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• Conducts research , engineering, and analysis in the general
field of telecommunication science to meet government needs

• Acquires , analyzes , synthesizes , and dissem inates information
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functions responsive to the needs of the Director of the Office
of Telecommunications Policy, Executive Office of the Presi-
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ment of the radio spectrum
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OPERATIONAL AND COST CONSIDERATIONS IN THE USE OF
OPT ICAL WAV EGUIDES IN A LOCAL INFORMATION

T RANSFE R SYSTEM

R .L .  Gallawa
W .J. Hartman~

Attention is given here to the potential
use of optical waveguides in an information
exchange system consisting of many terminals
distributed uniformly over a circle of radius
R. Cost comparison is given between coaxial
cable and glass fiber systems , based on a model
described in Section 2. The results show that
the wide bandwidth capability of fibers leads
to definite cost advantages as data rates
increase. The model concen :rates on the star
and the loop distribution systems . The report
also discusses various ways of coupling energy
into and out of the fibers.

Key words: ARBITS , communications , data
bus , economics , fiber distri-
bution , parametric cost studies.

1. INTRODUCTION

The techniques of economically interconnecting a number of

communication terminals in a typical Army Base topography , are
rather involved . If one restricts attention just to the question

of minimizing total line consumption , the problem is already

quite complicated . If , in addition, attention is given to the

realistic variation of cost with data rate , the difficulty of the 
9

problem is vastly magnified . In a realistic situation , the pro-
blem is further magnified by virtue of the fact that complete

freedom in system layout is simply not available. In this regard ,

the Army Ease Information Transfer System (ARBITS) , which is of

concern here, is unlike a typical intrabu ilding network , which is

yet another interesting and complicated multi-terminal cominuni-

cation problem . For the intrabuilding communication network , the

topography is rather simple , in the sense that line layout is

restricted according to physical obstructions such as walls ,

*The authors are with the Institute for Telecommunication Sciences ,
Office of Telecommunications , U.S. Department of Commerce ,
Boulder , CO 80302.



hallways and offices which are not normally accessible for main-

t enanc’e , e tc .  The t r a n s m i s s i o n  l ines n o r m a l l y  a re  con ta ined  in

ducts which are placed in corridors specifically for that

purpose. This means that the lines are readily accessible and ,

hence , in the long term , cheaper , even though the resul t ing
prolific use of cable seems wast eful. Thus , in an int rabuilding

applica tion , one canno t rely on the type of comparison g iven in
this report. In the information transfer system of interest here

(ARBITS ), we permi t no restrict ions on sys tem topography. This

is unrealistic but the assumption allows an understanding of some

of the bas ic principles involved in decid ing an economic al sys tem
topog raphy .

In a typ ical ARBIT S configurat ion , the various communication
terminals serve a variety of purposes with a variety of data rate

requiremen ts. Such variability is considered in the model
developed in this report. The model also considers the fact that

an increased date rate can be had only at increased cos t . This
is quite realistic since terminal device cos ts increase as
increasing demands are put on the speed with which it operates.

In addit ion, cable quali ty must improve as increasing data rates

are required .

The possibility of using optical techniques in an ARBITS

configuration is an intriguing one . The characteristics of

optica l components are well matched to the needs of modern com-

munication systems . Some of the key favorable characteristics

are mentioned in Section 3. In addition to those listed charac—

teristics , we call  special a tten tion to the f a c t  tha t  optica l
components are very well suited to digital techniques. Laser
diodes are inherently on—off devices ; furthermore , the optical
waveguide can handle fast-rise-time pulses quite handily without

undue di stortion . This is simply not the case with coaxial

cables , which are inherently well-suited for analog siqnals.

This is important in view of the recent trend to digital

communications. At the receiver , opt ica l  de tectors a re  qui te
sophisticated , having adequate speed and sensitivity to handle
the demands of the most ambitious modern communication

2
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s y s t e m s .  The economic model  d iscussed in Section 2 nii kes i i  low—

l i i ces  t or t h~~se bas ic  d i i  t er en c c s  b t t  wecn t iber  an d  c a b l e

t il lS

St - c t  ion 4 of t h i s  r e p o r t  concen t  rates on some of t h e  prac—

t ica 1 a sp e c t s  of u s in q  opt  ical  c o m p o nen t s  in  an  A R B I T S  conf iqur -
it  i o n .  Man  of t h e  c o u p l i ng  c o m p o n e n t s  di s cu s s e d  tht re ar e  s t i l l
l ab o r a t o ry  d ev i ces  b u t  t h e i r  s i m p l i c i t y  r e n d e r s  then i  f e a s i b l e  fo r

i i  r~~e scale  p r o d u c t i o n , once the  need is est  ibl i shed

2 .  AR BI TS COST A N A L Y S I S
2. 1 m t  r o d i i ct  ion

- An economic d f lJ l \ ’S i S  of t e l e c o m m u n i c a t i o n s  f ac i l i t i e s  has
become i i f  m e d  and s p ec i a l i z e d  area  of s t u d y .  Hard evidence on

cost h i s t o ry  is not, o f t e n  kept , except  by common c a r r i e r s .  Even
t h e n , t he  n o r m a l i -,’ i t i o n  is o f t e n  d e f i n e d  such t h a t  onl y ve ry
spt ’t - i tic q ue s t i o n s  can be examined . Such n o r m a l i z a t i o n  does not
of t en  100(1 i t s e l f  to  the evaluation of a l t e r n a t i v e  opportunities ,

t xct })t in special cases .  The an a l y s i s  is f u r t h e r  c o m pl i c a t e d  by
t hc f a c t  t h a t  t he te econlniun i cat  ions m a n ag e  r is  not  st  eepod in t h e

I ar go n  of f i nan c i a l  m at  t cr s .

An i m p o r t a n t  concept in  s y s t e m  cos t is t h e  economy of
SL ’ i l C .  In  t e l e c o m m u n i c a t i o n s  systems , the t e r m  refers to the
d ecr t as i ng a g gr e g a t e d  u n i t  cost of a serv ice  as the  number  of
u n i t s  i n c r ea se s .  Tn t he  c o n t e x t  of t h e  ARBI TS p r o gr a m , economy

ot s ca le  wou l d a p p l y  i f  t h e  cost per t e r n  na l u n i t  decreases  as
more un i t s Ir e  added t o t he svs tern ; -i i t  er u a t e  ly  , i t  could  be used
t o  d e s c r i b e  the  de c r eis  i ii~ I cost of a no i t  of serv ice ( b a n d w i d t h )

is t h e  numbe r of services  i ncr ease s .

The approach to the  ARBI TS i n s t  al  l i t  ion cost s i one ci’

d e s i gn i n g  a l eas t  cost n e t w o r k  configuration of accept a t - l e
p e r f o r m a n c e .  T h u s , because t h e r e  i s  no r evenu ’ rom t he system

an d amor  t i za t ion of the cost is not requi i red , I he economic
i rt u re is s imp l i t  ied . One needs oul  I o ‘oncen t r at  e on t lie

rn n imum cost n e t w o r k , i n sof i r as p o s si b le

The cost  of a m olt i p o i n t  n e t wor k  c on s i St s  o t  I i nc  costs ,

w h i c h  depend on base s ize  , and inter lace  an d c o u p l e r  cos ts  , w h i c h  
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depend on system capacity. In most practical cases , a mi nimum
cost network is obtained when total line costs are minimized.

Th is is an important concept , f i rs t discussed by Elias and

Ferquson (1974). It forms the basis of much of the effort i n

designing system topography for least cost.

2.2 Star , Tee , and Loop Configura t ions
Thr ee of the mos t impor tan t topog r aphies  in  a mu l t i te rmi na l

d a ta  bus c o n f ia u r at i o n  a r e  t he  s t a r , the  tee , and the  loop
n e t w o r k s  (F i g u r e  2 - 1 )  , se named because of the  geomet ry  of the
c o n n e c t i ng  l i n e s .  In  t h e  s t a r  n e t w o r k  (F i g u r e  2 — l a )  , the  t e r m i-
n a l s  a r e  located a t  p o i n t s  ( x . ,  ~~~ in  the  x — y  p l a n e
( i  1, 2 , . . . N , where  N is the  number  of t e r m i n a l s) .  In order
to m i n i m i z e  t he  l i n e  l e ngt h  ( w h i c h , accord ing  to the  sugges t i on
by E l i a s  and Ferquson  ( 1 9 7 4 ) , w i l l  m i n i m i z e  sys t em cos t)  one must
loca te  the  s t a r  connector  a t  x , y , w h o r e

N 
-) 

C C 

211/2

~ 
l ( x .  — x ) + (“ . —

L 1 c 1 c
i = l  

-

is m inimum . Usually, the problem of finding x , 1c 
is difficult

and solutions are iterative in nature. if N is large , the solu-

tion requires considerable computer s~ orage capacity and long

computer runs (Nesenbe rqs and Linf iel d , 1976) . Approximations

are often used to obtain values of (x , v ) .  The reader  isc - c
referred to the literature for a discussion of the solutions

(Nesenberys and Linfield , 1976; Kuhn , 1965; and Katz , 1969).

Several approximations are available to find the values (x .,

y ) since the exact problem is quite dift ’icult. if we make the

s imp lif ying assumption that the communications nodes are distri-

buted uniformly within a circle of radius R , then (x , v )  is
(0 , 0 ) .  S p ec i f i c  types of uniform distribu t ion  are discussed

be l ow . The n a t u r e  of t h e  d i s tr i b u t i o n  of t h e  communication

t e r m i na l s  has  a s ign  if i can t :  impart on network topo l ogy

4
I,
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Figure 2— i. The star (a) , tee (b )  , and loop (c)
configurations.
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For t h e  t e e ny stem (i- ’iqure 2— lb )  m i n i m U m  t o t a l  h u t  l e ng t h

c i i i  be h i d  by so ng t. he so—ca I ic I t rave 1 ing — s i  lesm,in p rob lem

Flood , [9 5 6 )  . In I h i s  p rob l em , we cons ider  a s a l e s m a n  who

w i s he s  1 o t r a v e l  by t h e  shortest t o t al  d i n t  ance  from ii is home to

each ( I  N — i  c i t i e s  and  t h e n  i - e t u r n  home.  T h i s  p rob l em is a t t r i —

b u t  u i t o  llassler W h i t n e y , who posed i t  f o r  t h e  f i r s t  t inie i n  1934

d u r i n g  i s e m i na r  a t  P r i  nc ton U n i v e r s i t y .  The t ravel i n g — s i l e s m a n
}) I O b l  o u t  hilS in tei’ ts t in g  a n a l og i e s  in operations t - e s e ar c i i  and is
he ret ( 1 ro of con s i ic r i b ]  e i n te  r e s t  . One ob v i o u s  a n a l ogy  i s  the

sc h~ du I i  ng of  ‘i mach  In c  ove r  a g I yen  set of ope ia I i ons when t he
cy c l e  t I llS ’ is to  be lii i 01111 i z i  by choos iw; t h e  opt imum sequence of

~ pe r a t  i oiis

One app roach  is  for t he I r a v e]  i nq salesman a iways to  go next
() t h e  c l o s e s t  ci ty not  a I r eady  v i  s i t  od - In an ic t  i i i l  t e s t  of

t h i s  a t  t e m p t  it least distance , cons i d e r i t i o n  was g i v e n  t o  49
c i L i e n , one i n  each of t h e  cont, i guous  Un i t  t i  St a t en  and t h e
I) i s t  r i ci of Co I umb i i . The n ex t  — c l o s e s t  — c i t y  approach , beginning

i n  W a s h i ng t o n , DC , y i e l d e d  904 u n i t s  of ’ distance as opposed to
4 9 )  u n i t  f o r  t he o p t i m u m  (Flood , 1956) ; t h i s  i n  an i nc rease  ot
near  1 v 3 O i  , which i s unaccep  t a b l  in  many can es .  I n  t i a  t a bus
ap p l i c a t i o n s, a s av i ng s  of 30 ’i in t o t a l  l i n e  used can be
1 n ip or  tint . Aiqor it hms for c o n s t r u ct i ng  m u ]  t ipoi l i t  n e t w or k s  have
be ‘r deve 1 open a ti d t he r t ade r i s re f e  i -red  to t he l i t e r a t u r e  to r a
( l enc  r i p t  ion  of t h e  comp~ t e r proq rams ( Nesenli e rq s and L in  f i e l d
I 97 6 ;  1’ b e d  , 1956 ; Easu  and  W i l l  i ams , 1 966 ; and Ch i u i d v  and
Ennui ’ Ii , I ‘)72

