry  to  compare the "R ectan gle Array" ;^ith the "Line Segment" a rra y . There are 10 ways in  which r ig h t-a n g le d  t r ia n g le s  and trapezium s can be formed from th ese arrays and th ey  are demonstrated in Figure l O .l l .T h i s  p a rt o f the program i s  by f a r  the most complex.
F igu re 10.10 (c) show's the s itu a t io n  where 4 re c ta n g le s  and 3 tr ia n g le s  have been crea ted  to  d e fin e  the polygon in  q u estio n . T h is i s  an accep tab le s o lu t io n , but a co n sid e ra tio n  o f the " f i l l i n g "  methods to  be used suggests th a t  trapezium s are much e a s ie r  to  process than tr ia n g le s  and, in d eed , take l e s s  p lo t t in g  tim e. Further p ro cessin g  i s  th erefo re  used to combine t r ia n g le s  and r e c ta n g le s  \vhere p o s s ib le  in to  trapezium s.Figure 10.12 shows fo u r  examples where t h is  technique can be a p p lie d .
A fu r th e r  p rocess i s  used to  combine stacked or ad jacen t geom etries which are produced as p e c u l ia r i t ie s  o f th e s p l i t t in g  a lg o rith m . This is  demonstrated in  Figure 10.13. A flo w ch art showing the complete s p l it t in g  program "CUTTER" i s  given in  Figure 1 0 .I 4.
The user has the ch o ice  o f "N um erical" or "G ra p h ica l" output.In  the Num erical output mode (see Figure 1 0 .1 5 ), the component shapes are defined by th e c o -o rd in a te s  o f t h e ir  c o m e r s . To avoid  unnecessary d a ta , the re c ta n g le s  need only  be d efin ed  by t h e ir  bottom l e f t  and top r ig h t  co m e rs . S im ila r ly , the trap eziu m ’ s top and bottom Y co-ord s need only be d efined once.
When u sin g  G ra p h ical mode on the V .D .U .,  the shape i s  a u to m a tica lly  scaled to  f i t  th e scre e n , and i s  shown in  both i t s  processed and un­processed form s. Figure 10. 16 show's a t y p ic a l  set o f r e s u lt s  from thealgorithm  u sin g  a n o n -p a ra x ia l polygon as an example,

10.8 The Use Of D iffe r e n t  Aperture Shapes
S e v e ra l t e s t  tap es w'ere compiled and run on the F e rra n ti f l a t  bed p h oto p lo tter to  gauge the u se fu ln e ss  o f each a v a ila b le  aperture shape.

- 2 1 5  -



t r i a n g l e  pu t  in " t r i a n g l e "  a r r a y

(a)

s lop i ng  
segment 
pu t in

‘ Li ne segment array'

: \f

-----^

f

___ -----------------------------------------------------------------------  7--------------
\

\
\

\
\;

\
\

\
___________________ _̂_____________________

4
\

k \
\

-------- ^

( b)

(c)



t h i r d  quadrant l i ne  
segmenl

l i ne segments

second and fourth quadrant 
line segments

second quadrant line  
segment

segmen t

second and t h i r d  quadrant 
line segments

f i r s t  and th ird  quadrant 
l i ne  segments

f i r s t  /  t h i r d
trapezium trapezi urn

F i g u r e  10-11 Form ing t r  j a n g l e s - / t  r apezi urns f rom l i ne

segment and rectangl e arrays 
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( a )  t r i ang l e  * r e c t a n g l e  — 1= * t r a p e z i u m

O

( b)  rectang le  *■ t r iang le  — c=» trapezium

( c ]  triangle + rectangle* triante  — t rapezi um

( d)  triangle+rectan^e* triangle — <=• trapezium

Figure 10-12 Combining rectangles and triangles
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i a ]  adjacent triangles trapezium

( b) s tacked trapeziums 1 trapezium

I c) stacked rec tangl es 1 r ec t ang l e

Figure10-13 F u r t h e r  p r ocess i ng  of g e o m e t r i e s
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Fi gur e  1 0 K  Flowchart of program CUTTER
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d a t a  f i l e  5 H A P E . D A T

0 2 
0 ;1 1
5 . 9

2 . 4

5 . 4

7 . 9

7 . 1 1

9 . 1 1

9 . 9

6 . 4

5 . 0

3 . 0

- 1

irco-ordinates of shape's 

corner points defined in 

a clockwise direction J

RUN CUTTER

CUTTER.FOR
A PROGRAM TO BREAK UP A PERIMETER DESCRIPTION 
OF A s t r a i g h t  LINE POLYGON INTO ITS 
COMPONENT r e c t a n g l e s ,TRIANGLES AND TRAPEZIUMS

INPUT NAME OF FILE CONTAINING DESCRIPTION 
■ SHAPE

DO YOU REQUIRE A GRAPHICAL OUTPUT NO

TRiANGLEi -4' ( 

TRIANGLE( 3) C 

TRIANGLEf 2) !- l

TRAPEZIUM

RECTANGLE

r e c t a n g l e

r e c t a n g l e

i,-(-(-(
RECTANGLE i -(

5-
3 ,0,0.
7 .

0,
a,
3 ,6 ,0H2K

4 ) (

9 ) (

9 )  -  (  

9 )  -  ( 2 ) -  ( 4) - (5.6. ■
a.
9 ,

0,
a.3,

7 -2)
4)
9 )

11 )

11 ) - ( 

4) - (0 ) -  (

5 ,

S,0,
9 )9)2)

7,9

F i g u r e  10-15 N um erica l o u tp u t  f rom  "CUTTER.FOR"
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F i g u r e  W- 16 Gr aph i c a l  o u t p u t  f r om "CUTTER
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Plgure 10.17 shows a s e r ie s  o f passes a t d if fe r e n t  an gles u sin g  a v a r ie ty  o f a p e rtu re s .
Group (a) v;as produced u sin g  a c ir c u la r  "Land” o f l i g h t .  T h is produced co n sid e rab le  " f la r in g "  (over-eaposure) a t  the edges o f the tr a c k .The f la r in g  becomes more pronounced i f  more than one pass i s  made over the same area o f f i lm . C le a r ly  t h is  shape i s  u s e le s s  fo r  anything but "fla sh e d " c ir c ;x la r  pads.
Group (b) i s  the r e s u lt  o f u sin g  a c ir c u la r  "T rack" ap erture -  th is  i s  s im ila r  to  the Land, except th a t  th e middle i s  blanked o u t. A s ig n i f ic a n t ly  lov/er co n cen tra tio n  .o f l i g h t  r e s u lts  from t h is  aperture and f la r in g  i s  consequently reduced. In d eed , no f la r i n g  could  be detected under a 3001̂  m icroscope. The only problem with t h i s  shape i s  th a t the aperture must be moved fu r th e r  than i t s  ô >n diam eter -  i f  i t  were moved l e s s ,  a space would be l e f t  in  the tr a c k  due to  th e b la n k e d -o ff ce n tre .
A square Land was te s te d  in  group (c) and e x h ib ite d  an unacceptable amount o f f l a r i n g .  An in te r e s t in g  phenonomen i s  th a t  passes a t an angle of 45 degrees produce very l i t t l e  f la r i n g  compared to  those a t 0 or 90 degrees. T h is  can be exp lain ed  by the f a c t  th a t th e  sharp co m e rs o f the square e f f e c t i v e l y  reduce the l i g h t  co n ce n tra tio n  and hence th e r e s u lt in g  f la r in g . The co m e rs  w a ll have minimum e f f e c t  when the d ir e c t io n  o f motionis  p a r a l le l  w ith one o f the a x e s . T h is aperture i s  again  on ly  u s e fu l when used in  a " f la s h e d ” mode.
Group (d) has been produced u sin g  the symbol ^ 1'̂  to  sim ulate a sm all sp lit-sh a p e d  a p e rtu re . T liis  shape has a sm all enough area to  prevent f la r in g  and has the advantage th a t i t  can reach in to  r ig h t  angled c o m e r s .
The co n clu sio n  drawn from these t e s t s  i s  th a t only  c ir c u la r  Track and s l i t  -shaped ap ertures can be used in  m otion.

10.9 f i l l i n g  In  R ectan gles
10. 9.1 Method^'a^- Using C ir c u la r  Track only
Figure 10.18 shows the r e s u lt  o f moving a sm all diam eter tra ck  aperture round the in s id e  o f a re cta n g u la r  p erim eter. T h is causes an unavoidable rounding o f th e ou tsid e co rn e rs , the s e v e r ity  o f which depends
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F ig u r e  1019 Stacked rectang les

overlap prevents 
narrowed passage

Figure 10-20 Stacked rectangles with filling overlap
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upon the diam eter s e le c te d . In  gen eral a l i t t l e  rounding i s  q u ite  acceptable sin ce  th ere i s  l i t t l e  cu rren t flo v ; in  sharp v e r t ic le s  in  any case. Trouble can r e s u l t ,  ho\»ever, v.hen re c ta n g le s  are stacked to g eth er -  as in  the case o f a meandering r e s is t o r  p a tte r n . Figure 10.19 i l l u s t r a t e s  such a case vhere the rounding phenomenon has e f f e c t i v e ly  increased th e r e s is ta n c e  by c r e a tin g  a b o ttle -n e c k  in  the cu rren t f l o v .Tliis can be e lim in a te d  in  p r a c t ic e  by overlapp ing the f i l l i n g  o f one rectan gle in to  an ad jace n t one as in  Figure 10.20. Such a system ensures that only  tru e  perim eter corners are l e f t  in  a rounded s ta te  but i t  s ig n if ic a n t ly  in c re a s e s  the computer p ro cessin g  tim e req u ire d . T iiis  could be s ig n if ic a n t  fo r  very la r g e  p lo t s .
Having p lo tte d  the re cta n g le  p e rim e te r, the next stage i s  to  f i l l  in  the area l e f t  in  the c e n tr e . One method i s  to  use a s e r ie s  o f  s tr a ig h t  adjacent passes as demonstrated in  Figure 10.21. The passes are made p a r a lle l  to  the r e c t a n g le ’ s la r g e s t  dimension to  m inim ise p lo t t in g  tim e , and the same ap erture i s  used as b e fo re . Each pass must overlap a t each end by a valu e equal to  the aperture rad iu s in  order to  prevent gaps betveen pass ends ( r e fe r  to  diagram ). The o v e rla p , th e n , r e s t r ic t s  the aperture diam eter to  an ab solu te maximura equal to  t',d ce  th a t o f the perim eter p a s s . Since a sm all aperture w i l l  i n i t i a l l y  be s e le c te d  to  minimise the rounding e f f e c t s ,  t h is  method tends to  be ra th e r  slow.
A b e tte r  approach i s  to  use s u c c e s s iv e ly  la r g e r  diam eters to  save p lo tt in g  tim e. F igure 10.22 shovs the r e s u lt  o f such an approach, and i t  can be seen th a t the diam eter in cre a se  i s  d ir e c t ly  r e la te d  to  the diam eter of the i n i t i a l  perim eter a p ertu re . T h is example needed only  one change, but la rg e r  r e c ta n g le s  may req u ire a steady in cre a se  to  the la r g e s t  aperture s iz e .The geometry a s so cia te d  v ith  r e a c iin g  the iruier r ig h t  angle i s  given  in  Figure 10. 23.  From the r ig h t-a n g le d  tr ia n g le  shown in  (b) i t  i s  obvious from Pythagorean theorem th a t :(R -  L)^  +  (R -  L)^  = where R =  new aperture rad iu sL = overlap required to  reach in to  corneri . e .  -  4RL +  2L^ ^ _0 __________________Thus R = 4L + I6L' 8l '

^  R =  2L +  J I l  (s in c e  R >  L)^  L = R/3. 414214
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I n i t i a l  Pass pe r im e te r

g a p  r es u l t s

over l ap  >  = radius  

----------- c=- no gap

F i gu r e  10-21 F i l l i ng  usi ng ad jacen t passes
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R = ra d iu s

