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OBJECTIVE

lnvestigat e the application of fiber optics technology to the Shipboard I) ata Multi-
plex System (SDMS) on the basis that ( I )  the SDMS-to-fiber- optic interface will occur at
the connectors of the major system components and ( 2 )  no change in the structure or
operation of SDMS will be required to accommodate fiber optics. (This report considers
conversion of the primary busses to fiber optics; conversion of the secondary busses is the
subject of a subsequent report. )

RESU LTS

The investi gation shows that

I .  The operation of the nominal size SDMS is possible with use of the p~I~sive
tee coupler confi guration.

2. Operation of the max imum size SDMS is possible in the passive tee config-
uration if the sum of the connector and coupler excess losses can he
reduced to 0.6 dB or less.

3. On the basis of a small amount of published experimental  data , reduction
of these losses to the required level can reasonably be ant icipate d . given
the necessary development effort.

4. Both the passive star and fail-safe active tee coupler configurations caii be
• developed into satisfactory alternati ves to the passive tee coup ler conf i gu rations.

RECOMMENDATIONS

I.  Develop a nine-coupler passive tee bus and evaluate it against the electrical
primary busses of the nominal size SE)MS. — .

~~,ESSiuk tet
2. From experience gained dur ing  this  development , assess the feasibility of ~~~~

achieving the 0.6 dB per coupler excess loss requirement of the 17-coupler 
~~m a x i m u m  si/c SI)MS.

3. If meeting the 0.6 dB per coupler goal appears feasible , develop the required .~~~~h)W

couplers . then assemb le and evaluate the I 7-coupler bus for USC with the I
m a X i f l i u m  s i l L  SI )M S.

4. If meeting the 0.6 dB per coupler goal does not appear feasible , develop a .~~ . . .

I 7-tap m u l t i t i h e r  t runk- type  star coupler bus , and evaluate it for use with ~. . ,,

the m a x i m u m  SI/ C SI)MS.

‘I1~ADMINISTRATIVE INFORMATION _____t

• - 
This is a f inal  report of work done in the period November 1975 to June 1976 by

the author , a member of the FO/Optics Division ((‘ode 2530 ), under tasking from the
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under Program [lenient 6272 I N , Project F2 1 224 , Task Area SF2 122440 1.
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INTR OI )U C liON

The Ship boa rd Data Mul t ip lex  Sy stem ( SD MS ) is a general purpo se in l o r ina t io n
tra nsfe r system intended to take the place of most of the p o i i i t - t o—poii i t  c abli i tg and asso-
ciated hardware presently used for in f ormat ion  transfe r aboard naval ships . 1,2 This new
sy st e i t i  uses frequency and t ime mul t ip l ex ing  of a tw o—l evel set of r edunda n t  interconnec-
tio ns to provide higher re l iab i l i ty  and surv ivabi l i t y  w i t h  lower weight than  pr i sent  po i I t t

to—point  systems. It  is p o t e i t t i a l ly  capable of d i s t r ibu t ing  th rougho u t  a ship all  forms of
periodic and aperiodic signals , e i the r  analog or d i g i t a l .

Two—level mul t ip lex ing ,  wherein user access is provided thro ugh remote mu lt ip lexers
which transfe r i n f o r m a t i o n  to area mu l t ip lex er s  and thence to a common data bu s .  allows
many access points  to he se rviced w i t h ou t  the a t tenua t io n  that  would result from separate
connections to a common data bus. The first  stage of m u l t i p lexi  ng. con sisting p r i m a r i l y
of pulse coding in the remote m u l t i p lcxers , is fol lowed h~ t ime  m u l t i p l e x  t r ansmiss ion  to
the area mul t ip le xers  at base band .  Each area mu l t i p l exe r  serves up to eight remote mul t i -
p lexers on a direct  basi s. Each dual r edundan t  remote n i u l t i p l e x e r  is connect ed to two
adjacent a rea n iu l t i p lexers as well as to i ts  associat ed area m u l t i p lexer to provide increa sed
system survivabi l i ty .