P ot  t h e  I o oj )  ‘ o u i f i g u r a t  ion ( t ’ i qu r e  2 — I c )  , we consider a
ne r\ ’ j e t  a rca  o t r a d i us  * R and a t r u n k  loop of rad ins I), cii i 0

wh i cii each of t he  I rm i n i  In connects. We w i l l  f o l  low many ci the

t h i s  ot  .1 core i t t  t ’ ei o rt  by N e s e i i h er q s  and Linfield ( 19 76 )  . I n
pa r t  i cii  I a r , we t a k e  the  di  n t  an c e  IT rom t e rm i  na 1 i to the  loop of
r i h i u s  P an  x~~, i 1 , 2, ~~, . - .N. L i - i the special  case when
I) -0 , t lie l oop reduces to t he s t a r con i i  g u t  r a t  ion . The ioop and

~ E n  a I i  t e r  ned lOll  we use R and  
~~ 

to  desi  qna  t e  h i t  r a t  en .  The
s er v i ce  i r i  r a d i u s  ( B )  i s  d~~s . i g i i i t  ed withou t a subscript . That
shot i  1 d ‘ii low i d i n t  i t ic  t i on  wi . t hon I con ins i on -

~~~~~~ _ _ _ _ _ _ _ _ _ _ _ _ _ _



the star configurations have a potential advantage over t, iit tee

Si f l c e  not all lines c ar r y  the same (maximum) traf fic ; in tact ,

t he  drop  l i n e s  or t h e  l i ne s  f rom the  node to the star carry only

t h e  t r a f f i c  a p p r o p r ia t e  to  t h e  nod e. The t r a f f i c  c a r r i e d  in the

loop i s  comparab le  to  t h e  t r a f f i c  c a r r i e d  in  each l i n e  in  the  Lee

n e t w o r k .  For t h a t  reason we now r e s t r i c t  a t t e n t i o n  to the  s t a r

and loop c o n f ig u r a t i o n s  to e x a m i n e  cost v a r i a t i o n s  in each case.

The s t a r  and loop confiqurations can be t r e a t e d  in  a
s t r a i g h t f o r w a rd  f a s h i o n  i f  th e  c o m m u n i c a t i o n  nodes a re  c l i s t r i —
bu t ed in  a known l ashion over a c i r c l e  of r a d i u s  B . The a c t u a l

d i s t r i b u t i o n  of such nodes w i l l  p l a y  an i m p o r t a n t  pa r t  in

choosing an econom i ca l sys tem topography . I t  is f o r  t h i s  reason
t h a t  we d i g r e s s  now to cons ide r  r e a l i s t i c  a l te r n a t i v e s  in a
t y p i c a l AR B ITS  n o d a l  d i s tr i b u t i o n .

2 C om mu n i c a t i on  T e r m i na l  D i s t r i b u t i o n s

We c o n s i d e r  a base containing m a n y  commun ica L i  on Lerm i na is
(nodes)  d i s t r i b u t e d  over a c i r cl e  of r a d i u s  R .  The d i s t r i b u t i o n

of t he  t e r n i i n a  ls w i l l  be assumed to be random . N o r m a l l y ,  one
w o u l d  expect  a c e n t r a l  or h ea d q u a r t e r s  f a c i l i t y  to  be l oca t ed  at
the  c e n t e r  of t he  c i r c l e .  The o t h e r  t e r m i n a l s  a re  then  d i s t r i —
hu ted  in a random f a s h i o n  w i t h  a d e n s i ty  wh ich  may be a f u n c t i o n
of d i s t a n c e  f rom the  c e n t e r  ( r )  * hu t  c o n s t a n t  i n  a z i m u t h .  In
some cases , t h e r e  I s no special s ign i f  i cance  i n  t h e  cen te r  of the
c i rc l e  ( r=O ) and t h e  n o da l  d e n s i t y  is u n i f o r m  w i  t i i  r espec t  t o  t h e
x — y  c o o r d i n a t e s .

A d i s t r i b u t i o n  w h i c h  i s  u n i f o r m  in t h e  r , coordinate

sys tem w i l l  be dense 1’~’ p o p u l a t e d  near  r=O and t he  d e n s i ty  w i l l
dec ~~~ise as I /r since the a tea in t hc r , .-~ys t er n  increases
l i n e a r l y  w i t h  r .  i t  i s  a l s o  poss ib le  to cons ider  a d e n s i ty

u n c t i o n  Wh i c h  v a r i es  a r b i t r a r i l y  w i t h  r .  The d i s t r i b u t i o n  is

i m p o r t a n t  in a s m uch  an  i t  d i c t a t e  the  p r o b a b i l i t y  d e n s i ty  f u n d  ion
f o r  d i s ta n c e  b et w e en  t e r r nin a l s  . We w i l l  r e s t r i c t  at  tent ion to
*I ~1t  symbol r d e n ot e s  t h e  v ar i ab l e  ( l i s t  an re  I u.orn t he cen t  ci’ c t  t he
c i rc l e ;  R is I h i ’  l i m i t  I nq radius, w i t  h i n  w h i ch  i-h 1 t erm i na is ace
a l l  coot aj n e d .

7

— 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~ 

. _
~~~~



- -- - ——- - - -

the d i s t r i b ut i o n  of t e r m i n a l s  ( c o m m u n i c a t i o n  nodes~ w h i c h  is

u n i t o r m  in  t h e  r e c t a ngu l a r  coordinates (but limited to a circle

of radius R) and a d is t ribut ion uniform in the polar coord ina tes
and l i m i t  e l  to a c i r c l e  of r a d i u s  R.

A c o m p u ter  p r o g r a m  w r i t t e n  by R . K .  Hosich and h i s  co l leagues

a t  the I n s t i t u t e  f o r  T e l e c o m m u n i c a t i o n  Sciences (R o s i c h , 19 7 7 ) ,

cons ide r s  t h e  d i s t r i b u t i o n  of random p o i n t s  in a c i r c l e  of r a d i u s
Rn . d i s t r i b u t e d  u n i t o r m i - ,’ in - i  r e c t a n g u l a r  and in  po la r  c o o r d i n a t e s .

F i q u re  2 - 2 a  g i v e s  a c o m p u t e r —g en e r a t e d  s c a t t e r — p o i n t  d i s p l a y  of

such random p o i n t s  in  t h e  r e c t a n g u l a r  c o o r d i n a te  sys tem.  Note
-‘ t h a t  t he  p r o b a b i l i t y  of f i n d i n g  a po in t  i n  an area dxdy  is

p r o p o r t i o na l  to t h e  , i t e a  dx d y .  ( T h i s  is w h a t  we mean by u n i f o r m
d i n t  r i bu t  iou . ) The p o i n t s  r epresen t  a compute r  s e l e c t i o n  of
random p o i n t s  i n  t h e  c i r c l e  of u n i t  r a d i u s .  A f t e r  the  p o i n t s  au’e
randomly g e n e r a t e d , a b a r — h i s t o g r a m  of 100 ce l l s  is  gene ra t ed  to
show t h e  d i s t an c e  between p o i n t s .  T h i s  is  a p r o b a b i l i t y  d i s t r i —
E ) u i t j O n  t u t i r tj on  of such d i s t a n c e s .  The r e s ul t  is shown in F i g u r e
2-2b , w h i c h  also  shows ( smooth cu r v e)  t h e  a n a l y t i c  d e s c r i p t i o n  of
this probabilit y distribution function (Crow , 1 972 , Equation 5).

F i gu r e  2 -2 c , i n c l u d e d  fo r  the  sake of completeness, show s the
computer g e n e r a t e d  (stair—step) curve and the analytic curve for

the cumulative probability distribution function for a distance

between two points appropriate to the distribution of Figure 2—2a.

These curves are included to assist the reader in making a

men t on tht- r e l e v a n c e  of the model prenen ted here  to the a c t u a l

p rob lem a t  h a n d . The p o p u l a t i o n  of F i gu r e  2 — 2 a  is 5000 p o i n t s .
F igu r e s  2-3a , b , c are  c o r r e s p o n d i ng  f i g u r e s  fo r  5000 p o i n t s

u n i t’orrnly distributed in polar coordinates. Note the crowdinq of

poin ts near the origin. This may realistically describe the

distribution in some Army Base networks for which the point r~
()

r e p r e s e n t s  base headquarters. The smooth curve in Figure 2— 1b

shows t he  Beta density function approximation to the computer

generated histogram .

Figure 2-4 shows a comparison of the probability density

t’ u n c t  ions of distance between two points for the two types of
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distribu t ions~ The smooth curve is the analytic expression for

the distribution uniform in rectangular coordinates. The stair-

step curve shows the bar histogram for the distance between two

p o i n t s  when the  d i s t r i b u t i o n  is u n i f o r m  in  polar  coordina tes .

2 . 4  Relative Costs for the Star and Loop Confiqurations

We now use the i n f o r m a t i o n  presented in the two preceding

s e ct i o n s  to p resen t  r e l a t i v e  cost da t a  fo r  a con t r ived  ARB I TS
system . We will restrict attention to the loop and the star

configurations (Figures 2-la and c) for reasons already

described . The distribution of the N communication terminals

will be taken as uniform , as already discussed , al though the
computer program mentioned in Section 2.3 would allow one to

consider an arbi trary distribution with respect to r. The star

configura tion is simply a special case of the loop configura tion
(D=O) -

Let ting x designate the distance from a terminal to the ioop
of r a d i u s  D , we consider f i r s t  the dis tribution which is uniform
in r e c t a ngu l a r  coord ina tes .  (We w i l l  occas iona l ly  r e f e r  to t h i s
as Case A.) The distance x is a randoi variable with a probabil— ‘

ity densi ty function f (x ), where

f ( x )  ~_!? 
~~ Os x mm ( D , R — D )  ( 2 — l a )

~~~~ 
(r + ~~~ x

’
~ if mm (D, R— D)- x ‘- max (D, R—D) ,

R \ / — — (2—Ib )

0 otherwise.

The expected value of x is

Ex = ~~ R [1  
- , 

~~~~

+ (
~
)

3] - ( 2 - 2 )
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When the N terminals are distributed uniformly in polar coordinates

the corresponding probability density function is (Case B)

f(x) = if O~ x -z mm (D, R — D )  , (2—3a)

if mm (D, R-D) x - max (D , R-D ) , ( 2 - 3 b )

0 o t h e r w i s e ,

and (Case B)

Ex = ~z - 2 + 
2 ( ~)]  

- ( 2 - 4 )

Equat ions  ( 2 — 2 )  and ( 2 — 4 )  ar-c amenable  to an i n t e r e s t i n g

comparison of the two types of t e r m i n a l  d i s t r i b u t i o n s  being

considered . Case A (E q u a t i o n  ( 2 - 2 )  , Figure  2 - 2 a)  e x h i b i t s  a

minimum value of expected distance , Ex , when D/R = l//2 . Case 13

(Equation (2—3), Figure 2-3a) exhibits minimum value of Ex when
D/R = 1/2. ~t is not surprising that the distribution which is
uniform in r-~ coordinates has minimum Ex at a smaller value of

D/R. In either case , the minimum cos t may not occu r when Ex is
minimum . This will be discussed fu rther when data are presented.

Choosing D/R such tha t  Ex is min imum has opera t iona l  ( non-
economic) advantage in an ARBITS system so it is desirable to

have minimum Ex coincide with minimum cost. Whether or not this

happens depends on the relative importance of cable or fiber

coSt. Total t r ansmiss ion  l ine  consumption is min imum when D/R is
s l i g h t l y  less (by f l /N ) then the va lue  of D/R y i e l d i n g  min imum E x .

Following the earlier work of Nesenbergs and Linfield (1976),

we now corzsider var ious  scenarios involving d i f f e r e n t  services
and number ~f terminals. The various services will be identified

by the subscript s , s = 1, 2 , - - . - The numbe r of t e r m i n a l s

of type s will be and 
~ 

= N. Each feeder line , of lenq th
x ,  will be assumed to cos t ~~~ per unit length. The per-unit-

length cost of the loop of radius D will be designated \ .  The

total cost , Y , is then a random variable given by

17 ‘
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U

V 2 L~ 
4~~~~~~ ’ ~~~ , ( 2 - 5 )

-L

•i nd t h e  e x p ec t  t -~~ i ’ost t o r  Cd~ e A is

EV ( A )  ~~~~ R~~~~~~n ~ —
~~~~~~~~~~~

- (2. 2
t (‘~ ] -  ( 2~~~ )

[‘or- Case U , the e x 1’~~ c LeJ  cost is

= — 2 ~~ (2~~
2) + 2 ( i) 2 ]  , ( 2 — 7 )

w h e re

= I — .
~~~

- 
- ( 2 — 8 )

U -/ s s

Fq u st  ions ( 2 — 6 )  ~ni (2—7) can be d i t  t ’ ei - cnt  iated with respect

to (D/R) to Jetermi no t h e  o p t i m u m  v a l u e  of loop radius , 1). The

l e a s t  cost f o r  Case A occurs when

D ( o p t i m u m , C a s i -  A~ = R .  ( 2 — 9 )

For Case B , t h e  l ea s t  cost occurs When

U (optimum , Case U) = (2 10)

N o t i c e  t h a t  if the unit loop cost (2 - \ )  is ( 5 r e a t e r  than t h e  unit

fe e d er  cost (~ n 5 \ 5 ) , , is i m a q i n a r v  (a 2 is neqat ive) , mo an i nq

tha t the star network (D=0) is the least cost. When a is positive

and re al , Equations (2— 9) and  (2—10) qivo the  o p t i m u m  r a d i u s  of
the loop in each  case.