L = o ve rla p  
requ ired

F i g u r e 1 0 2 3  Geome t r y  of corner
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The amount o f overlap req u ired  fo r  any p a r t ic u la r  aperture diam eter can now be c a lc u la te d . A ta b le  showing the a v a ila b le  aperture diam eters \l-th t h e ir  corresponding o verlap s i s  given  in  fig u r e  10. 24.
Assuming an i n i t i a l  s e le c tio n  o f 0.005” ,  which i s  the sm alle st a v a ila b le  ap erture s iz e , i t  i s  p o s s ib le  to  im m ediately jump to  0.015” by allo w in g a 0.0022” o v e rla p . T h is  avoids th e use o f interm ediate s ize s  0.010” . and 0.0125” which v/ould m erely prolonge the f i l l i n g  p ro ce ss . Using the same argument th e next l o g i c a l  step s are 0 .060” and f i n a l l y  0.200” viiich i s  the la r g e s t  symbol diam eter in  the p lo t t e r  c a r t r id g e . I t  i s  apparent th a t  any re c ta n g le  can be processed u sin g  a maximum o f fo u r d if fe r e n t  ap erture s iz e s . T iiis  method i s  g e n e r a lly  f a s t e r  than th a tproposed in  F igu re 1 0 .2 1 , and the d iffe r e n c e  i s  more pronounced in  la r g e r  r e c ta n g le s . T e sts  were c a r r ie d  out u sin g  both techniques and e q u a lly  good d e f in it io n  r e s u lt s  were obtained -  p lo t t in g  time a p a rt . No f la r in g  could be d e te c te d , but the rounding e f f e c t  was c le a r ly  v is ib le  under a m icroscope.

10. 9 . 2 Method (b) -  U sing Track And Square Apertures
An improvement to  the methods d escribed above i s  to  use square Land apertures to  form the re cta n g le  c o m e r s . F igure 10.25 shows how the land can be fla s h e d  a t each co m e r to  g iv e  a good re p re se n ta tio n  o f the req u ired  re c ta n g le . The square s iz e  must be g re a te r  th a n , or equal t o ,  the outside tr a c k  rad iu s to  ensure th a t no gaps are l e f t .  S ince the sm alle st square a v a ila b le  i s  0 .0 5 ” ,  r e c ta n g le s  w ith dimensions sm aller than t h is  cannot be tr e a te d  in  t h is  way.
A la r g e  diam eter tra c k  can now be used fo r  the perim eter pass which means th a t the simple ad jace n t pass method i s  b e tte r  su ite d  than the in cre a sin g  diam eters method.
The techniqu e o f overlapp ing passes in  a d jace n t re c ta n g le s  i s  s t i l l  used in  p re fe ren ce to  the fla s h e d  square method where a p p lic a b le .

10 .9 .3  Method (c) -  Using S l i t  Shaped Apertures
I'iethods (a) and (b) have had problems in  reach in g the r ig h t -  angled co m e rs  of the re cta n g le  due to  the c ir c u la r  aperture shape in v o lv e d . The use o f h o r iz o n ta l and v e r t ic a l  s l i t «  so lves t h is  problem and g r e a t ly  reduces th e p ro cessin g  time needed in  each c a s e .
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apertu re  d iam eter 
( in s )

★  0-005

required overlap 
( i ns)  

0-0007

0-010 0-0015

0-0125 0-0018

*  0-015 0-0022

0-030 0-0044

0-050 0-0073

*  0-060 0-0088

0-075 0-0110

0-100 0-0146

0-125 0-0183

0-150 0-0220

*  0-200 0-0293

F i g u r e  W-2^ Table of A p e r tu re  overlaps show ing  
a possible set of i nc r emen t  j u m p s
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In  Figure 10 .26, a re c ta n g le  has been processed in  tvo d is t in c t  vays -  f i r s t  u sin g  a h o r iz o n ta l s l i t  and then a v e r t ic a l  s l i t .  The la rg e s t h o r iz o n ta l s l i t  to  f i t  the re cta n g le  v id th  i s  used in  (a) to produce a number o f ad jacen t p a sse s . I f  the re c ta n g le  i s  not an in teger number o f passes w ide, the l a s t  pass i s  made to  overlap the penultim ate one. A s im ila r  technique i s  adopted fo r  the v e r t ic a l  s l i t ,  case shüwîi in  (b ) .
I t  i s  not im m ediately c le a r  v.hich method i s  best sin ce  a sm all v e r t ic a l  s l i t  may be very much f a s t e r  than a la r g e  h o r iz o n ta l s l i t ,  or v ic e -v e r s a . The algorith m  which has been developed sim ulates both ways fo r  each re c ta n g le  u sin g  the la r g e s t  p o s s ib le  s l i t  in  each ca s e .I t  then chooses the f a s t e r  o f the tv,o. An a d d itio n a l co n sid e ra tio n  i sthe time taken to  change the ap ertu re . I t  may be more expedient to  usethe same, or a c lo s e r  aperture than to  s e le c t  a d is t a n t ly  p la ced  aperture ’rthich w i l l  f i l l  the re cta n g le  in  a sh o rter tim e.
In  the example given th ere i s  more chance o f m is-alignm ent error in  (b) than in  ( a ) . T h is  i s  due to the in creased  number o f p o s it io n a l moves re q u ire d . Case (a) i s  c a lle d  the ” Best Contour” rep rese n tatio nfo r  tiais reason -  t h is  may or may not be the f a s t e s t  o f the two depending upon the s l i t  s iz e s  th a t are a v a ila b le .

10,10 F i l l i n g  In  T r ia n g le s
The r ig h t-a n g le d  t r ia n g le s  generated in  the polygon s p l i t t in g  algorithm  have one side p a r a l le l  to  the X a x is  and one side p a r a l le l  to  the Y a x is . No s a t is fa c t o r y  f i l l i n g  technique could be Implemented using c ir c u la r  ap ertu res due to  the shap e's in h eren t sharp v e r t ic e s . A s l i t  based approach met wd.th co n sid e rab ly  more su ccess.
Both H o rizo n ta l and V e r t ic a l  s l i t s  are used to  process the t r i a n g le , although the overlapp ing technique mentioned p re v io u sly  can be employed to  elim inate one o r ie n ta tio n  in  a lim ite d  number o f c a s e s .
The f i r s t  step i s  to  p lo t  overlapping passes along the hypotenuse using both o r ie n ta tio n s  as demonstrated in  Figure 10.27 ( a ) . T h is g iv e s  a very good re p re se n ta tio n  o f the angled l i n e ,  but n e c e s s ita te s  a c e r ta in  aaiount o f overshoot to  reach the sharp v e r t ic e s . The s l i t  width has been
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last pass
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overlapping 
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F i g u r e  10-27 F i l l i n g  t r iang les  - Angled passes
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emphasised to  i l l u s t r a t e  the f i l l i n g  method but the overshoot i s  n e g lig ib le  in  p r a c t ic e . There i s  a ls o  the p r o b a b ilit y  th a t th ere v i l l  be an a d ja ce n t re c ta n g le  p resent and the overshoot vould not m atter at a l l  in  th a t c a se .
The p o in t vhere the tv.o o r ie n ta tio n s  overlap i s  u s u a lly  set to  the middle o f the hypotenuse but t h is  may have to  be v a rie d  fo r  acute an gles to prevent the s l i t  in t e r s e c t in g  the oth er t r ia n g le  boundaries. T h is problem i s  i l l u s t r a t e d  in  F igu re 10.27 ( b ) . I t  may be im p o ssib le  to  f in d  a s u ita b le  p o s it io n  -  in  ’i\'hich case the s l i t  s iz e  i s  deemed too l a r g e , and the process f a i l s .  The t r ia n g le  f i l l i n g  algorithm  i n i t i a l l y  s e le c tsthe la r g e s t  s l i t  s iz e  and changes to  a sm aller one each time i t  f a i l s .This ensures th a t  the p lo t t in g  tim e i s  kept to  a minlmuin. The sm alle sta llo v a b le  t r ia n g le  i s  c lo s e ly  re la te d  to  the sm alle st s l i t  s iz e  fo r  t h is  reason.
The next stage i s  to  f i l l  in  the main bulk o f the t r ia n g le  as e f f i c i e n t l y  as p o s s ib le . A djacent passes are made p e rp en d icu lar to  thelon gest p a r a x ia l  side employing the same s l i t  s iz e . In  t i i i s  method, shovn in  F igure 10.28 ( a ) ,  the number o f passes i s  equal to  the r a t io  o f side le n g th  to  s l i t  s iz e . One would assume, th e n , th a t by u sin g  the small side in  p re fe ren ce to  the l a r g e r , a sm aller number o f p asses i^ould be needed. T h is  saves p lo t t in g  tim e by e lim in a tin g  un -n ecessary darkp o s itio n in g  moves. The problem ’/dth t h i s  approach i s  th a t the s l i t  s izei s  always la r g e r  than th e width o f the hypotenuse pass (measured in  thesame o r ie n ta t io n ) . T h is causes spaces to  be l e f t  in  the t r ia n g le  ’..h ich cannot be reached without oversh ooting the hypotenuse. A sm aller s l i t  must be used to  e lim in a te  t h is  e f f e c t  -  the s iz e  c a lc u la te d  from the an gles in v o lv ed . The ch oice between methods (a) and (b) i s  made on the grounds of speed in  each p a r t ic u la r  c a s e .
An amount o f overlap i s  allow ed between ad jacen t passes to  prevent the s l i t  v e r t ic e s  c ro ss in g  the hypotenuse due to  s l ig h t  p o s it io n a l  errors in  the p h o to p lo tte r . Tlois overlap can be set up by the user as req u ire d .
Figure 10.29 i l l u s t r a t e s  the algorith m  u sin g  t r ia n g le s  in  each o f the four p o s s ib le  o r ie n ta t io n s . The program d e a ls  with f i r s t  quadrant cases on ly , but uses r e f le c t io n  in  the X and Y axes to  p rocess the other o r ie n ta tio n s .
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(a) F i l l i n g  along longest side

F i g u r e  10-28 T r i a n g l e  f i l l i n g  - p ro c e s s in g  m a in  b u lk
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10.11 F i l l i n g  In  Trapeziums
The trapezium s produced in  the s p l i t t i n g  algoritimn are d efin ed  as having tv.o edges p a r a l le l  to  the X a x is . L ik e  the t r ia n g le  c a s e , i t  i s  d i f f i c u l t  to  p rocess the trapeziuJn u sin g c ir c u la r  ap ertures due to the acu te an g le s  in v o lv e d . The shape len d s i t s e l f ,  hoi.ever, to  a s l i t  f i l l i n g  method.
Figu re 10.30 (a) demonstrates the te c lin iq u e , ih ic h  uses a H o rizo n tal s l i t .  The id e a  i s  to  have a step s ize  equal to  the s l i t  v id th  fo r  the long h o riz o n ta l edge and a s u ita b ly  sm aller step s ize  fo r  the short h o rizo n ta l edge. T h is produces a c e r ta in  amount o f overlap v.hich i s  d ir e c t ly  p ro p o rtio n a l to  the r a t io  between the tv,o edge s iz e s . There w ill be a c r i t i c a l  r a t io  vdiere f la r in g  becomes a problem along the shorter edge -  t h i s  r a t io  i s  d i f f i c u l t  to  p r e d ic t but should become evident in  p r a c t ic a l  t e s t s .
The trapeziuia can be s p l i t  in to  a number o f t r ia n g le s  and a re c ta n g le . F igu re 1 0 .3O (b) shows how these shapes can be processed in d iv id u a lly  to  f i l l  in  the trapezium . This i s  a much slower technique but produces le s s  o v e rla p . Should the r a t io  between h o riz o n ta l edges be unacceptab ly  l a r g e , then t h is  method can be employed to  guard a g a in st f la r in g . The m echanics o f t h i s ,  in  p r a c t ic e , i s  th a t the s p l i t t in g  algorithm  w a ll not form trapezium s w ith a r a t io  la r g e r  than a fig u r e  s p e c ifie d  by the u s e r .
Figure 10.31 shows the range o f trapezium  typ es which can r e s u lt . Note th a t a s l ig h t  degree, o f overshoot i s  required in  each case to reach the acute angled v e r t ic e s .