2 . 4 . 1  U n i t  cost and d a ta  r a tes  f o r  cab le  and f iber l ines
The economic model  p resen ted  here  compares t he  r e l a t i v e  cost

of metallic cable and optical fiber. Most generally, the

18 
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ni~ - t  a l l  i c  c ab i  e iS exp e c te d  to be coax i a  1 c~~b ii-; t he model is not

so rest r ict e l  • a It. h o u qh  t he ~‘a lues a ~ t h e  c o n s t a n t s  used in  t h i s

r i - p o r t  a p p ly  t o  c o a x ij l  cab l e s . wo w i l l  l a te r  mak e  a key

a sr u s n r t  ion r e q i r ~I i nq thi; fact t h a t  , for m e t a l l i c  cables , u n i t
cost increases i n  t r o p e r - t ion to t h e  p r o d u c t  13 -L w h e r e  13 is pu lse

r i t e  and  I. is  d i s t  4ince - T h i s  concept  is f e l t  to hold f o r  a l l
r; - t a l l ic cables , although the m u l t i p l y ing  c o n s t a n t  of p r o p o r t i o n —
alit y cha n qes  w i t  h t he qeomet  ry  of the cable.

~ e i m m e d i a t e l y  en c o u n t e r  a p rob lem in  t e r m i n o l o g y .  We w a n t
to d i stin qu i sh metallic transmission lines from glass fiber

t ransmission lines. ‘
~
-
~~ w i l l  do so by u s i n g  the term “cable ” or

“coaxial cable ” to identif y the meta l l ic l i n e , with the under—

standing that it is only the constants used that limit the

results to coaxial cables. We will use the term “fibe r” or
“ op t i ca l  f i b e r - ” or some such term to distinguish the glass fiber

optical transmission line. The problem in terminology arises

b ecause  the fiber wavequides are , in every sense , a “cable ” .
Ti-t u s , to use the t e r m  “cable ” to mean a metallic line is a

misnomer , common usaise sot withstanding . In the interest of ease

of p r~-sentat ion , howe v e r , we w i l l  use the  term “ c~- i b l e ” t o  mean
a m e tallic - si lo . class fiber transmission lines w i l l  he
i~io n t  1 i e~ as L I )  s r .

i t  i s  i o n - s  ~s I 1’: conceded that the unit cost of c o m m u n i c a t i o n

serv  ices  W ~ e f l c i 5  on t he  d at a  r a t e .  In f a c t , i t  can be a rgued
t h a t f o r  ca i L - r , the unit cos t w i l l  also depenu on d i s t a n c e
between s t a t i o n s  ( C h a d w i c k , 1 9 7 7 ;  G a l l a w a , 1 9 7 7) .  This  can be
see n by noting that , f o r coax ial cable , a reasonab le  f i g u r e  of
meri t for digital traffic is the product PL2 where  I3 is pulse
rate and L is d i s t ance . In f a c t , BL is a cons tan t  in d ispers ion
li mited coaxial cable systems with the value of the constant

d e p e n d i nu  on the amount of copper used in the cable. This is

seen by no ti ng that for such cables (Gal lawa , 1977)

13L2 = K a 2 (2-ila)

= K a 2 /L  , ( 2 - l i b )
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= C0 + C~ R D ( 2 — 1 3)

= ç + C R ( 2 14)
5 0 1 S

wh ere C and C are 2— ins tants , R is the da ta rate for service S
0 1 S ,

an d R D is da t a  r a t e  on the loop of radius D; C 1 and C 1 depend on
distance and C

1 as follows :

C
1 
(cable) = C

1 
D/r , (2—15)

C1 
(cable) = C 1 Ex/r~ , (2—16)

where r is a reference value of distance , introduced to maintain

the proper dimensions in the equations. Equations (2-15) and

(2-16) are for cables. For optical waveguide systems , we take

C1 
and C 1 to be independent of line length.

C
1 

( f i b e r )  = C
1 

= C~ (fiber) - (2—17)

If we now take p5 to be the occupancy (probability of trans—

mission or reception ) for a terminal of service s, then the mean

plus 4e value of R
D is (Nesenbergs and Linfield , 1976 )

RD 
= ~~~~~~~~~ n5p5R5 

+ 
~~~~~~~~~~~~~~~~ 

~~~~~~~~ 
(l-p 5

)R~~ , - (2—18)

where S is the standard deviation of the distribu tion .

Let the average terminal activity be denoted by p:

p = n5p5
, (2— 19 )

x~ and 
~~ 

are the relative terminal population and activity :
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i i . N ( 2 — 2 0 )

- ( 2 — 2 1 )

~‘ It ii t here • Ic 1~ i n i t  i ons  , we a c e  irs a p o s i t  ion I. 0 cOliipa re
I lit ’ c.It)1t’ ,in.l I lie I j h t . ’ s - s v s t t ’t i i s  I oi- v a t - i on s  scen a r i o s.  The

s C e I i . ir i c u ; ;  art ’ t l& ’ f j n , - .I  P spt -c i  fy in ~i v a l u e s  of t h e  x~~, 
~~~~~~

‘ 
R 5 , p ,

N , .i m l  I he s a t  i o ‘
~ ~~

‘ 
, anti t he ratio E/ s - Table 2 - 1 gi v e s  t he

.l t ’t a i  Is ; 0 1 tii ret ’ scen a rio ; ;  of  ~- a s - v i i i . ;  a c t i v i t y .  F o r  S c e n a r i o  I
r~g -  O t  - I  1 1 t o t - m i  11.1 Is .i Ce \‘o I ci_ ’ ( x = 0. 50) , w h i le  t h e  second

SCt ’fl~ ) I ~ cm i s a 1 1 vo i cc’ - ~ci_ -n a r io 3 i s sath ei- ambi  t ious , w i t h  8
ot its I ‘- ttml i cia is r e - u ti  ii nq i _ l . i t a s - a t  es i r s  excess  of 1 MEl ’S ; 1?’ of

hi ’ I ‘ r r s i j n . s l s  ar e  3 3  M1 (I~~ video t e rminals ( x  = 0 . 0 1 ) .  R e c al l
I l i s t  t h e  V a l I s e  a s s i i _ i s i e d  to  y sp e c i  ti c’s I lie a c t  i v i  ty  of I h a t

I t ’ i - I i / l 5 5 . l  I , w i t  Ii r espect  to the syst cut a ve r ag e :  = 0 . 6  means

that t h e  s c - i i t  j \ ’ t ’  act i v i I  \ f o r  a t e l ep h o n e  ( S cen a r i o  1) i s  ( 0 I  of

t he .sv ’ s a i _ ; t ’ t e r m i n a  1 ac t  iv I tjv over t lie e n t i r e  n e t w o r k  -

( i i  I he d.i t o  p ro s- sen  tn ’,I be l ow , we Wi 1 1 cons ide r a sys t oni

h.:ivisit; 401) tesmi n .i i s-; ( — - N) au th act ivitv (=p) of 0.2’~ and 0.75~
Tin ’ r . i t  icu C / C  f o r  t he t’abje wi ll be tj akesi to be 1 50 W i t  h da t  a

r a t  e •; i von in KEF’S - ‘I’iii s ssmeasis I hat the data i-ate bet; i n s  t o

i m l - .~ i t ’t on cost ( E q u a t i o n s  ( 2 — 1 3 )  a n t I  ( 2 — 1 4 ) )  wher s th e  d a t a  i - a t e

. i p p t o . u ’h i e s  I 50 KEPS if ( I  or t lie cab I e)  D or i-:x i s equ a 1 to  t ;he

ri’ i t ’  r et i cc ’ va 1 ti c r ( see E q u a t i o n s  ( -~ 
— 1 5) ~ n n1 ( 2— I 6 )  ) - We Wi 1 1

ta ke R/m 4, where R is I lie t - o d i u --; of t h e  serv i ce area , . i S

~‘s - t ’v 1 O t i S I y  d e f i n e d .  T h i s  n i t - a i l S t h a t  i f  c h a s a ct e r i s t i c  d i s t a n c e

(1) or 1-x ) is I t ’ss-~ I han abots t E / 4 , d i  st  al ice ~
.‘ i l l  have l i t  t i e

m n i p a c l  on t he pc.’r — u I i i I. — l e n . t t h  cost; •ss c h a ra c t e r i s t i c  d i s t a nc e

a 1 ’ l ) s c l ,tc heS R/ 4  , however , t l i t ’  Un it i_ ’cst t o t -  c a b le  w i l l  increast ’ -

5 t lie t1~ t .i P S t  ‘r et i  t t ’i_ l in tin’ ç’U rye s , I-i c low , we as s’ime I h a t

t hi’ I~ i h e r  b.i~~t ’ t ’OS I (le t~ 1 oct ed u I t ima tt’ lv in t ho v a l u e  ot  C0
) i

‘
~ I i n /c ’;; I in .’ cab It ’ ba~ t ’ rn ;; - T h us , w h i l e  I lit ’ fiber has

n i h  sI  i net opera  I j ona 1 .itl\~,5fl ~~~.;,‘~~-; ovt ’ s - cii i lo , t lie current uni t cost

I s t i e  t~ i n i t t ’  lv P i t;lie r t h i n  (~ d [ m  le liii  i t cost - i-’~’r I Pt’ h i gh  do t .i

t~~~t o  s y st  emt-s • h owt ’’.’, ’ s -  , I 1 i s ;  exp e c t e d  I hat the nt-irsiia l i ;-c ’tl cos t cit
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the fiber systems is lower than the cable system in sp ite of the

increased base price . This comes abou t because of the extreme

bandwid th capability of the fiber. It can support tens of

meqabits per second ea sily even in a relatively inexpensive
fiber. This is accoun ted fo r in the model by t a k i n g  C

0
/C

1 
= 450

for the f iber. Even this is probably pessimis t ic ; it means that
data rate impacts on cost for the fiber system only for data
rates close to or greater than 450 KBPS . Below that data rate ,

the unit cos t of fiber is f la t and independent of data rate and
dis tance , L.

In the data presented below , we will give d imension less cost
(normalized cost) ; with the normalization being with respect to

r - C . Furthermore , for simplicity, we will present “universal”

curves by norma lizing each to unity with respect to the maximum

fiber cos t . Thus , the curves for fiber systems are always unity

or less. All other values are with respect to that cost. The

normalization depends on the value of p; thus , even though p = 0.25
and p = 0.75 are presented in the same figure , the reade r
mus t be careful to compare cable and fiber only fo r the same
value of p.

2.5 Cost Comparisons

The curves in Figures 2 — 5  to 2—10 g ive the  r esu l t s  of the
analysis , based on the model discussed in the preceding .

Figures 2-5 and 2-6 are for Scenario 1 , Figures  2-7 and 2-8 are
for Scenario 2 , and the last two figures are for the last
scenario. The odd numbered figures (2-5 , 2-7 , 2-9) are for

terminal distributions uniform in the rectangular coordinate

system (see Figure 2-2a) and the even numbered figures correspond
to uniformity in the polar sys tem (see Figure 2— 3a) . A mark

appearing on the abscissa in each case indicates the value of the

abscissa (D/R) corresponding to minimum value of Ex. As discuss-
ed earlier , this is also close to the value of DIR corresponding

to minimum total consumption of transmission line . Comparison

can be macIc between cable and fiber in each case only for like

va lues of p.
24
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Figure 2-5. Relative cost for fiber and cable systems
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uniform in the rectangular coordinate
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the va lue  of D/R f o r  wh ich  i-: x is m i n i m u m .
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Figure 2—6. Relative cost for fiber and cable systems
b r  Scenario 1 w it h  t e r m i n a l d i s t r i b u t i o n
unifrom in the polar coordinate
system . The arrow on the abscissa marks
the va lue  of D/R f o r  W h i C h  !-x i s  m i n i m u m .
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Figure 2—8. Relative cost for fiber and cable systems
for Scenario 2 with terminal distribution
uniform in the polar coordinate system .
The arrow on the abscissa marks the value
of D/R for which Ex is minimum .
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sev er a l  points or e  o b v iou s , as c an  b -  seen b e x a i s ; l n i n q  the

i’-;ures:

i- ’or  t he mode s a t  e sy s t em s  ( Scena i los  1 and 2) t he ml  ii imuni

co st  f o r - t h e  I ibei- system is n e a r l y  at t h e  point: for which t o t a l

I t i l e  C ’o l ) s um p t  ion is  minimum - Tb is  is a bonus  since m i n i m u m  line

coui:; is; l ipt  i on  wou Id Ill i l l  ~m I 2~t ’ deg coda t ion and 1 eq is t i cs p lems -
The  ml  n i m u r n  cost f o r  t h e  cab le  s y s t e m  is f o r  sma l 1cr v a l u e s  of
loop i i  i c u s  • D , and more t h a n  t h e  nun  i m u m  t o t  i i  l i n e  c o n s u mp t i o n .

2 .  in  each  ca s t ’ , i n c r ea s i ng  a c t i v i t y  l ea d s  to d e c r ea s i n g

o p t  i m um  v a l u e s  of D/R -

~ The f i b e r  s y s t e m  i s  i n va r i a b l y  more t o l e i - a n t  of m i s t a ke s  i n

b i ca t  i n . s  t h e  opt i m u m  ioop r a d i u s;  i . e .  , t h e  m i n i m u m  f o r  t h e  f i b e r
system j5 g u i  te  b r oad whereas t om the c ab l e , ~ t i s  r e l a t  i ve l v
s h a r p .  N o t e , in  S h i s  r t IO  Pd , t h O t  I he c a b le  s s t  em cost .~oes u p

rat her ab r u p t  I i I the loop cam i n o t  1~e p laced a t  t h e  opt  imum

t ’~’cause of obst ruct ions  - f o r  e x a m p l e .

4 - For t h e  most  am b i  t i o n s  s v st  ens ( Scena  rio 3)  f -h e  st  a r s s  t em

= 0) i s  t he most ecoi-sons i cii in  each  case  e x c e p t  when  p = 0.25 ,

iii t he c~ibl - s’.-steni . I n  this svst em we a i so  see how r a p i d l y t he
cab l e  Svs t 5) 511 cos t  t s i t ’ t i _ - a  ses when  D - R moves sw a y  I rom t he opt  imum -

Tab l e  2 — 2  w i l l  h e l p  in  t h e  i n t e l - } ) s - e t a t  ion of t h e  i _ i o t a  • i i v e i i
i n  t h e  c u r v e s  - The 4th and 5t h  co lunins g i v e  t h e  r a t  i cm of  I i be r
cost a t  i t s  minimum t o  ca b le  cost a t  i t s  m i n i m u m .  C o l u m n  4 i s
for I ibe r be inq ‘~0. more e x p e n s i v e  t h an  t h e  c a b l e  b a s e  cost 1 on i _ I
C o l u m n  5 c’or responds  to I ibe p cost  be i n a  t w i  cc t i - sot  of cable -

Co 1 u m m i  6 gi v e s  t he r at  i cm of base cost s l equ l i e d  t o y ie  I d  C’C~ U .1 1
system costs a t  t he  respect  ive  m i n i m a . N o t  e that t h e  fiber

sy s t e m  is  compet i t  i v e  with collie even t h o ugh  it s base ( ‘P1st is  1 - 5
t o  2 . 0 t imes  t he base cost of coppe r .  T m - s  t he mo s t  amb i t  ious

svsten ( Sc e n a r i o  5 )  t h e  r a t i o  of base  c o s t s  can  be as h i - i b  as 4

t o  S and t i her  is s t i l l  c o m pet i t  iv e .  This i s  n o t  s u s - p i - i s i n i

si u lce  t h e  h i gh  d o t s  r a t  e sy st e m s  d e m a n d  c o mp o nent - s wii i . ’h c s m
ea si  lv  accnmmoda S e t h e  sho i ’ I r i se t i l ime s , The r e s p t l n S t ’  t ime of a
(‘01/ ic I S  s i m p l y  n o t  - i d e g u m a t  e a n s i  t h i s  i s  rc ’ f l ’ ’ c t c m d  i n  t h e  cost
I n 0t~~( ’O rd.  nc  w 1 t h t l i e  mo le 1. p r e s e n t e d  h e r e  -

:5 -I

~ 

T~~~~~--~~ -~ -- - -



— —  _— n.—___ -. _— — _- -- 
~f l ’ C~~~s.~ - -n- ..n ~~~ -, .- --,

~ - —
~~W ’_s~5~~!

4 ’ in fl 1. .-4 • N SD 0 C) S.) ~~ ~~
0 ‘5 -, ‘I) (-‘1 t1 ‘.3 C” -~ U j

i-_i i-_a - —4 c~4 -~ 3 —I — ‘r ti-S - -5 - -,

C-)

4) 5)
3)oo -

~
3)

- --3r3
o .~ I — CU SD SD ‘i- 0 .CU CU U) —4 i-4 (‘4
- -- ,~ ~5I CS CU C” (‘4 0) CU (‘1 (‘4 ~~ In in 4)
‘ - . 3 --—

3) )~ 0 o .—i .—a 0 C) .i .—i 0 0 0 0 —_ 4.i
o

5) 4) - -

3.
_ I 45

4-i
.3) 5-) Ci
--- 4 0
‘-I C-,

3) ‘:3)
3) 3)—_ C,’3)
.3

0) - ~0C: 0 4) —4
0 ‘I U 19 Si
in 3) ‘) - --4
.4 Q ) C) >,
I. U -4
4~) -j _J 0

SI .51 Cl 4)
C — g  - -3
0 . 3 ) 3 )  C-) .3) ‘33
U 4 5 1 5

5-) .3 S’S 1’ (‘4 ~ N 534 5) ~‘ — 0 DC CS J) 4) U
~.‘ i C: —4 C— CD 0 3)5 ID CD ~~ a i-_s ,~ ‘5 j ._i .-t
3m u - C l —  3) ..3 53o ~~ 0 0 —-4 o 0 0 0 ci 0 -

~ 0 .3 ‘C’
U 0 53 U C.)

C..) 4)
3) in SC

C. . 4)
(‘4 5) . 4  i-I 3)

-Q 0
(“ -‘ II IC I.)

—4 i~n 3) 14 — -
.3) 0 0 3)
3) I) U £3
F. 

Ci C)
~1 -~ .-i
‘4 45 -~~£3 .0 ‘5

>5 U
4-’ 1 . C
.1 U_s 519 135 Il_s in IA in 54_s IA 531 53’ 145 5-i ii 0

(‘4 N (‘1 N N (‘4 N N N (‘-I N £3 .3) 4)
.4 _i -4 ‘1
4.4 — 0 0 0 0 0 0 0 ci 0 0 0 0) 5 1.. 13)
C) — — 19—

1)
3) Ii C

---4 --3 .3)
~. rs .15
3) C i ”

C C )  53 ~0 — I  .3 ‘
.4 3)~~ 

- “

3 3. 3 )  4) U 9-i
3) 45 0

>5 CU >. CU >5 -- 3) 3)
I I I I I I 0

‘.4 K U 53 3, C s: -,
4) -.4 4) ‘.5 4-,

I
S U

C C 3)
3) 44 -~

-~ -‘~ ‘4
-1 53
4) .3 19

-; -; 0 0
-4

U U - -s s 5
o ‘4 44 1

-.4 0 0 ‘13 3) -5
C. > -~ 1’3)
C .4 .1 (‘4 -I 551 54 C” C”
91 “4 — - - —o 3) 19 — 0
UI —. -,

32

S -— —9— 
_ -  - — ‘—



-~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

2 . 6  Concludin g Remarks
This  sec t ion , which concentrates on a compara t ive  cost

a n a l y s i s , reveals the economic advantage of g la ss f iber wave-

guides when data rate becomes high. The most ambitious system

considered ( S c e n a r i o  3)  i n v o l v e s  some h i g h- q u a l i t y  v i d e o  channels

( 3 3  M B P S ) .  The cost compar i son  shows that the capability of

g lass f i b e r s  leads to s ign i f i c a n t  cost a d v a n t a g e s  in  such h i g h -

d a t a - r a t e  sys tems , accord ing  to the model presented .

The model does not  consider  t e r m i n a l  costs , nor does i t

a t t a c h  an economic w e i g h t i n g  f a c t o r  to the  many periphera l
advantages of the fibers. The terminal costs can be expected to

be similar for the two types of t r a n s m i s s i o n  l i n e s  considered .

Conventional (cable) devices are much more r e f i n e d  because they

have an established history of performance . Terminal devices

su i tab le fo r  op t ical  f i b e r  sys tems a re not ye t es tabl ished
opera tiona l ly but  con t in ued improvem en t in l i f e t i m es an d speed
renders such devices e x t r e m e l y  sui tabl e f o r modern commun ica tion
l i nks .  Semiconductor  laser  diodes (LD ’ s) and li g ht  e m i t t i n g
diodes ( L E D ’ s) a re  b a s i c a l l y  very  s imple  devices , capa b le of
d i rec t  modu la t i on . Thus , we assume t h a t  the t e r m i n a l  costs are

s imi la r  fo r  the two basi c sys tem types consid ered . Add i t ional
discussion on th is ma tter is g iven by Dwork in , et al. (1975) -

Optical  f i b e rs have bandwi dt h adva ntages , as already discus-

sed , but they also have peripheral advantages which serve further

to recommend their use. Even though no econom ic sign i f i c a nce was
attached to those advantages , they demand attention when a final

decision is made.  Some of the more impor tan t adv an tages ar e the
fo l lowing :

Crosstalk : The need for immunity to crosstalk is obvious. Tile
optical fiber enjoys an advantage over conventional trans-
mission lines in this regard . The need for immunit y from
electromagnetic interference (EMI) is also obvious , and  with
reasonable care such imm ur-s~ tv can be provided with glass
fibers.

Securi ty : In cer ta in app l i ca t ions , there is a critic a l need for
secure communica t i ons .  Th e op ti cal f i b er , wh ile not t o t a l l y
secure , provides a vast improvement over convention -ui lines .
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An u n au  t. hou - i -zed u 1 - ( ’e 1V - r w o u l d  r equ  i rc- e labora  IC.’ a r i d  soph i s —
t ica ted ecj u ip men  t. t o c o n d uct  rover t act  iv  i t i  (‘s -

Access: Opt ir a  1 fibers show p r om i  se of b e in g  amenable t o  r a t h er
simpl e access ing  t ec’hn iq u e s  - The losses “an be c o n t r o l  led
with a little care i n  m a n u t a c t u r e  and , furthermore , f l e x i b i —
l i t y  in  t h e  appi -oach seems p l au s i b l e .  O p t i c a l  access
c o u p l e r s  w i l l  l i k e l y  be based on s i m p l e  ge o m e t r i c  m eth o d s .

Si i~’ and W e i g h t  : The unodel p r ese n t ~ i 1 in  t h i s  sect ion gave  some
attention to the Sii . - of t h e  c a b le s  b u t  d i d  not  accoun t  for
b a s i c  dif f e r en c e  j r-i ~j -,‘e f o r  1 h -  two  t y p e s  of t r a n s m i ss ion
l i n e .  O b v i o u s l \ - , in c r e a s e d  s i z e  and w e igh t  w i l l  be more
difficult and more expen sive to i n st a l l .  T h i s  was not

- a c c o u n t e d  f o r  in  t h e  model  of t h i s  s e c t i o n .

T H E  INTI-:RCONNI-:CTI ON 01-’ CLUSTERS

3 .1 i n t r o d u c t i o n
‘l’he previous so - I ion ( ‘oncen t r at  ( ‘ ( I  on a tm i f o r m  d ~ St r i  but ion

of t e r m i n a l s  i n  .u ( ‘1 rc  1 -  - I n C - i  we c o n s i d e r e d  o n l y  t h e  star and 1001)
t o p o l o g ie s  - I n d e e d  , t he S t  ,—u r i s m e r e l y  a spec ia l  case of t h e  loop
c o n f i g u r a t i o n . The anal ysis , while obviously restricted , qives

i n s i q h t  i n t o  t h e  cost p e n a l t y  of placing t he 1. 001) i n c o r r e c t ly .
The model  a l so  g i v e s  an  y cc - snounic  bn~~is for decision maki ng when
the  t e r m i n a l s  ar e  den s e l y populated . In some other cases , the

d i st  r i b u t i o n  of f- he t & - r m i n a l s  is clustered , such that an i s o l a t e d
p a r t  of t he  n e tw o rk  i n v o l ve s  se” - r 5 u l  t - r m i  n a l s  (a  cluster) w h i c h
m~- iv i n t e r c o n n e c t  as a s ta r  or -  loop network. The c l u s t e r  is ~u

loca l s u b n etw o rk  w h i c h  m u s t  be c o n ne ct e d  e c o n o m i c a ll y  to  a
s i m i l a r  su h n et w o r k  c lu s t e re d  at  an oth e r  l o c a t i o n  in  the  o v e r a l l
network. Loch s u b nct w o r k  may i n vo l v e  m a n y  t e ru n i no Is , m t  or—

connec t  r ’~1 i n  a lashion ch ’scui b ’ i l  i n  t h e  p r ev i o us  . Se(’ t ion - The

( ‘on ( ’ept  i s i i  lu s t r a t ed  in P i ( J u  re  .1 — 1  - I n  the final ona ly~-;i s ,
A R B I T S  n e t w o r k  w i l l  i n v o l v e  f. he h i t  erconnect ion of a wide va r i o  l v
of con f i gura t i ons .

When connectinq many subnc-_tworks , the c o n n e c t i ng  l i n e  can

i n v o l v e  a c o n s i d e r a b le  ex p en d i  l u r e  m d  one is led to  an int er e st  —

i~ q prob lem concerned with a minimum consumption of line i n t e r -
c o n n e c t i ng  those c l u s t e r s .  Th i s  sec t i o n  is concerned w i t h  t h e

m i n i m i . ,’a t i on  of l i ne  consumpt  ion  i n  on i n t e rco n n e c t  i n g  n e t w o m - k .

-3 4
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In  Wh at  t t) .1 lows • we w i l l  use the  t e rm “ nod e” to  r e t . or to t he

t ’l u s t  ered s u bn e tw o t k - (‘o n c en t r a t  ion w i l l  be on t h e  connect i on of
those nodes .

3 .2  The S te  i n ez -  St roet  P r o b l e m

Early i n  the  n i n e t e e n t h  cen t -u r v , ,locob Steiner of the

(1~ j v er s  i t  v of p~ r i i  n I rt ’a t ci an i n t e r e s t i ng  p rob l em in qeomot  ry

now known as t he S te i n e r  St rect  P r o b l e m  ( soniet ime s referred t o  as

t he t ro f l i e — c e n t  e r p r o b l e m )  . T h r e e  v i i  laqes  (A , 13 , and C) a l e  to

be ~Oj I i ~’d by roads aI)~1 t he  problem c o n s i s t s  of m i n i m i  ing the

t o t a l  rc-’a(I I e m m q t h  . Mathema t i cal  lv , t -he  p rob lem i s a t t a c k e d  by

cons iderim-i g t h r e e  p oints (A , P , and C)  in the  p lane  and seek j u g

a p o i n t  , P , a Iso i n  t h e  p l a n e , su ch  t h a t  the s ’ini of t l ie d i s t a n c e s