10.12 Conductor Track F i l l i n g
Rather than t r e a t  each conductor tra ck  as a separate polygon, i t  i s  more e f f i c i e n t  to  process theiH in  a s l i g h t l y  d if fe r e n t  way. Consider Figure 10.32 which shows two methods u sin g  s l i t s  and c ir c u la r  tra ck  r e s p e c tiv e ly .
The s l i t  method shown in  (a) must c o n tin u a lly  a lte rn a te  between h o rizo n ta l and v e r t ic a l  o r ie n ta tio n s . T h is in v o lv e s  a considerable amount o f aperture s e le c tio n  time and a lso  req u ires re—p o s itio n in g  moves
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end pad

r

end pad

/ *

(a )  S l i t  m e th od  :
3 symbol changes ( ve r t ica l horizontal I 

+ 3 dark  moves I to start point and repositing s l i t ) 
+ 3 l i g h t  passes

9 operations

end pad

+ 1 dark move I to s ta r t  po in t)  
+ 3 I ig h t  passes

= 5  operations

F i g u r e  10-32 Track f i l l i n g  methods
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betveen each p a ss . A much f a s t e r  technique i s  to  use a c ir c u la r  tracKaperture to  e lim in a te  r e -p o s it io n in g  and s e le c tio n  tL-nes. In  the example g iven , on ly  5 op eration s are needed u sin g  the c ir c u la r  tra ck  method compared to  the 9 required in  the s l i t  e q u iv a le n t . The p lo t t in g  time d iffe re n c e  betveen the tvo  methods depends upon the r e la t iv e  p o s it io n  o f the ap ertu res i i  the c a r tr id g e  and the le n g th  o f the conductor tra ck  under c o n s id e ra tio n .
The ou tsid e co m e rs are rounded s l i g h t l y  in  (b) but t h is  i s  a c t u a lly  p re fe ra b le  in  conductor tr a c k s . Another e f f e c t  o f u sin g  a c ir c u la r  aperture i s  th a t  i t  must overshoot the tra c k  ends by an exten t equal to  i t s  om ra d iu s . S in ce a l l  conductors are co n strain ed  to  end in  te rm in al pads, t h is  i s  o f l i t t l e  im portance.
The conductor v id th  in  t h is  example v.as chosen to  co in cid e  u ith  one o f the ap erture dim ensions. T h is  saves p lo t t in g  time since only one pass need be used fo r  each conductor tr a c k . I t  i s  p e r fe c t ly  p o s s ib le , hovever, to  p ro cess any tra c k  width usin g  tv.o or more overlapp ing p a sse s . Since the ch o ice  o f conductor width in  the la y o u t stage i s  not too c r i t i c a l ,  i t  i s  o b v io u sly  good sense to  favou r the n earest aperture s iz e . -

10.13 Mask Production Programs
Tv,o programs have been developed u sin g  the s p l i t t in g  and f i l l i n g  algorithm s which have ju s t  been d escrib e d . The f i r s t  i s  com patible '■ith the ^GAELIC” s u ite  o f programs (R ef 6) and i s  c a lle d  "FiiOT” . I t  operates d ir e c t ly  from a GAELIC r in g  data stru ctu re  and produces data f i l e s  con tainin g p lo t t in g  language commands -  one data f i l e  fo r  each mask req u ire d . The second program, ” SHAIE", i s  used w ith the Layout and In terco n n e ctio n  su ite  i t s e l f .  T h is  progran cre a te s  a s im ila r  set o f p lo t t in g  f i l e s  from a "LAYOUT” data s tr u c tu r e .
Figure 10.33 shows how these p lo t t in g  f i l e s  can be used to  produce v is u a l checking diagrams (on th e  V .D .U . /Pen P lo tte r )  or to  produce tapes to d rive the p h o to p lo tte r  i t s e l f .
The program "VIDEO” shows the f i l l i n g  methods by drawing each aperture pass s e p a ra te ly . Figure 10.34 shows a t y p ic a l  l in e  drawing of t h is  ty p e . T h is i s  used as a f i n a l  check before the expensiveprocess o f p h o to p lo ttin g  i s  in i t i a t e d  and can be d isp layed  on the term in al
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p h o t o p l o t t e r pen p lo t te r

F i g u r Q  10-33 T he  M a s k  P r o d u c t i o n  S u i t e  of  P r o g r a m s
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screen or drav.n by a p e n -p lo tte r . I t  i s  a ls o  u s e fu l to  coiapare t h is  drav.lng v it h  the a c tu a l p h o to p lo tte r  output in  order to  detenaine which o asse s, i f  any, r e s u lte d  in  f l a r i n g .
10 .14 E v a lu a tio n  Of V arious S l i t  Ranges And F i l l i n g  Techniques

The s l i t  ap ertu res d iscu ssed  in  previou s se ctio n s  are n o t , as y e t , a v a ila b le . F e rra n ti L td  expressed i n t e r e s t ,  however, in  fa b r ic a t in ga set o f s l i t  ap ertu res and provided a t y p ic a l  th in  f ilm  c ir c u it  d e scrip tio n  in  GAELIC language fo r  exam ination . The c ir c u i t  i s  given in  Figure 10.35 to g e th e r with i t s  a s so cia te d  p ackagin g. The two masks needed to  fa b r ic a t e  t h i s  c ir c u i t  (shown se p a ra te ly  in  Figure 10.36) are t o t a l l y  p a r a x ia l . T h is a llow s a comparison to  be made between the various re c ta n g le  f i l l i n g  algorith m s w ith regard to  p lo t t in g  time and q u a lity  o f rep ro d u ctio n .
A program has been w ritte n  to  c a lc u la te  the t o t a l  p lo t t in g  time required by any d ata f i l e  co n ta in in g  a set o f p lo t t in g  commands (as described in  S e ctio n  1 0 .4 ) . The program, c a lle d  '’Tli-ilNG” , g iv e s  the aperture s e le c tio n  time and p lo t t in g  t in e  se p a ra te ly  fo r  e v a lu a tio n  purposes.
The s l i t  vvldth should be as sm all as p o s s ib le  to  minimise the overshoot e f f e c t s  d iscu ssed  in  previou s s e c tio n s . P r a c t ic a l  t e s t s  with c ir c u la r  lan d  a p e rtu re s , however, have in d ic a te d  th a t ap ertures with dimensions le s s  than 0.010” do not g ive  a s a t is fa c t o r y  sheet exposure.
The range o f s l i t  s iz e s  to  be adopted i s  a compromise between ejqjense o f fa b r ic a t io n  and the p o s s ib le  saving in  p lo t t in g  time th a t can be ach ieved . To examine the e f f e c t  o f d if fe r e n t  s l i t  ran g es, the t e s t  c ir c u it  was processed in  a number o f ways. The ta b le  given in  Figure 10.37 shows a s e le c tio n  o f r e s u lt s , (c a lc u la te d  by "TIMING” ) u sin g f iv e  d iffe r e n t  ran g es. In  a d d it io n , each range was te s te d  in  fo u r d is t in c t  ways.
Coluiin (a) shows the r e s u lts  o f the f a s t e s t  s l i t  f i l l i n g  method, where the computer determ ines whether h o riz o n ta l or v e r t ic a l  f i l l i n g  i s  best fo r  any p a r t ic u la r  r e c ta n g le . The nuaber given a f t e r  the word "SIZE” r e fe r s  to  the s iz e  o f the p lo t t in g  f i l e  produced. This i s
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Mask 1

Mask 2

F i  g u r e  10-36 Masks required to fabr ica te  c i r c u i t
shown in Fi gure 10-35
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d ir e c t ly  p ro p o rtio n a l to the le n g th  o f paper tape produced to  d riv e  the p h o to p lo tte r , so la r g e  p lo t t in g  f i l e s  ivLll r e s u lt  in  lo n g  ta p e s . The tim ing program does not taice in to  account the time needed to  p h y s ic a lly  read the ta p e , but the le n g th  o f tape must be considered as an im portant fa c to r  in  guaging the e f f ic ie n c y  o f a p lo t t in g  method. The aperture s e le c tio n  time i s  given  se p a ra te ly  from the o v e r a ll  p ro cessin g  t i a e .
A l l  s l i t  s iz e s  must l i e  v .ith in  the boundaries 0.200” -  0.020” .The l a t t e r  f ig u r e  i s  governed by the to le ra n c e s  vhich can be aciiieved in  c ir c u it  f a b r ic a t io n , w hile the form er i s  the la r g e s t  aperture s iz e  th a t \ a l l  f i t  the m achine. I f  we assume th a t the 0.200” aperture i s  a v a ila b le  then the la r g e s t  re c ta n g le  \»hich could  not be processed vrould have a dimension ju s t  l e s s  than t h i s  f ig u r e . The next sm alle st s l i t  s iz e  should be ab le  to  f i l l  t h is  re cta n g le  u sin g  no more than tv,n overlapp ing p a sses. I t  should a ls o  be as sm all as p o s s ib le , such th a t  i t  can process a maxLmum number o f re cta n g le  s iz e s . The obvious c h o ic e , then i s  0.100” . Using the same reason in g '-e can choose the other aperture s ize s  to  be 0.050” and 0.025” . A fte r  due co n sid e ra tio n  i t  \vas decided th a t a s l i t  o f  0. 020” would be used in ste a d  o f the 0. 025” valu e to  allow  the p lo t t e r  to  p rocess the sm alle st re c ta n g le  dimensions th a t can a r is e  in  p r a c t ic e  (F e r r a n ti stan d a rd s). T h is means th a t re c ta n g le s  in  the range O.O4O” to  0.050” (e x c lu s iv e )  w il l  need th ree p asses in ste a d  o f the usual two overlap p in g p a ss e s . Adding a s l i t  s iz e  o f O.O3O” to  the range did not reduce the p lo t t in g  tim e s ig n i f ic a n t ly  and a c t u a lly  in crea sed  the aperture s e le c t io n  tim e due to  the in crea sed  number o f s l i t s .
The same s l i t  ranges were te s te d  in  column ( b ) ,  but only  the h o riz o n ta l o r ie n ta tio n  was allow ed. A s im ila r  set o f  re sx ilts  w'ere produced in  column (c) u sin g  v e r t ic a l  s l i t s .  I t  can be seen th a t thep lo tt in g  tim es are w ith in  6̂  o f the f a s t e s t  method when la rg e  s l i t  rangesare a v a i la b le , but are much lo n g er fo r  sm all ran ges. I t  must be remembered th a t  only  h a l f  the number o f ap ertures are needed fo r  t h is  method, and t h is  w il l  save the co st o f  s l i t  m anufacture. Much lon ger tapes are produced, however, and t h is  could be s ig n i f ic a n t .  There i s  also  th e problem th a t tr ia n g le s  could not be processed u sin g a s in g le  o r ie n ta tio n .
Column (d) i s  the r e s u lt  o f the ” BEST CONTOUR” method discussed  e a r lie r . Each re cta n g le  i s  f i l l e d  u sin g  passes p a r a l le l  to  the lo n g e st
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sides thus m inifflising the number o f p o s s ib le  m is-alignm ent e rro rs vdiich could be produced. The p lo t t in g  tim es needed in  t h i s  technique are again com parible to  the f a s t e s t  method fo r  la r g e r  s l i t  ran ges. Sm all ranges on the oth er hand produce s ig n i f ic a n t ly  slower p l o t s .  The 2 s l i t  c a s e , fo r  exam ple, ta k e s  50^ more time than th e f a s t e s t  method.
An anomaly i s  found in  the s in g le  s l i t  case where both the fa s t e s t  and BEST CONTOUR methods take e x a c t ly  the same tim e , but t h is  i s  e a s i ly  ex p lain ed . Since only one s l i t  s iz e  i s  a v a i la b le , i t  i s  always f a s t e r  to f i l l  a re c ta n g le  u sin g  passes along the lo n g e s t s id e s . T h is i s ,  in  e f f e c t ,  the techniqu e used fo r  the ” SIST COOTOUR” r e s u lt  so i t  i s  not su rp ris in g  th a t  id e n t ic a l  p lo ts  are produced.
Sin ce the aim o f the ” BEST CONTOUR'* approach i s  to  minimise unnecessary p o s it io n in g  moves, i t  follov^s th a t fewer p lo t t in g  commands are gen erated . T h is  makes fo r  sh orter data f i l e s  and correspond ingly  shorter ta p e s than in  any o f the other methods.
The c i r c u i t  was a ls o  processed u sin g  c ir c u la r  tra c k  and square land a p e rtu re s , but th e  f a s t e s t  p lo t t in g  tim e th a t  could  be achieved '.vas 24 minutes and 15 seconds. When ve compare t h is  with th e r e s u lts  u sin g  s l i t s  l•.■e see th a t  a range o f on ly  two s iz e s  i s  s t i l l  f a s t e r . I t  i s  a ls o  in p o rtan t to  n o tic e  th a t  19 ap ertures are being used in  the f i r s t  case compared to  only  2 s l i t  a p e rtu re s .
The r e s u lt s  in d ic a te  c o n c lu s iv e ly  th a t a range o f s l i t  ap ertures would be the f a s t e s t  and th e re fo re  cheapest way o f producing masks on the p h o to p lo tte r . F e rra n ti L td  agreed with t h i s  and suggested th a t an experim ental set should be made. A range o f fo u r s l i t  s iz e s  was chosen as the optim al case from t h j  t e s t  r e s u lt s .
The p h o to p lo tte r  i t s e l f  \.as used to  produce tra n sp aran cie s o f the s l i t  shapes which w i l l  be p h o to g ra p liica lly  reduced to  form the aperture m asters. C ircx ila r  tr a c k  and square lan d s were used to  p lo t  the s l i t s  which were chosen to  be 0.200” ,  0.100” ,  0.050” and 0.020” X 0.010” . At the time o f p r in t in g , the s l i t s  are s t i l l  in  the fa b r ic a t io n  sta g e .
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Chapter 11Conclu sions And P o ssib le  Improveiaents
T h is chapter in d ic a t e s  the degree o f success achieved in  each o f the separate design  stag es described  in  Chapters 3 to  10. I t  a ls o  o u tlin e s  th e areas in  which th e programs could  be extended and improved.