AP , RI’ , and CU ’ i s  miii inmum. The b rat ion of P is as f o l l o w s  : i f
t h e  t r i a nq  Ic AR C c o n t a i n s  no anq 1 es equa l  to or g i’eater t h a n

1 200 , t h e n  P i s  t h e  p o i nt  f rom w h i c h  each of the three sides of
t he tn ~mn g l ~‘ ABC subtends 1 200 - I f

. 
one of the a n g l e s  in the

t z - i anq  It ’  ABC is equal  to  or g r eat  er I h on 1 2 0 °  , the  Point  P
eel nc i de s  with t he v e r te x  of ti-ia I lar g e st  an q  I e . These facts arc

I l l u s t r , m t e d  in  F igur e s  1 —2 o  and 3 — 2 b .  I n  1-’ iqur -c  3—2b , p o i n t  P

coincides with point C since the angle a t  C is at least 1 2 0 ° .
T h e ob~’ i ous ex t e n s i o n  to I he o r ig in a l  St  e l n er  p r o b l e m

i Iwo I yes  N j ) Oi  n t s  and a sks  fo i -  a s i ng l e  p o i nt  I’ i n  t he })l me such

hat .  t h e  sum of  t he j u t  e r connec t  i rig d i s  t ances i ago in m i n i m u m .
‘I’ha I problem i s I he one encoun t. e m e d  in  locating the st or coup icr
The extension of j u t  em - es  t he m e  ~1 I lows more  than a single c - ) n t i e c —

t i ,g p o i n t  . C on c c nt i - a t  ion is t hen  on a st r e et  n e t w o r k  f o r  w ’)ich

he tot a 1 b u g  t h is  in i n  imum - The prol) 1 em is t o  t m d  a sys I em of

connect ott s t~ i
- a i gh t  — l i n e  segm ent s  of in i i i  imum I o ta  1 l e ngt h  such

hat any  t w o  of t h e  N p o i n t s  ca n  he j o in ed  by segments  of t h e

sy s te m . i t  is thi s p r o b l em  wh ich  is of i t ) t e r t ’st in t h e  i n t e r —

re ;i i i s .’ ’ t  1(111 ( 1 !  t i1~’ c I r i s  t ~‘ rs , , I S  in  1-’ i q U I~~~’ 3 —  1 - I i i  t h a t -  C O S t ’  , t h e
- st ’’;mt -nl t S a r e  no t  s t  n ’ ’ ’ t  s ~i n i  t h e  p o i n t s  ar e  ne t .  v i l l ag e s ;  i i i s t t ’ ,id

- ( urt ’t - i -n i W i  t ii a Ui 1 f l  i tilUin 1 CI )~~ I ii o I t r au~ tii i Ss 1011 I i  t ie Conn er  I i i iq

I ) h -  t er-rn itia is - T u e  r esu  I t. i ii~i network will be u-o t erred I o an a

t~~ ’ i r i - u  m i i i  ma I t. roe
i t )
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( i )

(h)

Figure 3-2. Steiner points under two topographical
situation .
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The s o l u t i o n  to the  S t e i n e r  S t r e e t  Problem to yield a

S t e i n e r  m i n i m a l  tree has received attention with regard to cross—

country telephony routes where the cost of right-of-way and

installation has significant economic impact.

Gilbert (1967) and Gilbert and Pollack (1968) discussed a

geometric method of finding the Steiner minimal t ree but , in
practice , su ch a method woul d have m inor d i sadvan tages , which
w i l l  be d iscu ssed be low . Me izak (1961) derived an algorithm for

f indinq the desired solution but that technique is not practical

ex cept fo r ver y s m a l l  va l ues of M (the nu mbe r of nodes ).
Be fo re  proceeding  to a d i s c u s s io n  of an analog so lu t ion  to

the Steiner Street Problem , several impor tant characteristics of

a S t e i n e r  m i n i m a l  t r e e  w i l l  be g iven . The po in t  P of F i g u r e  3— 2 a
w il l , be referred to as a Steiner point. Such a point is a vertex ,

no t co in ci d in g w it h a communi ca t ion node , and is ad ded to al low a
reduced total line length. A Steiner point admits a sharing of

traffic between nodes over a portion of the route. An important

characteristic of a Steiner point is that it always has exactly

three lines rneetinq at 120° . Fur thermore , there  are , at most , M—
2 Steiner p o i n t s  in a minimal tree network; there are exactly M—

2 such points only if every node connects to only one line; M ~s

the number of nodes to be connected .

A Steiner tree may not be a Steiner minimal tree. A rela-

tively minimal tree has been found if a small perturbation in the

to~ Ilogy does not shorten the tree. Every topology admits at

least one relatively minimal tree ; that tree may , of course , also
he the Steiner minima l tree tha t is being sought.

A Steiner tree contains no pairs of lines which meet at less

than 120° . For commun ica t ion nodes w h i c h  l ie  such t h a t  d i rect
connections would v i o l a te  this rule , the introduction of a

Steiner point will yield reduced length and compliance with the

r u b ’  on angles.
l - ’ i qu r e s  i — i j  and ~— 1b show arrangements for M=4 , 5 , f o r

which there ire M—2 Steiner points. Fi gure  ~~3c shows a ce nf iq ur -
at ion CM :4) f~~u - which there is onl y one Steiner point. The
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Figure 3— 3. Fou r and five termina l configurations.
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original Steiner problem (M=3) is important when nodes are in

clusters as shown in Figures 3-3a and 3— 3b. If a sing le node (or
a cluster of nodes) is relatively isola ted f rom the cen troid of
a l l  nodes , t h e  advantage of the Steiner tree is diminished .

When new nodes a re added to an exis t ing Ste iner  tree ,

connec t ion s are  based on the concep ts of the Steiner  m i n i m a l  tree
and connect ions to the nearest  ex ist ing li ne. If  a s ingle node
is added , the n e a r e s t  connec t ing  l i n e  w i l l  p rov ide  the  connect ing
p o i n t .  If several  nodes are added , one mi g h t  consider the new
c lu s t e r  as a separ ate system and then connect it to the existing
system u s i ng the  concepts of the  St e ine r m i n i m a l  t ree .

3 . 3  An Analog  S o l u t i o n  to the  S te iner  Stree t Problem

A S t e i n e r  t ree  can be i nt e r p r e t e d  as a mechan ica l  system f o r
which  the  poten ti a l  energy is rel ated to the d i s tance  be tween
nodes. M i n i m u m  to tal l ine  length  is then associated w ith  min imum
po ten t i a l  energy ,  which is na tu r a l l y  sough t by the sys tem if
e q u i l i b r i u m  is to p r e v a i l .  One such mechanical  system can be had
by u s in g elas tic bands , always with fixed tension , s t re tched
between nodes. If the Steiner points are free to move and the

communication nodes are held fixed , the e q u i l i b rium pos i t ion  is a
r e l a t i v e l y  m i n i m a l  t ree .

This analog is not practical for M - 3 , so we turn to another

method . A technique can be envis ioned by cons ider in g a soap
f ilm. The surface tension of the film is capable of doing work

and the  ene rgy  expended by the f i l m  w i l l  be directed to a minim-
i z a t i o n  of p o t e n t i a l  ene rgy  w i t h i n  the  c o n s t r a i n t s  of the system .
In the case of a soap bubble , the film surface tension forces the

surface area enclosing the specified volume of air to be minimum ;

th e result is a spherical surface .

Soap f i l m s  can be used to solve the Ste ine r  street problem
by r e l y i n q  on t he  s u r f a c e  t e n s i o n  of t he  f i l m  to m i n i m i z e  the
ar e a  of a suitably restricted surface (Courant and Robbins ,

19 6 9 ) .  Two p a r a l l e l  smooth p l a t e s  of o l a s s  or p l a s t i c  a re  loined
by M perpendicular bars. The bars are located according to arm
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appropr ia te scale fo r  the S t e ine r  s t ree t  p rob lem under  cons ider -

3 it i on .  I f  the objec t  is immersed in a soap solution and with-

drawn carefully, the film forms a system of surfaces between the

two pla tes and j o i n i ng the  f i x ed bars . The intersection of the

f i lm sur faces  and the g lass p la tes represen ts the solu t ion to the

Steiner Street Problem . The expected result for a configuration

f o r  w h i c h  M~~5 is shown in F i g u r e  3 -4 .  Pho tographs  of soap f i l m s

produced in the  l abora to ry  a re  shown in F i g u r e s  3-5 to 3-7 .  The
i n t e r e s t e d  reader  w i l l  f i n d  a w e a l t h  of descri p t i v e  m a t e r i a l  and

color photographs in the references (Almqren and Taylor , 1976;

Isenberq , 1976)  w h i c h  deal  w i t h  the  geometry of soap f i l m s .
F igu res  3-5 and 3-6 a r e , r e s p e c t i v e l y ,  an ang le  v iew and a

top view of the same four-station model. Figure 3-5 gives  a
pe r spec t ive  of the  f i l m  w h i l e  F i g u r e  3-6 is appropriate for use
in a c t u a l l y  s c a l i n g  the  l ayou t  to d e t e r m i n e  node locat ion .
Fi gure  3-7 is a top v iew of the f i l m  produ ced in a mode l s im u —
la t i n q  s ix  i n t e r co n ne ct in g  nodes.  Note t h a t  t he re  ore  M — 2
S t e ine r  p o i n t s  in these f igu r e s .  The c o n f i g u r a t i o n  of Fi gu re  3—7
represen t s  about  2 2 %  improvement over the s t a r  coun te rpa r t  in the
e x p e n d i t u re  of t ransmiss ion  l ine .

3.4 The Steiner Tree System

There is an immediate concern in apply ing  the S te iner
S t ree t  so lu t ion  to an in terconnect ion problem . I t  is seldom
possible to place connecting l inks  according to an a r b i t ra r y
geometry. There are usually physical obstructions which preclude

--i l i n k ’s traversing a desired path . However , t h i s  impediment
would  also h inder  the l ayou t  and opera t ion  of other networks.
Indeed , t h i s  impediment makes i t  even more impor tan t  t h a t  t i - i c
de s ign  eng ineer  know the connect ing geometry  which  m i n i m i z e s
t o t a l  p a t h  lenqth .

As the  communicator  e x p e r im e n t s  w i t h  the concepts d iscussed
abovt -’ , he w i l l  discover t h a t  the  r e l a t i v e l y  m i n i m a l  t r ee  may
emerge f o r  h i s  p a r t i c u l a r  s t r ee t  p rob lem . Upon e x a m i n a t io n , he

may d i scover  t h a t  he has  severa l  op t ions  i n  r o u t e  d e t i n i t i e n .
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r iqu r c  3 — 4 .  I-~xpecIed  soap f i l m  f o r  N = 5 .

a

F i gu r e  3 — 5 .  S ide  v iew 01 photo graph-i of soap film
produced in the 1 abora tory t o i I lust r a t e
t h e  techn - u i e .  M~~4 .
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F igu r e  3 — 6 .  ‘I_ op view of f i l m  of F i g u r e  3— 5.

F igu r e  3 — 7 .  ‘l’Op view of I i  l iii when M 6.
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The d i f f e r e n c e  in to ta l  l ine  l e n g th  f o r  the  va r ious  options is

u s u a l l y  q u i t e  sma l l .  The soap f i l ms  w i l l  be s table  in the

r e l a t i v e l y  m i n i m a l c o n f i g u r a t i o n s .  E x p e r i m e n t i n g  w i t h  the f i l m s

w i l l  be i n f o r m a t i v e  and the rou t e  a l t e r n a t i v e s  which emerge w i l l

prov ide oppor tu n i t i e s  to avoid phys ica l  obs t ruc t ions  on the

a c t u a l  p a t h .

A case in point  is i l l u s t r a t e d  in F igures  3-8 and 3— 9 , which

show two f i l m s  produced w i t h  the same 5 - t e r m i n a l  model .  Bo th

f i l m s  a re  in  s table  e q u i l i b r i u m  and have formed because of the

way t h e  models were w i t hd r a w n  from the b a t h .  The total  pa th
l e n g t h  is a p p r o x i m a t e l y  the same (w i t h i n  about 4 % )  in the two
cases and each is less than the to ta l  path length fo r  the s tar

c o n f i g u r a t i o n  by about 2 0% .
F i q u r e s  3-8 and 3-9 i l l u s t r a t e  a bonus ava i lab le  f rom the

r ise  of t h i s  analog so lu t ion . If  t e r r a i n  precludes locating a
node i n  a p a r t i c u l ar  area or s t r i n g ing the  t r a n s m i s s i o n  l ine
al o n g  a p ar t i c u l a r  p a t h , a l t e r n a t i v e s  may have to be examined .
F i g u r e s  ~-8 and 3-9 show two such a l t e r n a t i v e s  for  the f i v e —
t e r m i n a l  ne twork .  In  expe r imen t ing  w i th  a model , one may f i n d
severa l  such so lu t ions , each of which  represents a possible
i n t e r c o n n e c t  qeometry . By sca l ing  and measur ing , we f i n d  on ly  a
s m a l l  d i f f e r e n c e  in total  path length between the a l t e r n a t i v e s
and each represents  a sig n i f i c a n t  reduct ion in to ta l  pa th  l e n g t h
f rom t h a t  found  in the s tar  system .

I f  an area is to be precluded , th i s  can be accounted f o r  as
shown in  Fi gu re  3-10 , which  shows the precluded area as a c ir c l e .
In t h e  model , a c i r c u l a r  hole is d r i l l ed  to scale in the p a r al l e l
p l a t e s  to represent the precluded area . In  the f i g u r e , 3 nodes

are shown . The soap f i l m  can be made to avoid the area by
b r e a k i n g  any f i l m  t h a t  fo rms  in the hole.  Notice in the f ig u r e
t h a t  t he  l ines , represent ing  the  soap f i l m s , w i l l  avoid the
ho les .  An area of any shape can be handled in t h i s  way .

The expe r imente r  should be aware t h a t  angles  of 120° or

more a re  specia l  cases l e a d i n g  to i n - l i n e  c o n f igu r a t i o n s .  B l o w i n g
on t he  f i l m  causes i t  to  move between t h e  p l a t e s .  A t e s t  of
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Figure 3-8. Top view of film when M=5.

Figure 3— 9. Alternate film when M=5 .
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F igu r e  3— 10.  Showing how the model can preclude an area
from consideration .

m i n i m u m  d i s t ance  can be designed around such f i l m  movements .  A

l i t t l e  exper ience  w i l l  y ield insight  in t h i s  regard , and the

c o m m u n i c a t o r  w i t h  a complex d a t a- b u s  topography should cons ider

an i n - d e p t h  s t u d y of t h e  op t ions  p resen ted .

The use of g l y c e r i n  in the  m i x t u r e  a l l o w s  easy movemen t of
the  f i l m .  Best r e s u l t s  are  obta ined if the  model is as s m a l l  as

is p r a c t i c a l .  The two p a r a l l e l  p l a t e s  of the model should be as

close toge the r  as is p r a c t i c a l .

3. 5 Comments and Comparison w i t h  the S tar  System

In the  connect ion of the nodes , one w i t h  the other , we could
resor t  to the s t a r  c o n f i g u r a t io n , if the  d i s t r i b u t i o n  of the
c l u s t e r s  is s u i t a b l e .  Indeed , the in te rconnec t ion  of the
c l u s t e r e d  subnetworks  represents  a topological  problem qu i t e  l ike
the  corresponding problem of in te rconnec t ing  the communicat ion
t e r m i n a l s  w i t h i n  the subnetwork .  I t  is wor thwh i l e  to compare the
d i s t ances  involved in the Steiner  geometry w i th  corresponding
d i s t ances  in a l t e r n at i v e  geometr ies .  The s tar  system is a

special  case which is amenable to easy comparison and so it  w i l l
be used in these comparisons.  In addi t ion , we offer here sonic

comments which  have bea r ing  on the se lect ion of arm i n t e r co n n e c t i o n
g eo m e t r y .
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I .  R e f ~~r r i n q  to I- i qu r e  3 — 2 b , note  t h a t  the  m a x i m u m  l e n g t h  of

l i n e  r e q u i r e d  to connect  two po in t s  v i a  a S t e ine r  po in t  is l . l 5 d
— w h e r e  1 i s  t h e  s t r a igh t - l i n e  d i s t a n c e  between the two p o i n t s .

The a ng l e  of t he  f i q u r e  mus t  be at  lea s t  120° , in o rder  f o r

p o i n t  C to be a Steiner point. The maximum line leaqth occurs

when points A and B are equidistant from C and 120° . In that

c a s e , t i -ic  d i s t a n c e  f rom A to  B , v i a  C is l . l5 d .

2. I f  t he  nodes in  q u e s t i o n  are  d i s t r i b u t e d  ac c o r d i n g  to the

s ug g e s t  ions  of t he  p r e v i o u s  sec t ion  (see Fi gures  2 — 2 a  and  2 — 3 a

and  t h e  c o r r e s p o n d i ng  d i s c u s s i o n  in  S e c t i o n  2 . 2 )  , f-hen the

expected distance between nodes is as shown in Figures ?-2b and

2-Th. For the distribution which is u n i f o r m  in r e c t a ng u l a r
cc-ordinates (Figure 2-2a ) , the expected distance is abou t O .85R

w h e r e  R is the radius of the service area (see Fiqure 2-2b) . For

t h e  r —  u n i f o r m  d i st r i b u t i o n , the expected distan~’e is about O.6R

( see  F i g u r e  2 — 3 b )

3 .  The a v e r a g e  distance between two p o i n t s  in t h e  s t a r  configur-
ation is for the distribution w h i c h  is u n i f o r m  i n  t h e  x — v

coordinate system . The corresponding distance for the r- --

distributi on is R.

~.6 C o n c l u d in g  R e m a r k s

In the interconnection of isolated clusters of communication

nodes , line consumption will be an i mp o r t a n t  cons ide ra t ion. The
concep ts  d iscussed in t h i s  section are intended to point out the

a d v a n t a g e  of l o c a t i n g  S t e i n e r  po in t s  in the  sys tem to o p t i m i z e
t h e  t ot , i l  l i n e  l e n g t h .  For the  cases we considered , t he  S t e i n e r

~1’Inima l t ree used about  20 ”~ less l i n e  thai -i  t h e  s t a r  sys t em in a
t v p i c . i I  g eo m e t r y .  This  could  be predic ted  by beg inning with a

simple four-te rminal n e t w o r k  where in  each t e r m i n a l  is at  the
vertex of a square . Comparing the two , we Find the Steiner tree

p r o v i d e s  sav inqs  in  t r a n s m i s s i o n  l i n e  l e n g t h  of abou t 20~~.
B u i l d i n g  on t h a t  s i m pl e  f o u r — t e r m i n al  sys tem , we speculate t h at
20~. s a v i n g s  in  l i n e  l e n g t h  is not  u n u s u a l .  In  p r a c t i ce , of
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Up to 100 tibers
• a si n~Ie fle x ible cable ‘