11.1 Component Design
1 1 .1 .1  Conclusions

The r e s is t o r  design  programs o u tlin e d  in  Chapter 3 have been f u l l y  te ste d  in  a l l  but f a b r ic a t io n . T h is i s  not a seriou s om ission since i t  i s  p o s s ib le  to  check the r e s is ta n c e  o f the f i n a l  r e s is t o r  p a tte rn s  to a reasonab ly  h igh  accu racy w ithout a c t u a l ly  making them. The b a sic  formulae used to  d erive  the r e s is t o r  equations ,  o f co u rse , havebeen v e r i f ie d  by p r a c t ic a l  expeihraent. 3.^.
Run tim es have proved to  be very v a r ia b le  -  th ey  depend upon the number o f i t e r a t io n s  needed in  each case which i s  ra th e r  u n p re d icta b le . In v a r ia b ly  th e y  have been very much le s s  than one minute o f c .p .u .  time on a DEC system 2040.

1 1 .1 .2  P o s s ib le  Improvements
At present the s u ite  i s  l im ite d  to  r e s is t o r  d e sig n . The autom atic design o f a c t iv e  components such as c a p a c ito rs  and in d u cto rs i s  an obvious area o f in t e r e s t . I t  w'ould a ls o  be u s e fu l i f  the user could  d efin e  component geom etries h im se lf -  perhaps u sin g a data d e s c r ip tio n  f i l e  s im ila r  to  the output from the r e s is t o r  programs. T h is would allow  him to design i n - s l i c e  components by t r a d it io n a l  methods but s t i l l  have the advantage o f computer aided placement and r o u tin g . An a d d itio n a l b e n e fit  of t h is  i s  the a b i l i t y  to  use crossover s it e s  as c a p a c ito rs  -  two conductor tra ck s  being separated by a d i e l e c t r i c .  T h is i s  o fte n  p re fe ra b le  to  the jump wire techniqu e and generates an i n - s l i c e  component a t the same tim e.
Another area o f in te r e s t  concerns the trimming o f r e s is t o r s  a f t e r  fa b r ic a t io n . At present the la s e r  beam or eq u iv a le n t mechanism i s  p o sitio n ed  by hand (or co -o rd in ate  d ata prepared by hand) p r io r  to  each
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trimming p a s s . I t  would be much more e f f i c i e n t  to  produce t h is  in form ation  d ir e c t ly  from th e data s tr u c tu r e . I t  would a ls o  be p o s s ib le  to provide in form atio n  regard ing the maximum trLmming d ista n ce  a v a ila b le  -in each b lo c k . T h is would e lim in a te  human e rro rs such as overtrim m ing, trimming from the vTong side o f the b lock e t c . ,  and would reduce the o v e r a ll fa b r ic a t io n  tim e .
When the c i r c u i t  i s  being designed m an u ally , the engineer i s  o ften  l e f t  w ith ir r e g u la r  shapes in  which to  p la c e  h is  i n - s l i c e  r e s is t o r s . The autom atic design programs can on ly  cope 'Si'ith re cta n g u la r  boundaries so th e y  may consequently waste u s e fu l space. Radley (Ref 18) has attem pted to  ease t h is  problem v ith  h is  program to  design  r e s is t o r s  in s id e  any stra ig h t-e d g e d  polygon. There i s  no p ro v is io n  fo r  the a d d itio n  o f trimming b lo c k s , however, and each co m e r square has been approximated to  a con stan t supp lied  by th e u s e r . I t  may be u s e fu l to  implement a v e rsio n  o f h is  algorith m  in co rp o ra tin g  form ulae to  a l lo c a t e  trim  b locks and c a lc u la te  co m e r allow ances in d iv id u a lly .

11.2 D escrib in g  And S to rin g  The C ir c u it
11 .2 .1  Conclusions

The system o f r in g s  and p o in te rs  which has been used to  rep resent the c i r c u i t  in  the d ata s tm c tu r e  was chosen to  speed the in te r r o g a tio n  time at the s a c r i f ic e  o f memoiy s to ra g e . I t  has proved v e r s a t i le  in  a l l  asp e cts  o f  p ro ce ssin g  and w'as changed very l i t t l e  from i t s  o r ig in a l form during th e  development p h ases. I t  i s  based on the stru ctu re  developed by Rose (R ef 19) in  h is  o r ig in a l  P la n a r ity  Algorithm  program.
1 1 .2 .2  P o ss ib le  Improvements

I t  w'ould be very u s e fu l to  have separate f i l e s  co n tain in g  the Piaster Component L ib r a r ie s  and T o p o lo g ica l data r e s p e c t iv e ly . Since the former can be common to  a n m ber o f la y o u ts  while the l a t t e r  i s  p a r t ic u la r  to one, i t  would be much b e tte r  to  segregate the two. T h is w'ould slow the P la n a r ity  program, how'ever, s in ce  i t  would cause the l ib r a r y  f i l e  to be searched each tim e a new component type i s  encountered. Another problem i s  th a t rare  component types w'ould have to  be added to  the l ib r a r y  even though th ey might never be used a g a in . A compromise would be to
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allow  the u ser to  d e fin e  h is  own M aster d e s c r ip tio n s  in  the normal way but cause the program to  r e fe r  to  the l ib r a r y  fo r  any m issin g  d e s c r ip t io n s .
I t  has a lre a d y  been mentioned in  s e ctio n  1 1 .1 .2  th a t  i t  would be u s e fu l i f  the user could  d e fin e  h is  own i n - s l i c e  components. T h is would req uire a s p e c ia l data d e s c r ip tio n  form at not unlilce the GAELIC manual input language (E e f 6) which could  be stored in  a separate f i l e .
The proposed system , th e n , would be d riven  from fo u r  separate data f i l e s :

(a) A M aster D e scrip tio n  l ib r a r y  f i l e  which i s  only  a lte r e d  v/hen a neiif component tjrpe comes in to  g en era l useage.
(b) A Topology f i l e  c o n ta in in g  th e c i r c u i t  top ology to g e th e r w ith a d d itio n a l M aster D e scrip tio n s and a l i s t  o f nodes rep rese n tin g  Edge Pads.
(c) A R e s is to r  D e scrip tio n  f i l e  generated by the autom atic design programs d escrib ed  in  Chapter 3*
(d) An I n - s l i c e  Component data f i l e  -  com piled by the user h im s e lf .
11.3 P la n a r ity
11 . 3.1 Conclusions

The P la n a r ity  Algorithm  d escribed in  Chapter 5 and in corporated  in to  the la y o u t s u ite  was w ritte n  by Rose (R ef 19) to  design s in g le -s id e d  p rin te d  c i r c u i t  boards. A lte r a tio n s  have in clu d ed  adjustm ents to  the d e scrip tio n / sto ra g e  form ats and the a d d itio n  o f autom atic crossover in s e r tio n  a lg o rith m s.
The b a sic  algorith m  i s  very f a s t  indeed but the crossover in s e r tio n  stage can be ra th e r  slow as i t  in v o lv e s  a niunber o f tre e  searches cind design lo o p s . At present the algorith m s do not n e c e s s a r ily  f in d  the so lu tio n  w ith the minirmim number o f cro sso vers and a l l  the improvements l i s t e d  in  the next s e ctio n  are concerned w ith t h is  problem.
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11.3*2 P o s s ib le  Improvements
11.3. 2.1  Node S p l i t t in g

The crossover in s e r t io n  algorith m s have been implemented usin g  the p r in c ip le  th a t  i t  i s  p o s s ib le  to  reach one Region from another i f  they have a common Branch in  the to p o lo g ic a l graph. In  g en era l i t  i s  a lso  p o s s ib le  to  cro ss betveen Regions ^iiich  have a common Node.
Figu re 11.1 (a) shows a s itu a t io n  where component ” Bup” has to  be in se rte d  between nodes 1 and 3. Two crossovers v.’ould norm ally be in se rte d  here sin ce  th ere e x is t s  no common Branch to  both R egions.A technique known as ” N o d e -S p litt in g ” can be ap p lied  to  reduce t h is  to  one, however. In  t h i s  method the two Regions need on ly  have a common Node -  e it h e r  an Edge Pad or a c ir c u i t  Node as in  (b ) . U sing t h is  approach in  co n ju n ctio n  v.ith the e x is t in g  algorithm  w il l  guarantee a so lu tio n  w ith the ab so lu te minimum o f crossover s i t e s .