~~~~~~~
- - 5.10 mm dia. Protec tive Sheath

Figu re  4- 1. Fiber  b u n d l e .
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-
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F i g u r e  4 — 2 .  V a r i a t i o n s  in cable c o n f igu r a t i o n .
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Figu re  4 — 3 .  Possible cable c on f i g u r a t i o n  c o n t a i n i n g
6x6x6 or 7 x 7 x 7 .

The d i scuss ion  he re  w i l l  concen t r a t e  on wha t  m i g h t  be called
“first generation ” sys tems. By t h i s  we mean systems w h i c h
con ta in  o n l y  pass ive  powe r s p l i t t e r s  and combiners .  In a d d i t i o n ,
the  t e r m i n a l s  w i l l  c o n t a i n  f i r s t  g e n e r a t i o n  t r a n s d u c e r s, such
tran sducers bein g devices which  conv er t sig n a l s  f rom the
el ec t r i c a l  to the  opt ica l  regime , and conve r se ly .  In  l a t e r
yea r s , s i q n a l  processing may be accomplished in  the o p t i c a l
regime , thus  improving  system c a p a b i l i t y  and g r e a t l y  ex t e n d i ng
the m u l t i p l ex i n g  c a p a b i l i ti e s .  These s e c o n d —ge n e r a t i o n  capab i l -
i t i e s  w i l l  become f e as i b l e  when i n t e g r a t e d  o p t i c a l  c i r c u i t s
become more t h a n  labo ra to ry  devices.

4 . 2  Fibe r B u n d l e s
In  c e r t ai n  r e s tr i c t e d  n e t w o r k  ge o m e t r i e s , i t  may be t e a s i h i e

an d  a t  t r a t - tj v e  to use f i b e r  b u n d l e s  in the  d i s t r i bu t i on s y s t e m .
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I t  represents  an imprac tical approa ch when the phys ica l s ize of

the network exceeds a few hundred meters in diameter since the

cost of f i b e r s  tends  to be on the  bas is  of f i b e r — m e t e r s  used .

Thus , if each bundle  con ta ins  100 f ibers (say ) , t h e n  the  cost

w i l l  be g r e a te r , q e n e r a l l y  t h a n  f o r  a cable  c o n t a i n i n g  o n l y  a few

f i b e r s .  This  is a s l i g h t  o v e r s i m p l i f i c a t i o n  since t h e  f i b e r s

qen e r a l l y used in b u n d l e s  a r e  of modera te  q ua l i t y  s ince t h e

distances usually involved are only moderate. Conversely , cables
c o n t a i n i n g  o n l y  a few f i b e r s  (F i g u r e  4 - 2 )  tend to use h i g h

q u a l i t y  f i b e r s , w h i ch  a r e  more expens ive .  I t  is conceivable  t h a t
a q iven  ARBITS ge o m e t r y  m i g ht  con t a in  seve ra l  i r i t r a b u i l d i ng

term inals or a c luster of te r m i n a l s  in ad jacen t bu i l d i ngs , f o r
which the use of bundles would be most a p p r o p r i a t e .  In  t h i s
case , t h e r e  m i g h t  be a p r o l i f i c  use of s i n g l e — f i b e r  cab le  o u t s i d e
t h e  c o n f i n e s  of such s h o r t — d ist a n c e  i n t e r s t r u c t u r e  and i n t r a —

s t r u c t u r e  l i nk s . The t e r m i n a l s  inside a command post , f o r
example , could  be i n t e r c o n n e c t e d  v ia  f i be r bund le s  w i t h  a
su i table  i n t e r f a c e  f o r m i n g  the connect ion wi th term ina l s  and
s i n g l e  f i b e r  cable ou t s ide  such a command post.