1 1 .3 .2 .2  R e-sequencing the Edge Pad L i s t
I f  th e c i r c u i t  re q u ire s  many cro sso vers i t  i s  ad v isab le  to  run the p la n a r ity  program as a batch jo b  o v e rn ig h t, s a y , due to- the extended p ro cessin g  tim e re q u ire d . Should t h is  be the case i t  would then be p o s s ib le  fo r  the program to  in v e s t ig a t e  the e f f e c t  o f re-seq uencing the Edge Node l i s t .This would enable the u ser to  s e le c t  the order w'hich re s u lte d  in  the fewest n-umber o f crossovers (R efer to  s e ctio n  5 .6 ) .
I t  i s  im portant to  note th a t t h is  i s  d if fe r e n t  from sim ply s ta r t in g  the c y c l ic  order d e s c r ip tio n  a t a d if fe r e n t  p la c e . I t  i s  tru e  th a t t h is  w ill  cause d if fe r e n t  graphs to  be generated b u t, assuming an e f f i c i e n t  a lg o rith m , th e number o f crossovers needed should be the same. A lte r in g  the c y c l ic  o rd e r , on the other hand, a f f e c t s  the p la n a r ity  o f the c ir c u i t  d ir e c t ly .
Each Edge Node in  the Topography d e s c r ip tio n  could be marked in  some way to  in d ic a te  whether re—ordering i s  allow ed. The computer weuld then generate a s e r ie s  o f graphs by swopping moveable p a ir s .
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(a) E d g e  p a d  c o mmo n

lb)  S i n g l e  n o d e  c o m m o n

F i g u r e  11-1  C r o s s o v e r  i n s e r t i o n  u s i n g  Reg ions w h ic h  touch at  a POINT
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11.3*2.3  Component Pad Swopping
The technique described  in  the l a s t  s e ctio n  could be taken a stage fu r th e r  by in tro d u cin g  pad-swopping in  m u lti-te r m in a l d e v ic e s .Consider F igu re 11.2 (a) w'hich shows a graph w ith an unplanar branch Bup. I f  pads 3 and 2 are interciianged then the cro sso ver can be avoided (diagram ( b ) ) . T h is technique can be ap p lied  to  d evice s which have e l e c t r i c a l l y  id e n t ic a l  te r n in a ls  such as the in d u cto r shown in  ( c ) . Note th a t p in  | could not be swapped w ith e ith e r  o f the other two, but th a t  p in s  3  and 2 are com pletely in te rch a n g e a b le .
A s im ila r  p h ilosophy could be adopted with SETS o f p in s . Figure11.2 (d) i l l u s t r a t e s  an I . C .  co n ta in in g  fo u r id e n t ic a l  th re e -p in  d e v ice s .As before th ere are cases where two p in  groups may be swopped -  1 and 2 ,4 and 5 e t c .  In  a d d itio n  to  t h is  th ere  i s  the p o s s i b i l i t y  o f in t e r ­changing complete s e ts  such as P ins 1, 2 , 3 and Pins 4 , 5 , 6.

11 . 3. 2.4 R outing O utside The Edge Pads
During fa b r ic a t io n jt h e  Edge Pads are connected to  package le a d s  using jump w ire s. I t  i s  sometimes p o s s ib le  to  taice advantage o f t h is  p h y sica l c h a r a c t e r is t ic  in  order to  avoid a cro sso ve r.
Consider F igure 11.3 (a) which shows a graph co n ta in in g  a s in g le  unplanar branch (R 2). The im portant th in g  to  n o tic e  here i s  th a t  both ends o f the component are attach ed  to  Regions co n ta in in g  Edge Pseudo Branches. I f  the corresponding Edge Pad(s) between the two Regions are moved away from the board edge (as sho v̂n in  (b)) then i t  i s  p o s s ib le  to  route a connection  t o p o lo g ic a lly  ou tsid e the graph boundaries. The in e v ita b le  crossover i s  then formed when the Edge Pads are connected to  the outside world.

11 .3.2 .5  M u ltip le  Crossover Jumps
The d e f in it io n  o f a crossover has so f a r  been taken as the in s e r tio n  of a jump wire across a s in g le  conductor t r a c k , but th ere  i s  no reason why the wire should not bridge se v e ra l tra c k s  a t once. I t  would be very d i f f i c u l t  to  program t h is  technique in to  the P la n a r ity  Algorithm  d ir e c t l y ,  but the a d d itio n  o f a p o st-p ro ce sso r to combine s in g le  jumps would be much e a sie r to  implement. Consider Figure 11.4 which i l l u s t r a t e s  how t h is  could be c a rrie d  o u t.
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P IN I
1 1g ------- 13 PIN3 PIN1 #  P IN 2

1 ^ ....“-C PIN2 PIN 2 =  PIN 3

i c ]  m u l t i  - p i n  d e v i c e  s p e c i f ic a t io n

3 4 PINS1,2,3 
P!NS4,5,6 
PINS 7 8,9 
PINS10,11,12

PINS 4,5,6 
PINS 7 8,9 
PINS 10,11,12 
PINS 1,2,3

^  electr ica lly  dissimilar

=  electrically identical

F i g u r e  11-2  T o p o l o g i c a l  p a d  s w o p p i n g
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(b) L a y o u t  e q u i v a l e n t

F i g u r e 1 1 - 3  R o u t i n g  r o u n d  e d g e  p a d s
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( a ) Topological replacement

□ C t im e s  2 c >
□ c
3  C

( b) Program med representation

I c l  Phys ica l c h a r a c t e r i s t i c s

F i g u r e  11 ■ Replacing a strin g  of cro sso v e rs  by  
a S i n g l e  Mut ti  -  crossover d e v ic e
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The two crossovers ” X1” and ”X2” shown in  (a) are sim ply rep laced  by a s in g le  m u lti-c ro s s o v e r  d evice "X " . This i s  s im ila r  to  a n o raal crossover except th a t i t  in co rp o ra te s  more "sh orted  p a ir s "  o f pads. V/hen the v.ire i s  atta ch ed  (diagram ( c ) ) ,  both cro ssin g s  are formed sim u ltan eo u sly . There i s  a ls o  a saving in  board area and connection le n g th .
11 . 3. 2.6 R outing Underneath Attached Components

A fu r th e r  technique to  avoid crossovers i s  to  route conductors through the bounding re c ta n g le s  o f attach ed  d e v ic e s . The component would then be p la ce d  ia m e d ia te ly  on top o f the tr a c k s . T iiis  may not be p o s s ib le  or d e s ira b le  in  every case because o f in te rfe re n c e  problems or sim ply due to the component's p h y s ic a l c h a r a c t e r is t ic s . The d esigner would have to in d ic a te  t h i s  in  the Master D escrip tio n  f i l e .
F igu re 11.5  dem onstrates how t h is  technique would be achieved in  the to p o lo g ic a l graph. In  t h is  example the component Bup can be in se rte d  without u sin g  a crossover i f  an e x tra  p a ir  o f "shorted" pads are added to the d evice  c a l le d  TRAN. Tiiis i s  eq u iv a le n t to  in co rp o ra tin g  pads in to  the Master D e scrip tio n  as demonstrated in  Figure 1 1 .6 .
The number o f tra c k s  which can be routed under any p a r t ic u la r  component depends upon the conductor width r e la t iv e  to  the s ize  o f the bounding re c ta n g le  and term in al pads. T h is could be c a lc u la te d  aut o m a tic a lly .

11.4 The Placement Algorithm s
11 . 4.1 Conclusions

The I n i t i a l  Placement Algorithm  which i s  used to  generate a base la y e r  o f components has proved to be very f a s t  and r e l ia b l e .  T h is was to  be expected since i t  i s  r e la t iv e ly  easy to f i t  a s tr in g  o f components onto a le v e l  s e c tio n  o f boundary -  e s p e c ia lly  when troublesome members can sim ply be discarded fo r  l a t e r  p ro ce ssin g .
The main Placement Algorithm  has not been qu ite  so s u c c e s s fu l. This was one o f the f i n a l  areas to  be ta c k le d  and has consequently been subjected to  fe v e r  t e s t s .  The r e s u lt  i s  not always p re d ic ta b le  and a c e r ta in  amount o f f a u lt - f in d in g  i s  s t i l l  required before the algorithm  could be used to  i t s  fu l l  p o t e n t ia l .
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3 3

TRAN o Ji. TRAN H

1 2 H_________ 2

( a) P rog ram  roprosen talion

r

0

L . ^
conductor material

(b) Physica l characteristics

F i g u r e  11-6 G o in g  u n d e r n e a t h  an a t t a c h e d  d e v i c e
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Although the algorith m  may not alv.ays produce a t o t a l l y  s a t is fa c t o r y  s o lu t io n , i t  serves a t the very le a s t  to  b rin g  the next components onto the board in  th e co rre ct order ( r e fe r  to  Chapter 7 ) .Any improvement w i l l  sim ply reduce the amount o f human in te r a c t io n  at each s ta g e .
Run tim es have.proved to  be very v a r ia b le  but are c o n s is te n t ly  lov/ enough fo r  "hands-on” d e sig n .

11 . 4.2 P o ss ib le  Improvements
11 . 4. 2.1  X Boundary Expansion L im its

One o f  th e tech n iq u es used by the main Placement Algoritiom i s  th a t o f X Boundary Expansion (s e c tio n  7*4«4)» I t  i s  d i f f i c u l t  to  decide when to  abandon t h i s  approach in  favou r o f other methods, and a t  present the expansion i s  lim ite d  by an a r b itr a r y  fa c t o r  supp lied  on the in t u it io n  of the u s e r . A much more s a t is fa c t o r y  l im it  has been p o stu la te d  in  se ctio n  7*4*4 which guarantees to  prevent the expansion obscuring pads belonging to  p re v io u s ly  p la ced  components. The im plem entation o f an algorithm  to  make t h is  d e c is io n  would be h ig h ly  advantageous.
11 . 4. 2.2 Edge Pad Placement

When u sin g  the I n i t i a l  Placement program PLACE, the operator i s  reqiiired to  s p e c ify  which Edge Pads are to  l i e  along the bottom edge o f the board ( r e fe r  to  s e c tio n  6. 3) .  S ince the number o f components in  thebase la y e r  depends e n t ir e ly  upon t h is  d e c is io n , the h o r iz o n ta l width o f the layou t i s  la r g e ly  determined at t h is  s ta g e . Consider Figure 11.7 wMch show's se v e ra l p o s s ib le  la y o u t dimensions which could  r e s u lt  from the same c ir c u it  g iven  d if fe r e n t  Edge Pad assignm ents. The number o f a lte r n a t iv e s  i s  l im ite d  by the number o f Edge Pads in  the la y o u t d e f in it io n .
The t o t a l  board area (Ba) must be a t le a s t  as g reat as the t o t a l  component area (C a ) . C le a r ly  some a d d itio n a l area must be a llo c a te d  fo r  conductor tra c k s  and spacings -  t h is  i s  represented by a Packing Factor (Pf) in  the equation:

Ca =  Ba X P f (P f <  1)
- 2 6 4



(Q) ( b ) ( c )

( d ) (G)

Ca = P f ( H x W )

te. H = Cq X Pf 
W

Ca = total component area

P f  = packing factor (<1)

W = board w id th

H = board height

F i g u r e  1 1 - 7  E f f e c t  o f  e d g e  p a d  a s s ig n m e n t on b o a rd  d i m e n s i o n s
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The board area can a ls o  be c a lc u la te d  from i t s  h o r iz o n ta l v/idth (W) and v e r t ic a l  h e ig h t (H) u sin g  the sim ple form ula:
Ba = H X ¥
I f  W i s  known (from an i n i t i a l  placem ent in  which none o f the base components have been ro ta te d  or removed) w'e can thus c a lc u la te  the expected h e ig h t to  be:
H CaW X P fThe Packing F a cto r w i l l ,  o f co u rse , vary from la y o u t to  la y o u t but an approximate value can be assumed.

T h is  form ula was a p p lie d  to a l l  th ree o f the t e s t  c ir c u it s  documented in  Appendices 1 and 2. The r e s u lts  which were obtainedare ta b u la te d  in  Figure 1 1 .8 .
The la y o u ts  were foimd to  have Packing F acto rs o f 0.4063j 0.2940 and 0.3228 r e s p e c t iv e ly . The average value ( O .341) was then used to estim ate the board h e ig h t from the component area and board w idth. I t  can be seen th a t the % erro r ranges from +  19.14^ to  -  13»77%> T h is i s  q u ite encouraging but th ere  i s  no guarantee th a t t h is  i s  a t y p ic a l  range of Packing F a c to rs .
The u s e r , th e n , has the a b i l i t y  to  choose an E lg e  Pad assignment which appears to  produce the most prom ising board shape. A l i s t  o f p o s sib le  board s iz e s  can be generated a u to m a tic a lly  and l i s t e d  fo r  liis  co n sid e ra tio n  but t h is  would mean u sin g  the I n i t i a l  Placement Algorithm  many tim e s. I t  i s  not c le a r  whether t l i i s  would in cre a se  the run time s u f f i c i e n t l y  to  n e c e s s ita te  a batch p ro cessin g  approach.
A form ula has been developed r e la t in g  the number o f it e r a t io n srequired to  the number o f Edge Pads in  the lay o u t (the d e r iv a tio n  i si l l u s t r a t e d  in  Figure 1 1 .9 ) . I f  Npad Edge Pads are p re s e n t, the

2Algorithm  w il l  have to  be a p p lie d  i^ ad  -  2I^ad +1 tim e s. In  general the number o f Edge Pads w il l  seldom exceed 30j wiiich n e c e s s ita te s  84I i t e r a t io n s . T h is w'ould c e r t a in ly  req u ire the program to  be run in  a batch mode.
-  2 66 -



-o c i rcu i t  under consideration

width of 
layout

(Q)

160-5

( b )

158-5

( c )

160 (W)

total
component
area

8803-25 6105 7387-25 (Ca)

f in a l  
height of 
layout

135 131 143 (H )

calculated
packing
factor

0-4063 0-2940 0-3228 'C o .
iW-Hj = Pf

estimated 
height using 
packing 
factor 
Pf = 0-341

160-84 112-95 135-40 iPf-W; = H2

% o u t  on
height
estimation

+19-14% -13-77% -5 -3 1 % m \  %

(c) Voltage regulator 
i -  (Appendix 2)

(b) Low voltage audio power 
i -  amplifier (Appendix 2)

(a) Simple test c i rcu i t  
L  (Appendix 1)

F i g u r e  11-8  R e s u l t s  f r o m  p a c k i n g  f a c t o r  e s fim o tio n  e x p e r im e n ts
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Number of edge pads 
on bottom edge Varia t ions

Number of 
combinations

0 not allowed

1 not al lowed

2 AB,BC,CD,DE,EA Npad

3 ABC,BCD,CDE,DEA,EAB Npad

4 /Cm,BCDE,CDEA,DE48,EABC Npad

5{=Npad) ABCDE 1

Assumptions: 5 edge pads ( Npad = 5 ) 
named A,B,C,D,E, F

=>  Number of combinations 

=  Number of calls to in itia l placement algorithm 

=  { Npad -  2] Npad + 1 

=  Npad^- 2 Npad + 1

F i g u r e  1 1 9  Equation re la t in g  the number of ca l ls  to the 
in it ia l p lacement algorithm with the num ber of 
edge pads in the layout
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I t  would be u n u su al, however, to  a l lo c a t e  a la r g e  number o f Edge Pads to  th e bottom edge and a sm all number to  the top edge (or v ic e -v e r s a ) .I f  the user were to  s p e c ify  a maodmiim (fiaax) and a minimum number (iiuin) o f a llo w ab le  bottom Edge Pads, the com putation tim e would be cut co n sid e ra b ly . I t  can be shown th a t  the number o f it e r a t io n s  (N it) i s  now given  by tho form ulae;
N it =  (Naax -  Nnin +  1) Npad i f  ifciax ^  Npad andN it =  (Npad -  Main) Npad +  1 i f  iiaax — Npad
Taking th e example o f 30 Edge Pads, and max/min valu es o f l8 and 12 r e s p e c t iv e ly , th e number o f i t e r a t io n s  f a l l s  to  210.
1 1 .4 .2 .3  Choice Of Placement Technique

The Main Placement Algorithm  d escrib ed  in  Chapter 7 uses a number of d if fe r e n t  placem ent tech n iq u es in  a r ig id  order o f p re fe re n c e . I t  i s  c le a r  th a t  f i l l i n g  th e S lo ts  (s e c tio n  7 . 4.1 )  i i i i l l  produce the most compact la y o u t . The next b est methods are to  use mounds as w e ll as s lo ts  (7 . 4. 2) ,  or to  perform  component r o ta tio n  ( 7 .4 .3 ) .
lihen a l l  th ree f a i l  i t  i s  not a t a l l  c le a r  vdiich o f the rem aining three (X Boundaiy E xp ansion , Component Removal and Rough Placement) should be attem pted n e x t . An improvement to  the lay o u t s u ite  would be to  allow  the user to  s e le c t  the approach which would appear to  be the most ap propriate in  each s it u a t io n . I t  may be p o s s ib le  to  develop an algorith m  to  do t h is  s e le c tio n  a u to m a tic a lly  but t h is  i s ,  in  i t s e l f ,  a complex problem.

11.5 The Routing Algorithm
11 . 5.1 Conclusions

The Routing Algorithm  has proved to  be f a i r l y  s u c c e s s fu l and g e n e ra lly  very speedy. T h is was one o f the l a t e r  areas of research  and has not been in  use lon g enough to  lo c a te  every minor f a u l t .  N e v e rth e le ss , i t  serves in  i t s  p resent s ta te  to  fr e e  the d esign er from the sim pler connections and g iv e s  him consequently more time to  spend on th e lon g er more complex ones.
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1 1 .5 .2  P o ss ib le  Improvement
Even i f  we assume th a t the Algorithm  w il l  always f in d  the best path between any tv;o components, th ere i s  s t i l l  no guarantee th a t the la y o u t w a ll be co n stru cte d  wdth an ab so lu te  minimum conductor le n g th .This can be exp lain ed  with re fere n ce  to  Figure 11.10.
Diagram (a) shows a sm all s e c tio n  o f a la r g e r  t o p o lo g ic a l  graph.Using the Region p rocess o f g en era tin g  connection  p a ir s  (see s e c tio n  9 .3*3)^ the Routing Algorithm  would be ap p lied  between components A and B then B and C e tc  as shown. Assuming th a t the f i r s t  th ree attem pts are s u c c e s s fu l, the f i n a l  connection  between D and A a lrea d y  e x is t s  as a s tr in g  through B and C. T h is could  g ive  a p h y s ic a l la y o u t as shown in  diagram ( b ) .
I t  can be seen th a t  each connection i s  o f minimum le n g th  but the o v e r a ll  s tr in g  could  be improved sim ply by s e le c t in g  a d if fe r e n t  se t o f component p a ir s .
A b e tte r  way o f g en era tin g  component p a ir s  wnuld be to  p rocess the components s e q u e n tia lly  ra th e r  than foUow dng the R egions. The program would be designed to  ensure th a t  each component was connected to  i t s  n ea rest neighbour in  the s t r in g .
T h is would in v o lv e  a good d eal more p ro ce ssin g  time than the simple Region method but would produce much sim pler m e t a llis a t io n  p a tte r n s . Diagram (c) shows the improvement which would r e s u lt  in  t h i s  example.One m ajor problem , however, i s  th a t  ‘’ is o la t e d  groups” can be formed.Consider diagram (d) in  which component C has been moved such th a t  i t  i s  now c lo s e r  to  A than component B. Only tŵ o connection attem pts would now be generated namely D to  B and A to  C. In  t h is  example every component i s  indeed connected to  i t s  n e a re st neighbour but th e s tr in g  i s  not con tin uou s.
The s o lu tio n  would be to  apply the Region method in  co n ju n ctio n  with the “n ea rest neighbour" method. Having produced the network shown in  diagram ( d ) ,  the Region method would jo in  components A and B. The other th ree attem pts (namely B to  C , C to  D and D to  A) w'ould then be abandoned sin ce  the paths a lre a d y  e x is t  d ir e c t ly  or in d ir e c t ly .
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C o n n e c t io n s  ;

Region 1 

Region 2 ; 

Region 3 ; 

Region 4 :

Component A to Component B

Component B to Component C 

Componente to Componente 

Componente to Component A

(a) Section of Topological Graph

F i g u r e ?  11-10 M i n i m u m  c o n n e c t i o n  n(? t t e c h n i q u e s
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( d )

F i  g urQ 11-10 ( cont.)
- 2 1 2  -
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11.6 P h o to p lo ttin g
Although the p h o to p lo ttin g  algo rith m s have not been used to  any great e x te n t due to  the d e la y  in  m anufacture o f s l i t  a p e rtu re s , th ey have been e x h a u s tiv e ly  te s te d  u sin g a g r a p h ic a l sim u latio n  program ( r e fe r  to  s e c tio n  1 0 .13) . The s u ite  a ls o  in c lu d e s  a tim in g program wMch can c a lc u la te  the t o t a l  p lo t t in g  tim e o f a p a r t ic u la r  la y o u t and thus evalu ate  the m erits  o f d if fe r e n t  f i l l i n g  s tr a t e g ie s  w ithout a c t u a l ly  having to  do the p lo t t in g .

11.7  P in a l Conclusions
From the r e s u lt s  described  in  e a r l i e r  chapters i t  i s  c le a r  th a t a fe a s ib le  method o f d esig n in g  th in  f i lm  c ir c u i t s  by computer has been developed. The la y o u t examples given  in  Appendices 1 and 2 compare fav o u ra b ly  w ith m anually generated s o lu t io n s , but the design p rocess i s  very much f a s t e r .  There i s  a ls o  the advantage th a t n u m e rically  c o n tro lle d  fa b r ic a t io n  d ev ice s  can be driven d ir e c t ly  from the data s tr u c tu r e . T h is e lim in a te s  the p rocess o f coding up the la y o u t from a produ ction  draw ing.
One improvement would be to  use a r e fr e s h  grap h ics  te rm in a l ra th e r than the storage te rm in a l. This would enable the user to  move components and connections d yn am ically  without having to  redraw the la y o u t a t each ste p . I t  i s  a ls o  p o s s ib le  to  obtain  f la s h in g  and d if fe r e n t  in t e n s it y  l i n e s . T liis  would be much b e tte r  ergonom ically  spealoing, but the co st o f r e fr e s h  equipment i s  much h igh er than the storage tube e q u iv a le n t .There i s  a ls o  the problem th a t the r e fr e s h  screen cannot d is p la y  n e a rly  so much d e t a i l  as the storage te rm in a l.
I f  a d ed icated  m ini-com puter were to  be used in ste a d  of. a m u lti­access m ainfram e, then i t  would be p o s s ib le  to  operate at much h igh er tran sm ission  speeds and f a s t e r  response tim e s. The t in e  taken to  re-draw' the screen wnuld then be co n sid e ra b ly  reduced, and the ergonomics o f the system would th e re fo re  improve.
In  c o n c lu s io n , the s u ite  should provide a very u s e fu l t o o l  to  the d e sig n e r. Being t o t a l l y  modular in  s tr u c tu r e , i t  can r e a d ily  be extended and improved.
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Appendix 1Example Of Layout D e si^ i Usin,g; A Simple T est C ir c u it
The use o f the ”LAI0UT” s u ite  as a design t o o l  i s  best i l l u s t r a t e d  by exam ple. Consider Figure A l . 1 v/hich shows a simple c ir c u i t  com prising th ree t r a n s is t o r s , n ine r e s is t o r s ,  two c a p a c ito r s  and a d io d e. T h is c ir c t i i t  was s p e c i f i c a l l y  designed w ith the o b je ct o f t e s t in g  the design program s, and co n ta in s  the complete range o f c i r c u i t  typ es i . e . :
(a)

(b)
M u lti-p ad  atta ch ed  components (T R l, TR2, TR3).
Two-pad atta ch ed  components w ithout a marked p in  o f p o la r it y  ( R l , R2, R3, R4j C l ,  C2).