F i b e r  b u nd l e s  o f f e r  the d i s t i n c t  advan tage  of r edundancy .
All the fibers (see Figure 4—1) are illuminated simultaneously

and a l l  c a r r y  the same i n fo r mation . I I some of the f i bers ar e
broken in the  process of i n s t a l l a t i o n, i t  is not of serious

consequence . By the same tok en , connectio - is r a the r  s imple  and
t he bu ndle cross section is s u f f i c i e n t  to al low reasonable  a rea
match to most sources and detectors.

One of the key disadvantages of fiber bundles is t he  p a c k i ng

f r a c t ion loss a t each connection and a t sources.  Pack i n g

fraction loss comes about because only the core area of a fibe r

is usef ul in carrying information but the end of the fiber bundle

exposes not  j u s t  core area but  a l so  c l a d d i n g  and space between

f i b ers .  The r a t i o  of to ta l  co re s u r f ace area to t h e  a rea of the
b u n d l e  is ca lled  the  p a c k i n g  f r a c t i o n  ( P F )  . In a hexagonal t’lose

pack , shown in Fi g u re  4 — 4 , p a ck i n g  f r a c t i o n  i s  n i a x im i z e d . The

figure shows the geometric construction w h i c h  can ho used t o  show

t h a t  pa ck in g f r a c t ion can be ca l cu l a t ed  f rom E quation (4-I):

r~, I
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Figure 4—4. Geometry illustrating hexagonal close
pack .

PF — 
(Core d i ame te r  ( 4 - 1)

~~~ \Claddinq diameter

When the term in paren theses is u n i t y  (n o  c l a d)  , PF is  m a x i m u m ,

t h e  onl y loss be ing  due to the space between f i b e r s . In t h a t

case , PF = 0.91. Note that loss due to Fresnel reflection at the

i n t e r f a c e  is d i s t i n c t  f rom and not i n c l u d e d  in  p a c k i n g - f r a c t i o n

loss.  Fresne] .  r e f l e c t i o n  loss is e n c o u n t e r e d  each t ime  a ray
bun dle encounters a chanqe in refractive index. Thus , at the end

of the f i b e r  bu n d l e , par t of the si gn a l  ene rgy is r e f l e cted by
t h e  f i b e r - a i r  i n t e r f a c e .  S i m i l a r  loss is encountered  when energy
f i r s t  e n t e r s  the  f i b e r .  For a typ i ca l r e f r a c t i v e  index  of q lass
(n  = 1 . 5) , the  r e f l e c t i o n  c o e f f i c i e n t  f o r  norma l inc idence  on a

pl ane polished fiber end is 0.04; thus , 92% of the incident liqht

is transmitted into the fiber core .

U n f o r tuna te l y ,  pack in g f r a c t ion loss is s u f f e red of ten in a
mi iltiterminal network. This will become clear in what follows .

4 . 2 . 1  S t a r  and Lee sys tems
In t he  two p reced ing  sect ions ( 2  and 3) , we discussed

alternatives in power splitters and combiners for multiterminal

netwo rks. It is obvious f rom that discussion that one needs to

r~2
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consider two basic forms of such splitters and combiners: (1) an

in—line or tee configuration and (2) a star configuration . The

tee configuration will be used any time three lines are inter-

connected . This will be the case in the tee and the loop con-

figurations. It will also be the case for Steiner points (see

Section 3). In the latter case, it will often be convenient to

seek a 3 dB coupler . In that case, the configuration shown in
Figure 4-5 may be useful. Variations of that theme could also be

used to vary the degree of power split. A refinement of the
method illustrated in Figure 4-5 would use a locally increased
refractive index in the low-loss glass to direct the signal power
from Port 1 (say) to Ports 2 and 3 by virtue of the increased

i~~~’ t - t  I

- I ‘ T i  it t ’~~ t - r

l’ t ’ t t

I ~‘i, I ’  ‘ I ~i —.

F t  .~

Figure 4—5 .  Possible 3 dB splitter.
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refracti\-’e index which tends to channe l signal energy in a manner

analoqou s to the physical constraint shown in Figure 4-5 .

Ano ther possible access for the in-line system is via a

furcation of the fiber -undle and a mixer or scrambler rod (see

fig . 4— 8 ) .  A m i x e r  ( c o u p l e r)  is shown in Fiqure 4-6. In the

furcation scheme , the f i b e r  bu ndl e is on each end of a g lass rod.
A t the input to the rod , each f i ber in the bun d le i l l u m i nates the
rod; the length of the rod is sufficient to allow mixing of those

in puts; the exit of the rod is thus uniformly illuminated so each

fiber at the exit face carries the same signal. The function of

the mixing rod is thus to integrate or scramble the incoming

s i gn a l  over the  e n t i r e  e x i t  a p e r t u r e . The t o t a l  s igna l  is then
a v a i l a b l e  a t  every  s t a t io n .

Fiber Mixing Rod - Indiv idual
Bundle Fibers

~~~~~~~~ ~~Cladding - Sàlid Glass Rod

Figure 4—6. rn— l ine mixing rod .

The g l a s s  m i x i n g  n o d  uses a h i gh  index  glass  s i m i l a r  to the
fiber core mat erial. The cladding is made of low index material

to provide tot i l internal i-etlection at the boundary . The ends

of the rod must be of optical q u a l i t y  to reduce the losses due to

that inteL-face. The numerical aperture of the mixinq rod must be

at least equal to t h a t  of the fibers. This will insure that all

of the rays are accept ct i-tv t h e  rod . An a l t e r n a t i v e  to f u r c a t i o n
of the bundle is to cai is~ - p a r t  i i i  r e f le c t i o n s  a t a d ie lect r ic or
met -ill ic surfict ’ as ShOWn in Figin r~’ 4—7. 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
-



-~ - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
- -

To
Detecto r

A Source

I ) ,

’

Fib er Mixing Fiber
Bundle Rod 

,,!~‘ 
Bundle

I
Source ~

To
Detector

Fiqu re  4-7 .  Access coupler.

Th e losses in c lude the usua l  connector  loss and the pack in q
fraction loss.

The geometry of an N-station tee system is shown in

Fi gure 4—8. Since , in the ex treme case , the  signa l  mus t pass
throuqh all the couplers , if each coupler introduces a fixed loss

(in  dB) then The to tal loss of the system (wors t case ) is the sum
of the losses; tota l loss thus increases linearly with N.

Cons ider  N term ina ls , as shown in Fiqure 4—8. To illustrate

basic concep ts , we ignore the f i b e r loss and concent ra te on the
losses in troduced by the couplinq hardware . Designate the

coup l ing loss , in dB , as Ld ,  where the subscript d a l ludes to the
fact that a fraction of the power is divided at the tee coupler ,

a l l o w i n g  a f r a c t i o n  of the incident power to be sp l i t
off. In some cases , 

~~~~~ 
is taken ~is approximately 10%. A

fixed fraction of coupled power is more desirable since that

would allow use of a standard component (coupler) , i ndependen t  of
the number  of st at ions .

= 10 log ( P 1/ P . )  . ( 4 - 2 )
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If

- Fiber Bundle

7 Fiber Bundle ___________  ________

To Detector _____________________

To sour:~~~~~~~~~~~~~~~~~~~
/

- N
R

NB C: Connector / i
l

NR: Mixing Rod 
/
/

____________________ - - - Detector

Figure 4-8. Tee system configuration .

The fraction of incident power transmitted through the coupler

(subscript t ) is

P P _ -p p
t i d _ 1  d

P .  P .  P .
1 1 1

The inser t ion  loss is

10 log 
~~~~~~~~

If = —10 dB , -0.46 dB.

Packing-fraction loss at each coupler depends on the geometry

of the fibers; this was discussed earlier. For this discussion ,

designate that loss as LPF. This term can include surface reflt ’c—

t ion losses , but PF is the domina n t fac tor .

LPF = 10 log (PF). (4-4)
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There is another furcation at each terminal since it contains

both a detector and a source . The associa ted loss , Lf. is

useally -3 dB. This loss mus t be suffered to provide full duplex

service . F i n a l l y , the loss s u f f e r e d  in each connec tor is
designated L .

The t o t a l  loss between the  o u t p u t  of t e r mi n a l  1 and the

inpu t  to t e r m i n a l  N — i , w h i c h  is u s u a l l y  t he  worst  case s i t u a t i o n,

is given as follows:

Lwct=SLc+3LPF+Lf+(N_ 3 ) (2Lc+2LPF +Lit ) . (4 5)

In practice , it may be possible to eliminate some of the connec- - 

-

tors , depending on thei r  str ucture  and the na ture  of the mix ing
rod .

The loss , in dB , increases  l i n e a r l y  w i t h  N in the  tee
distribution system . We will find that the star system has a

distinct advantage , in this regard . However , the tee system has

an advantage in surviving outage because of damage: if the main
t r u n k  breaks , the system w i l l  become two independent  and
unconnected  t r u n k s .  Damage to a s i ng l e  t e r m i n a l  w i l l  not a f f e c t
anothe r te r m i n a l .  There is no isolated ou tage which w i l l  render
the entire system totally inoperative . This is not the case in

the star distribution system.

A possible mixing rod for the star system (Figure 4-9) is

similar to the tee mixing rod , but has one mirrored end (Hudson

& Thie l , 1974 ;  M i l t o n  & Lee, 1976). The mirror causes each

incoming signa l to be uniformly distributed among all fibers.

The mixing is accomplished , as in the rod of Figure 4-6 , through
the reflections off the rod wall. If the rod is long enough , the
signals will be thoroughly mixed . The mixing rod serves the

purpose of connecting each termina l to all other terminals. The

resultinq distribution network is shown in Fiquro 4-10. Each
terminal will contain a furcation for the purpose of providing

full duplex service . In addition , connectors will be required as

shown in Figure 4-8; N will be required at the star node (one for
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II

Fiber Bundle Cladd ing 
- ~Mirror

i~~~Ii - Solid Glass Rod

Figure  4 — 9 .  S ta r  mix ing  rod .

~1•

I

2

3 Star Coupler/Mixing Rod

/~~ / ‘  -

, - / / / / ,/ -

.— r - 
- 7 / ‘ -

/

N-I~~

N

Figure 4-10. Star system configuration.
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each te rmina l l i n e)  and a second at each t e r m i n a l .  Thus , the re

are two connectors in each line. The loss between any two

te rmin a ls in the star system is

L = 4L + L. + L + L , (4-6)
star c is f s

where L. is the insertion loss of the star coupler , L is as
is f

def i n ed in the  prev ious  sect ion and L5 (star loss) is the counter—

par t of LPF for the tee system . L includes not only the packing—

f r a c tion loss , bu t also t h a t  loss a tt r ibu t ed to the fact  t ha t  N
term i n a l s  are connected to the coup ler .  Ignor ing  the  packing-
fra~~tion loss ,

L5 = 10 log (1/N) . (4 7)

A c t u a l l y , less than  1/N of the  a v a i l a b l e  power is coupled to each
term ina l  because of the packing f r a c t i o n .

The s t a r  sys tem is , u n f o r t u n a t e l y ,  v u l n e r a b l e  to total

system f a i l u r e . I f  the s ta r  coup ler f a i l s , a l l  t e rmina l s  are
i solated ; commun ica tion capab i l i ty  is then los t .  This  disadvan-
tage  tends  to d i m i n i s h  the l u s t e r  of the other advantages  it

enjoys.

4 . 2 . 2  Comparison of the losses of the s ta r  and the tee systems
E q u a t i o n s  ( 4 — 5 )  and ( 4 — 6 )  ignore the  i n p u t — o u t p u t  loss at

each t e r m i n a l ;  the  equa t ions  also neglect  the a t t e n u a t i o n  of the
f i b e r  wavegu ide .  The i npu t -ou tpu t  losses w i l l  be the  same for
the two sys tems;  hence , they do not enter  in to  a comparison .
Waveguide  a t t e n u a t i o n  may in t roduce  d i f f e r e n c e s  since the lengths

of cable  are d i f f e r e n t  in the two systems . However , fo r  systems
of p rac t ica l  in te res t , d i s tances  w i l l  be modera te  and the losses

described above will dominate.