(c) Two-pad component w ith a marked p in  o f p o la r it y  (H O D ).
(d) I n - s l i c e  meandering r e s is t o r s  (R5, R6, R7, R8, R9).

S ev e ral o f  th e  r e s is t o r s  were chosen to  be i n - s l i c e  components, so the f i r s t  ta s k  was to  design  them u sin g  the program ’’ DESRES” . A f u l l  d e s c r ip tio n  o f t h is  program i s  given  in  Chapter 3*2.
Two d is t in c t  r e s is t o r  p a tte rn s  were generated and stored in  a temporary d ata  f i l e  ( c a lle d  MRl and MR2 r e s p e c t iv e ly ) . The tra c k  width was se t to  20 screen u n its  and r e s is ta n c e s  o f 30 and 60 squares v/ere req u ested . T h is gave p a tte rn s  measuring 115 x  170 and 150 x  208 u n its  r e s p e c t iv e ly .
P h y s ic a l s iz e s  and pad p o s it io n s  were then chosen fo r  th e d is c r e te  components which were c a lle d  “ RES®, ”TRAN” ,  “ CAP” and “ DIODE®, These are i l l u s t r a t e d  in  Figure A 1 .2 .
The next step was to  assig n  a r b itr a r y  Node Numbers to  each e l e c t r i c a l  node in  the c ir c u i t  as shown in  the c i r c u i t  diagram in  Figure A l . l .
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1 RES 2
'  f
A

— — 160------ ----------^

TRAN

1
S

0,0— SO­

RES
widt-h -  160 
height = 60 
PAD1 at (10,30) 
PAD 2 at (150,30)

TRAN
width = 30 
height = 80 
PAD1 at (20,10) 
PAD2at  (60,10) 
PAD3at (40,70)

0,0— 80-

Ä 2

CAP 

1 2

oo

)
DIOD

,1

oo
- 100-

CAP
width = 80 
height = 90 
PAD1 at (10,10) 
PAD2 at (70,10)

DIOD
width = 100 
height = 100 
PAD1 at (10,10) 
PAD 2 at (90,90)

F i g u r e  A 1 -2 M aste r component de f in it ions  for attached devices
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A data f i l e  was then form ulated to  d escrib e the component geom etries and c i r c u i t  to p olo gy  as i l l u s t r a t e d  in  A I .3.  The co m p ilatio n  o f such a d e s c r ip tio n  i s  exp lain ed  in  Chapter 4 se ctio n s  2 and 3. Note th a t components R5, R6, R7, R8 and R9 have beenassign ed  to  the i n - s l i c e  r e s is t o r  d e s c r ip tio n s  ” 2iRl” and ”MR2” vhich  are stored  in  a separate data f i l e .
The program "PLANAR” (see Chapter 5 .7 ) i s  used to  generate a to p o lo g ic a l  graph o f the c i r c u i t  from the two data f i l e s  mentioxied above.An o p tio n a l p r in t  out o f t h is  graph i s  given  in  Figure A I .4.  Each "R egion" i s  l i s t e d  in  tu r n , g iv in g  the component names (and a s so cia te d  Node Numbers) in  th e order in  which th e y  appear. T h is can be used todraw a g r a p h ic a l re p re se n ta tio n  o f th e to p olo gy  as sho^m in  F igure A1.5 -  a very u s e fu l technique fo r  tra p p in g  program e rro rs v.hile the s u ite  i s  being developed. With medium and la r g e  s c a le  c ir c u i t s  i t  would be unusual to  produce such a drawing u n le ss  the program v/as m alfu n ctio n in g  in  some ^vay.
The program "PLACE" was n ext used to  generate an i n i t i a l  board placem ent ( r e fe r  to  Chapter 6 fo r  more d e t a i l s ) .  At t h is  stage i t  was n e ce ssa ry  to decide upon v alu es fo r  board \vddth and h e ig h t , conductor w id th , spacing allow ance and Edge Pad s iz e . Values o f lOCX), 1000, 20, 20 and 30 were chosen r e s p e c t iv e ly . I t  wns a ls on ecessary  to  decide \diere to  p o s it io n  the Eidge Pads, A fte r  a number o f t r i a l  runs i t  was found th a t the most prom ising r e s u lts  ŵ ere o b ta ined by p la c in g  Edge Pads 4 }  9 and 12 along the top edge, and Pads 2 , 1 and 

15 a lon g the low er. Figure A1.6 shows the la y o u t obtained in  t h is  way.
At t h is  stage the main design program c a lle d  "LAYOUT" w'as employed. Working d ir e c t ly  from the i n i t i a l  placem ent, i t  in co rp o rates a number o f f a c i l i t i e s  designed to  c a rry  the design to  a s u c c e s s fu l co n clu sion  ( r e fe r  to  Chapter 9 ) .
The design  can now be s p l i t  in to  a mmiber o f d is t in c t  s ta g e s .A b r ie f  d e s c r ip tio n  has been given  in  each c a s e .

Stage 1 (Figure A1.7)(a) A l l  p o s s ib le  connections have been routed u sin g  the "C0I®ECT”f a c i l i t y .
•- 2 7 7



T h in  F i l m  C i r c u i t  w it h  P r e - d e f i n e d  R e s i s t o r sMASTER R E S , 2 , 1 6 0 , 6 01 0 . 3 01 5 0. 30MASTER2 0 , 1 0  6 0 , 1 0  4 0 , 7 0MASTER1 0 , 1 07 0 . 1 0MASTER1 0 . 1 09 0 , 9 0M S T E RMASTERSTOPRESR l , 6 , l  R 2 , 4 , 5  R 3 , 5 , 7  R 4 , 9 , 8MRlR 5 , 1 0 , l  R 6 , 1 0 , 11MR2R 7 , 1 2 , 13 R 8 , 1 3 , 1 5  R 9 , 1 4 , lTRANT R l , 3 , 6 , 5  T R 2 , 7 , 1 0 , 8  T R 3 , 1 1 , 1 4 , 1 3CAPC l , 2 , 3  C 2 , 1 0 , lDIODED I 0 D , 3 , 1

TR AN , 3^, 80, 80
CAP 2 , 8 0 , 9 0
D I O D E , 2 , 1 0 0 , 1 0 0
M R l , 2 MR2, 2

EDGE1 15 12 9 4 2
STOP

F i g u r e  A 1 -3 Component geom etries end Circuit Topology Data F i l e
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PLANAR GRAPH FOR M C IR l.C IR
THIN FILM CIRCUIT WITH PRE-DEFINED RESISTORS

REGION NUMBER 1

EDGE PSEUDO BRANCH -  NODES (1) TO (2)
EDGE PSEUDO BRANCH -  NODES (2) TO (4)
EDGE PSEUDO BRANCH -  NODES (4) TO (9)
EDGE PSEUDO BRANCH -  NODES (9) TO (12)
EDGE PSEUDO BRANCH -  NODES C12) TO (15)
EDGE PSEUDO BRANCH -  NODES CIS) TO (1)

REGION NUMBER 2

EDGE PSEUDO BRANCH -  NODES (12 TO (15)
2 PIN COMPONENT "R7” NODES (1 2 ,1 3 )  
2 PIN COMPONENT ” R8" NODES C13,15)

REGION NUMBER 3

( 1 2 )2 PIN COMPONENT "R ?” NODES (12 ,1 3 )  
EDGE PSEUDO BRANCH -  NODES (9) TO 
2 PIN COMPONENT "R4” NODES (9 ,8 )
PIN 3 OF ” TR2” (NODE 8)
LINK BRANCH ; TR2 PIN 2 TO PIN 3 
PIN 2 o f "TR2” (NODE 10)
2 PIN COMPONENT "R6" NODES (10,11)
PIN 1 o f ” TR 3” (NODE 11)
LINK BRANCH TR3 PIN 3 TO PIN 1
PIN 3 o f ” TR3” (NODE 13)

REGION NUMBER 4

LINK BRANCH TR3 PIN 3 TO PIN 1
LINK BRANCH TR3 PIN 1 TO PIN 2
LINK BRANCH TR3 PIN 2 TO PIN 3

REGION NUMBER 5

LINK BRANCH TR2 PIN 2 TO PIN 3
LINK BRANCH TR2 PIN 3 TO PIN 1
LINK BRANCH TR2 PIN 1 TO PIN 2

REGION NUMBER 6

EDGE PSEUDO BRANCH -  NODES (15) TO (1)
2 PIN COMPONENT ” R8'' NODES (13,15)
PIN 3 OF "TR 3” (NODE 13)
LINK BRANCH TR3 PIN 2 TO PIN 3
PIN 2 o f ” TR3" (NODE 14)
2 PIN COMPONENT "R9" NODES (14,1)

F i g u r e  A 1 - ^  P r in t - o u t  of P la n a r  Graph 
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REGION NUMBER 7

2 PIN COI/IPONENT ” R9” NODES ( 14, 1)
PIN 2 o f ” TR3'' (NODE 14)
LINK BRANCH : TR3 PIN 1 TO PIN 2
PIN 1 o f "TR3" (NODE 11)
2 PIN COMPONENT "R6” NODES (10, 11)
2 PIN COMPONENT ” 02'' NODES ( 10, 1)

REGION NUI-iBER 8

2 PIN COMPONENT ” 02” NODES ( 10 , 1)
2 PIN COMPONENT ” R5" NODES ( 10, 1)

REGION NUMBER 9

2 PIN COMPONENT ” R5” NODES ( 10, 1)
PIN 2 OF "TR2" (NODE 10)
LINK BRANCH : TR2 PIN 1 TO PIN  2
PIN 1 OF "TR2” (NODE 7)
2 PIN COMPONENT "R3" NODES ( 5 , 7 )
PIN 3 o f  "T R l" (NODE 5)
LINK BRANCH : TRl PIN  2 TO PIN 3
PIN 2 OF "T R l” (NODE 6)
2 PIN COMPONENT " R l ” NODES ( 6 , 1 )

REGION iNUMBER 10

LINK BRANCH : TRl PIN 2 TO PIN 3
LINK BRANCH : TRl PIN 3 TO PIN 1
LINK BRANCH : TRl PIN 1 TO PIN 2

REGION NUMBER 11

2 PIN COI/IPONENT "R3” NODES C5,7)
PIN 1 OE ” TR2'' (NODE 7)
LINK BRANCH : TR2 PIN 3 TO PIN 1 
PIN 3 OF "TR2” (Node 8)
2 PIN COiiPONENT ” R4” NODES ( 9 , 8 )
EDGE PSEUDO BRANCH -  xNODES C4) TO (9) 
2 PIN COMPONENT ''R2" NODES C4,5)

REGION NUMBER 12 
EDGE PSEUDO BRANCH NODES (1) TO (2)
2 PIN COI/IPONENT "DIOD” NODES ( 3 , 1 )
2 PIN COMPONENT " C l " NODES ( 2 , 3 )

PTIGION NUIiBER 13

2 PIN COMPONENT "DIOD" NODES ( 3 , 1 )
2 PIN COIIPONENT "R l" NODES ( 6 , 1 )
PIN 2 OF "TRl-' (NODE 6)
LINK BRAiNCH : TRl PIN 1 TO PIN 2
PIN 1 OF "P ^ l" (NODE 3)

F i g u r e  A 1 - ^  ( c on t i nu ed )  
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REGION NUfIBER 14

LINK BRANCH : 'TRl PIN 3 TO PIN
PIN 3 OF "TRl" (NODE 5)
2 PIN COMPONENT '■ 'R2" NODES ( 4, 5)
EDGE PSEUDO BRANCH - NODES (2) '
2 PIN COMPONENT " C l ” NODES ( 2 , 3 )
PIN 1 o f "T R l" (NODE 3)

TO (4)

F i g u r e  A1^ *  ( c o n t i n u e d  J
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E ( ^ )

E115)

U Region number

E( ) Edge pad
{ node number}

• N o d e

F i g u re  A1 -5 PI a n a r  g r a p h  of  c i r c u i  t
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(b) The next component (R7) has been brought onto the board u sin g  the ’’NEXT” f a c i l i t y .
(c) Un-formed connections have been in d ic a te d  as dotted  l in e s  as a guide to  in te r a c t io n  ("QUERY” f a c i l i t y ) .
Stage 2 (Figu re A1.8)
(a) R7 ro ta te d  and r e -p o s itio n e d  to  improve la y o u t .
(b) One connection au to -ro u ted . The other has been l e f t  s in ce  i t  goes to  an Edge Pad on the top o f the board (to  avoid co n ge stin g  fu r th e r  c a l l s  to  the placem ent a lg o rith m ).
Stage 3 (F ig u re A1.9)
(a) Next components brought onto board (R6 and C2)
(b) Connections in d ic a te d  by "SPRINGS" f a c i l i t y .
Stage 4 (F igu re A l . 10)
(a) V e r t ic a l  s t r ip  in s e r te d  between components R9 and R8 u sin g  the "BOARD" f a c i l i t y  such th a t  R6 v .l l l  f i t  s l o t .
(b)
(c)

R6 and C2 ro ta te d  and r e -p o s it io n e d .
Connection au to -ro u ted .

Stage 5 (F igu re A l . l l )
(a) Next components brought onto board (TR2 and R4)
(b) Connections in d ic a te d  by "SPRINGS",
Stage 6 (F ig u re A1.12)
(a)
(b)
(c)

Component R4 r e -p o s it io n e d .
Component TR2 ro ta te d  and r e -p o s it io n e d .
One connection ro u te d , one l e f t  (to  avoid in te r fe r e n c e  v lt h  fu tu re  p lacem en ts),-  2 8 5  -
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(d) Next component brought onto board (R2).

(e) Connections in d ic a te d  ivlth "SPRINGS”
Stage 7 ( f ig u r e  A l . 13)
(a) R2 ro ta te d  and r e -p o s it io n e d .
(b) One connection  ro u te d , one l e f t  (to  avoid  co n ge stion ),
(c) Next component brought onto board (R5),.
(d) Connections in d ic a te d  by "SPRINGS" f a c i l i t y .
Stage 8 ( f ig u r e  A l . 14)
(a) Component R5 ro ta te d  and r e -p o s it io n e d .
(b) Connections au to -ro u te d .
(c) Next component brought onto board (R3)
(d) Connections in d ic a te d  by "SPRINGS".
Stage 9 ( f ig u r e  A l , 15)
(a) Component R5 r e -p o s it io n e d .
(b) Component R3 r e -p o s it io n e d .
(c) A l l  connections rou ted .

The c i r c u i t  i s  now complete -  a l l  components appear on the board and e v e r y  n ecessa ry  connection  has been made.
Stage 10 ( fig u r e  A1.16)
(a) H o iiz o n ta l s t r ip  o f wasted space removed from top o f board (u sin g "SHRINK" f a c i l i t y ) .
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(b) V e r t ic a l  s t r ip  o f wasted space removed from r ig h t  hand edge o f board, again  u sin g  o p tio n .
Stage 11 ( fig u r e  A1.17)
(a) Drawing mode changed to  show in - s U c e  components^'MASK” command),
(b) Node iforabers resto red  (” N0 NODES” f a c i l i t y ) .
(c) Components R7 and R8 ro ta te d  to  save space.
(d) V e r t ic a l  s t r ip  o f wasted space removed from r ig h t  hand edgeo f board.
Stage 12 (F igu re A l . l S )

The la y o u t i s  now complete and can be sca le d  to  f i t  any s ize  o f board or l e f t  in  i t s  most compressed form .
(a) H o riz o n ta l s t r ip  in s e r te d  a t r ig h t  hand edge o f board ( ” BOARD” command).
(b) V e r t ic a l  s t r ip  in s e r te d  a t  top o f board.
(c) C ir c u it  s ca le d  up to  f i t  new board ( ”EXPAND" f a c i l i t y ) ,
(d) Any broken connections re-form ed.
(e) Node Numbers suppressed.

The lay o u t f i l e  can now be passed to  the p h o to p lo ttin g  s u ite  fo r  m anufacture (Chapter 10).
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Appendix 2ResiiLts Obtained From P r a c t ic a l  C ir c u it s
This appendi x  i l l u s t r a t e s  the r e s u lts  which can be obtained when p r a c t ic a l  c i r c u i t s  are co n sid ered . Both o f the examples are in h e r e n tly  u n -p la n a r , and are th e re fo re  d i f f i c u l t  to  d e s ig n . The f i r s t  lay o u thas been achieved by in s e r t in g  a se t o f crossovers in to  the top ology f i l e  before im plem enting the program s. In  co n tra s t to  t h i s ,  the second c i r c u i t  has been l e f t  u n -p lan ar and a set o f cro sso vers have been generated com p letely  a u to m a tic a lly .

C ir c u it  1 -  A Low V oltage Audio Power A m p lifie r
The c i r c u i t  diagram fo r  t h is  example i s  shown in  ilg u r e  A 2 .1. Four cro sso ve rs have been in clu d ed  to  achieve p la n a r ity  and th ese have been named C R l, CR2, CR3 and CR4.

A fte r  a s s ig n in g  ap propriate Node Numbers and d e fin in g  the n ecessary  component g eo m etries , the d e s c r ip tio n  f i l e  shown in  Figure A2.2 was com piled. N o tice  th a t  the cro sso vers are tre a te d  as normal fouir- te rm in al d e v ic e s .
The f i n a l  la y o u t produced fo r  t h is  example i s  given in  Figure A 2 .3. A com parible s o lu tio n  would take a co n sid erab le  time to  achieve u sin g  a manual la y o u t approach. I t  wotild th e n , in  any c a s e , have to  be tra n s c r ib e d  in to  computer memory fo r  f a b r ic a t io n .

C ir c u it  2 -  V oltage R egulator
T h is netw'ork (shown in  Figure A2.4) i s  again in h e r e n tly  u n -p la n ar. T h is time the crossovers were in s e r te d  a u to m a tic a lly  -  a t o t a l  o f e ig h t were needed. When the a u to -in s e r tio n  algorithm  c re a te s  a crossover d e v ic e , i t  names i t  **Xn** (wiiere n i s  the t o t a l  number o f crossovers used to  d a te ) .  The se t X I to  X8 have been generated in  t h is  example.
The d e f in it io n  f i l e  given  in  Figure A2.5 co n tain s  a "M aster Crossover" d e s c r ip tio n  which d e fin e s  the bonding pad s iz e  in v o lv e d .
Figure A2.6 shows the la y o u t produced fo r  t h is  example. This i s  more com plicated than c ir c u i t  1 but has achieved a h igh  pacldng d e n s ity .
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A p e n c il  and paper approach i s  c le a r ly  a poor s u b s titu te  in  t h isc a s e .
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c i r c u i t  LM386

low voltage audio power a m p li f ie r  

page 10 - 55

F i g u r e A 2 - 1  C i r c u i t  e x a m p l e  1
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TY A i,IP .C IRLOW VOLTAGE AUDIO POWER A M P L IF IE RMASTER RES 1 ,2MASTER RES 2 ,2MASTER RES 3 ,2MASTER RES 4 ,2MASTER TRAN 1 , 3 , 4 0 0 , 2 0 0  2 0 0 , 1 7 52 5 . 2 53 7 5 . 2 5MASTER TRAN 2 , 3 , 6 0 0 , 5 0 0  3 0 0 , 4 6 04 0 . 4 05 6 0 . 4 0MASTER DIODE 1 , 2 , 8 0 0 , 2 0 05 0 . 1 0 07 5 0 . 1 0 0MASTER DIODE 2 , 2 , 6 0 0 , 1 6 04 0 . 8 05 6 0 . 8 0

D IODE 2D 2 , 3 , 4D 3 , 4 , 7CROSSC R 1 , 9 , 1 9 , 2 0 , 1 7C R 2 , 8 , 2 , 1 8 , 1 9C R 3 , 1 4 , 5 , 2 1 , 2 2C R 4 , 2 1 , 5 , 2 3 , 2 4EDGE1 2 , 5 , 4 , 2 , 1 8 , 2 0 , 1STOP

MASTER CROSSSTOPRES 1R l , 1 7 , lR 2 , l , 1 0RES 2 R 3 , 1 0 , 9 R 5 , 8 , 4RES 3 R 4 , 9 , 8  R 6 , 1 2 , 5RES 4 R 7 , 1 5 , 2 4TRAN 1T R l , 1 2 , 5 , 1 1T R 2 , 1 1 , 1 3 , 1 0T R 5 , 1 6 , 8 , 1 4T R 6 , 1 5 , 1 6 , 2 2
TRAN 2 T R 3 , 1 3 , 1 3 , 5  T R 4 , 1 3 , 5 , 1 4  T R 7 , 2 3 , 5 , 7  T R 9 , 6 , 5 , 4  T R I O , 3 , 4 , 2DIODE 1 D l , 2 , 3

100

F i gu r e  A2-2 Description f i l e  for Circuit 1
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ref. Linear Data Book National ( 1976) 

circui t  LM100 voltage regulator  

page 1-1

F  i g  u r e  A 2  ■ L C i r c u i t  exam ple 2
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TY C 2 . C I RVOLTAGE REGULATOR S P E C,  MASTER R E S 1 , 2  MASTER R E S 2 , 2MASTER Z E N , 2 , 5 0 0 , 3 0 02 5 . 1 5 04 7 5 . 1 5 0MASTER D I O D , 2 , 5 0 0 , 4 0 02 5 . 2 0 04 7 5 . 2 0 0MASTER M T R N l , 3 , 7 0 0 , 7 0 02 5 . 2 56 7 5 . 2 5  3 5 0 , 6 7 5MASTER MTRN2, 3 , 6 0 0 , 6 0 02 5 . 2 55 7 5 . 5 7 52 5 . 5 7 5 M T R N 3 , 5 , 8 0 0 , 8 0 0

87654321

MASTER2 0 0 . 2 54 0 0 . 2 56 0 0 . 2 56 0 0 . 7 7 52 0 0 . 7 7 5MASTER2 0 0 . 2 56 0 0 . 2 56 0 0 . 7 7 52 0 0 . 7 7 5MASTER STOP MTRNlT R 1 , 1 3 , 1 2 , 1 2  T R 4 , 1 4 , 1 0 , 1 1  T R 5 , 1 5 , 1 4 , 1 4  T R 6 , 8 , 1 6 , 1 6  T R 7 , 1 7 , 1 8 , 7  T R I O , 2 2 , 1 , 5  T R 1 1 , 3 , 2 ,2 2MTRN2T R 3 , 1 3 , 1 0 , 1T R 9 , 1 7 , 6 , 5T R 1 2 , 4 , 2 1 , 5

M T R N 4 , 4 , 8 0 0 , 8 0 0
C R O S S , 100

RES2 R 5 , 7 , 1 6  R 6 , 1 5 ,7  R 7 , 4 , 1 9  R 8 , 2 2 , 2 1ZENZ l , 1 9 , lZ 2 , 8 , l lDIOD D 1 , 3 , 5EDGE 8 7 6 5STOP 4 3 2 1

T R 2 , 1 1 , 1 0 , 5 , 1 , 1 2  MTRN4T R 8 , 1 5 , 1 8 , 1 3 , 1 4R E S IR I , 1 9 , 1 3  R 2 , 8 , 1 7  R 3 , 3 , 2 1  R 4 , l , 2
F ig u r e  A2-5 Description Fi le for Ci rcu i t  2
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