For the  purpose of compar ison , we w i l l  c o n c e n t r a t e  on the

losses which  depend on N and we consider  o n l y  N ’- 4 .  The j u s t i f i -

c a t i o n  for  such r e s t r i c t i o n  is as fo l l ows : fo r  N - - ~~. t he

r~9
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differences between the star and tee systems will be small. The

tota l  loss w i l l  be small  and f i be r  a t t en u a t i o n  may become
impor tant; such loss was ignored in th i s  a n a l y s i s .  For only a

few terminals , system architecture will be dictated more by

system needs than by loss. The vulnerability to total failure ,

for  example , may then take on more impor tance since loss of the

two systems ( s t a r  and tee) w i l l  l ike ly  be w i t h i n  a few dB of each
other  (see f i g .  4 - i l) .  As N increases beyond 4 , however , the
v a r i a t io n  w i t h  N becomes more important.

Figu re  4-1 1 is a plot  of those losses that  depend on N f o r
each of the two systems , N~~4 :

— 6 ( N - 3 )  dB tee system ,

-10 log (N) dB star system.

The first equation assumes the following :

= -0 .75  dB ,

LPF = — 2  dB , ( 4 — 8 )

L
~~t 

= — 0 . 5  dB .

Notice that L (N) is approximately the same for the two systems

for N=4 when the losses of equation (4—8) are used.

The curves of Fi gure 4-11 should be used with some caution .
Value has not been attached to some of the practical differences

between the two. In particular , the heart of the star system is

a single component: the star coupler. Graceful or catastrophic

degradation of that component will have impact (graceful or

catastrophic) on system performance .

4.2.3 Reduction of reflection loss

I t  was mentioned earlier that Fresnel reflection is a funda-

mental cause of loss. The fraction of incident power reflected

R~

in t he case of unpolarized light at or near norma l incidence.
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Figure 4—11. Data bus losses.

This loss can be reduced through the simple mechanism of
coating with a thin transparent film . The film characteristics

are adjusted so the light reflected from the air-film surface

annu l s  the light reflected from the film—glass surface . This
destructive interference is accomplished if the two reflected

waves have equal amplitude and opposite phase. This occurs when

n
f tf = \ / 4
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‘rhe coupler pictured in Figure 4-12 is bi-diroctional. It

in trodu ces excess loss when P~ + P
4 

- - P1 if coupling is f rom P
1

in to P
3 an d P

4
. The excess loss is calculated from

P3 + P
410 log — -

~~~~
- - -- ---

Excess loss of 0.6 to 0.8 dB was reported by Pan (1976) but more

than 1 dB was experienced by Barnoski and Friedrich (1976). The

coupled powe r ratio (P 4/P 1
) can edsily be adjusted to 10 dE~ w i t h

diroctivi -ty of 21 dB r e p o r t e d .

F i - Tur - 4—12. Coupled t r a n s m i s s i o n  lines.

A var iat ion of th is theme was recent ly reported , based on a
fused 5O(’t ion of two biconical tapers (see Figure 4—H)
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Figu re 4—1 3 . Uicon1c~t 1 t ape red  coupl ers.
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In t h i s  process (Kawasaki and Hill , 1977 ), two biconical

t apers of multimode fibers are twisted around one another and put
under spring tension. A microtorch flame is then used to fuse
the two f i b e r s  w h i l e  they are unde r tension. The tension causes
them to elongate while being fused and the twist causes them to

stay together. The resulting excess loss was only slightly

greater than 0.1 dB in severa l cases.

Yet another method of coupling to and from single fibers is

based on the fact that there is a power loss if two fibers are

not axially aligned when they are joined end-to-end . This is

actually a variation of the furcation process discussed in

connection with fiber bundles. Figure 4—14 shows -the theoretical

loss introduced when two fibers are joined end-to-end with their

axes misaligned by amount d , where  2~t is the core diameter. This

pr inciple  can be used to decoupl e ene rg y by purpose ly rn i s al i qn i n g
two cores and coupling the rentaininq energy into another port .

The p r i n c i ple is shown in F i gure 4-15. The method was reported

recen t ly in a p lanar  geomet r y  (Aurache r  and Wi tte , 1977 ) . The
total insertion loss was 1.5 dB in the case considered .

Yet ano the r technique , which may be qu i t e  u s e f u l  because of
the s implici ty and the cont rol tha t is a v a i l a b l e , uses a sl igh t l y
tapered section of multimode fiber. Coupling is accomplished

through the side of the tapered section by i l l u m i n a t i ng the tape r
in well-defin ed angles (Barnoski and Morrison , 1976). A similar

approach using a prism had been used earlier by Midwin ter (1975) .

5. WAVELENGTH MULTIPLEXING IN ARBITS

5.1 Introduction

It is conceivable that as a distribution system expands ,

some of the links in the network will eventually exceed the

installed capacity . This might h1’ the case i n  the loop network ,
fo. example , as terminals are added in an orderly growth p a t t e rn .
It may also be the case in certain parts of a tee network if a

prol ific use is made of video . When capacity is reached , It is
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Figure 4-14. Loss due to lateral displacement of fibers.

Figure 4—15. Coupling via misalignment.
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desirable to be able to increase the capacity of the system

without making extensive physical changes, i.e., wi thou t

replacing f i b e r  and w ithout redesigni ng a s i g n i f i c a n t por t ion  of
existing terminal equipment . This can be accomplished by us ing
waveleng th division multi plexing , whereby d i f f e r e n t signals  are

put on differen t optica l wavelengths onto the same fiber. This

is known as wavelength division mul tiplexing (WDM)

WDM is f e a s i b l e  because several  of today ’s opt ical sources
can be tuned to emit at any of several wavelengths. The semi-

conductor laser diodes , for examp le , can be controlled to a
cer tain exten t by con tro l l ing  the amoun t of dopant in the active
reg ion . This is convenien t because many detector materials have

a flat response curve over a considerable range of frequencies.

The utili ty of WDM depends critically on the use of wave-

length—selective devices which have sharp cut-off and which do

not introduce an inordinate amount of loss. The devices having

least loss are those which are based on refractive or inter-

ference effects. All such devices also depend on the orientation

of the light beam and on the beam angular spread . Thus ,

col l imat ing and focussing optics are of ten called for  and this
adds to the complexity of the resulting system .

5 .2  Optical F il t e r s  for  Use Wi th  WDM
WDM is accomplished by utilizing several optical sources,

each of which emits a distinct wavelength . Each source is

modulated with its associated and distinct information signal  and
the various modulated sources are then combined and coupled onto
a single (common) optical waveguide . The waveguide can be e i ther
a single fiber or a fiber bundle. In order to allow channel

separation without sign i f i cant crosstalk , the frequency sepa r-
ation of the carriers must be several times the linewidth.

WDM is difficult owing to the requirements for suitable

optica l filters. The filters must have a narrow pass band , hig h
rejection of neiqhboring channels , low loss , tempera ture s t a b i l i ty ,
and electrical and mechanical simplicity. This is a stringent
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list of requirements ; however , WDM has distinc t advantages if

fil tering can be accomplished economically.

I f  the de tector in the rece iver ci r c u i t has s u f f i c i e n t ly

nar rowband  char a c t e r i stics , the need for  f i l t e r s  is eli m ina ted
(a t leas t in the receiver). In genera l , photodiodes have a
broadband response; wavelenqth discrimination is therefore

required as part of the detector circuit. Filters are either

handpass  f i l ters or . dichroic filters. Dichroism is the property

of exhibi ting two colors ; a dich roic subs tance w i l l  r e f l ec t one
color (range of frequencies) and transmit another.

5.2.1 Bandpass filters

Absorp tion f i l t e r s  normal ly  exh ib i t  bandpass character istics ,

which bandpass is a f u n c t i o n  of the ma te r i a l  comprising the
f i l ter . The t ransm i ss ivity of the f i l ter may reach as much as
50~- ; they are qenerally quite broadband . Unfortunately, the
f i l ter proper t ies  depend on tempera ture  and humidi ty  and , hence ,
they tend to exhibit unstable properties. However , even wi thou t
that  un desirable  envi ronmenta l  dependen ce , the bandwid th  of

absorp t ion f i l ters is general ly  not acceptable and the re ject ion
proper t ies  are  no t s u f f i c i e n tl y  sharp ; i . e . ,  the s k i r t  of the
transmissivity curve as a function of wavelength is not steep

enou gh.

A more des i rable  bandpass f i l ter can be made by using
several layers of dielectric material. By allowing each layer

to hav e a d i f f e r e n t r e f r ac t ive  index and by increasing the number
of layers , the band’iidth of the filter can be decreased . The

filters operate on an interference princip le , y ielding construc-
tive and destructive interference which yields the bandpass

characteristics. The cut-on and c u t - o f f  propert ies  are suitably

sharp; transmit tance of 50% or more in the pass band is quite

common . Once manufactured , they can be hermitically sealed to

provide isolation from the environment. The bandwidth can be

adjusted from about 0.5 nm to 50 nm by adjusting the structure of

the f i l t e r .
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Since the optical thickness of the film is a function of the

angle of incidence , the interference properties , and hence the
filtering properties , will depend on the degree of collimation of

incident light. At the output of a fiber bundle , for example ,
the  light beam is often diverging ; the pass band of the filter

then becomes correspondingly wider.

If the refractive index of the material comprising the

filter is a function of temperature , which is usually the case ,

the characteristics of the filter will change with temperature .

The center wavelength shift is approximately a linear function of

temperature. In addition , the transmittance can be expected to

suffer as temperature increases. The sensitivity to temperature

variation can be reduced by using only certain combinations of

dielectric materials. The price paid for this luxury is usually

an increased sensitivity to incidence angle.

5 . 2 . 2  Dichroic filters

A dichroic filter is capable of transmitting all frequencies

above a certain cut—of f frequency and reflecting all lower fre-

quencies. The filter is thus a high-pass or a low-pass filter ,

depending on how it is used . It is an all-dielectric device

which normally requires an angle of incidence of 4 50 ~~ The
efficiency of such filters is quite good , being greater than 80%

in most cases ; thu s, a reasonable insertion loss is offered with
dichroic fil ters. Being dielectric filters , they are somewhat

dependent on the environmental conditions , as discussed for the

interference filters , above.

A conf iguration for coupling light from four sources at
different wavelengths into a fiber is shown in Figure 5-1.

Figure 5-2 shows the high-pass characteristics required for such

a configuration to work. The serial filters are selected and

positioned according to their frequency characteristics. In this

configuration , A 4 3 -’A 2
’>A 1. Each filter has a lower cut-on wave-

length than the preceding one. A similar arrangement can be used

at the receiver if broadband photodiodes are used .
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Figure 5—2. Filter characteristics for use with WDM.

The disadvantage of such an arrangement is in the complexity
and cost of the aparatus. A re asonably good alignment of compo-
nents is required . Furthermore , the cost of the filter depends
on the nature of the cut—on , cut-off characteristics. If the
cut-off extends over only a few nanometers, the cost is currently
quite high; yet, this is required for efficient operation of such
a system architecture.

Another disadvantage stems from the geometry of the arrange-
men t. There is a space loss and beam divergence loss because of
the distance between the sourves and the fibers. Some of these
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losses can be overcome throug h lenses , but such lenses detract

from sys tem s impl ic i ty .

5.3 Fur cat ion Coupl ing
Another mechanism applicable to WDM relies on the use of a

mixing rod ; such a rod spatially mixes the input from several

channels so that at the exit from the rod , the signal is a

mix ture of the signals  f rom each separate channel. The mixing is

accomp lished through  a mu ltitude of r e f lec t ions  at the rod
boundaries; the exit face is uniformly i l lumina ted  by the variou s
channels.

Figure 5-3 shows a geometry appropriate to four channel

color mul tiplexing , whereby the channels are coupled via separate

fiber waveguides. Alternatively , an array of sources may be

coupled directly into the mixing rod. The geometry at the

receiver is necessarily more refined , requiring either filters or

narrow band detectors.

Fibers
x l

j~~ Mix i ng Fiber

~ ~j,,
) Rod Bundle

Figure 5—3. Four channel color multiplexing .

6. SUMNARY

We have examined some of the key features associated with

the use of optical waveguides in ARBITS. There are obvious

ouv~zntageS of fibers over coaxial cable , not the least of which

is bandwidth. While current cost of fiber waveguide is qreater

than most coaxial cables, the bandwidth capability actually

renders the fiber competitive. This is due to the fact that
coaxial cable size must increase as data rate increases; this is
not the case for fibers , although the quality of fiber called for
is a function of data rate. These factors are accounted for in

the model presented in Section 2. Using that model , it was shown
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that the cost of fiber systems is actually less than that of

coaxial cable systems when data rate becomes moderately high.

The use of single strands of fiber in ARBITS shows consider—

able promise now that mechanisms for coup ling to such fibers are

emerging . Some new and clever techniques show dis t inc t promise
but they are still laboratory devices. As such devices become

more read i ly  a v a i l a b l e , they wi l l  have s ign i f i cant impact on
ARBIT S .
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