SDMS provides for interchange of information b etween area m u l t i p iexers by both
t ime—divis ion and fre quency—division m u l t i p lexing over a fivefold r e d u n d a n t  data bus , under
the control  of t raff ic  control uni t s .  Since the five data busses can be used independen t ly

and four of the five carrier frequencies ca n be u sed for message transmission , as n ia i iy as

20 separate messages can he t ransmi t ted  at any  given ins tant .  The five data busses inter -

connecting the area niul t iplexers  are t ermed primary data busses.
As many as 16 area mu lt ip l exers  per system can be used to support informat ion

transfe r requirem ents  for ships o1 various sizes. This s tudy considers only tile “maximum
size ” SDMS . coiisisting of 16 area m u l t i pkxers .  and ti le “nominal  size ” SDMS. consi s t ing

of 8 area mult ip lexers .
Operation ot such a sy stem in the e lectromagnet ical ly  noisy env i ronmen t  of a

typ ical Navy ship can re sult in in terference problems . Primari ly because the braided outer

conductor of the commonly  used coaxial cable is not a cont inuous  surface , a t rac t ion  of

any noise voltage di f ference  on th e ott t side of the bra id also appears on the inside and thus

is in troduced in series w i t h  t h e  t r a n s m i t t e d  s ignal .
The rap idl y develop ing t ed i i i i que  ot data t ransmis s ion through opt ica l  fibers com-

pletely avoids th i s  problem , since t he optical t r a n s mi s s i o n  m e d i u m  is an in sulator .  t Jse of
the f i b e r  opt ic  t ra l l s m issR .)n meth od . along wi th  adequate  sh ie ld ing  of the associated elec-
tro nic s modules and f i l t e r ing  o t nece ssar rower leads where they  penet ra te  th i s  shie lding.
can reduce th e  in te r t e ren L e  to any  desired level.

The objective of this  s tudy is to invest igate  the appl ica t io n of f i b er  optics tech-
nology to SI )M S on the b a sis t h at ( I )  the  SD MS—to—fi b er— u pt ics  interfa ce wi l l  occur at the
connector s of the  major syst em compon ents . and ( 2 )  no changes in the  s t ruc tu re  or
operation of SI)MS wil l  he requi red to accommodate f ib er  opti cs .  i bis repor t considers

conversion of the  pr imar y busses to fiber optics: conversion of the secondary busses is the
suh icct of a compani on N i l  ( - report to he publ ished .~

( i ~ i t r ae t  N i l I l i h e l  \UU~4 7 4 ~(~ I 200 , Sliipbuald I ) ; ii . i  M i i h i i p l ex S~ s t e i i l  , \ t l \ a nL Cd t ) e \ eh p i l lei i t  M tde l .
25 J u n e  ~~ 74

2 Au i i i e t u ~ I) i~ isioti . R itck ~~e It l n i c t n a i i o n a l . P r c l i I n i I i a r \  I i ’e hif ICat  ~% 1JI1uiat . Oper a i i t ~ii and \1~ii n ie i i , ~~.e l it—

~i r u c t i t t n s , Sh ip h ua id  l ) a t a  ~l ul I t i j~l~ x Ss~ i~ u u u . Adva nced I) e~el pi i ie i i t  \1~~tel . I \ u i g i ’~ i 19Th
NI I ( t e c t i l u k  ui FL—po r i I he pi ihhlst le d . \ t u t h t t r  I R ( a lu p he ll
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This study proceeds first to determine the maximum bus a t tenuat ion tha i  present
fiber optic transceiver technology and the SDMS error probabili ty requirement will  allow ,
then uses this information to determine the degree to which tee and star coupler fiber
optic replacement busses are feasible. A number of advanced coupler confi gurations are
discussed in connection with the appropriate bus type. A preferred fiber optic configura-
tion is recommended as a replacement for the SDMS primary busses.

To the reader who is unfamiliar with fiber optics , the writer would like to
recommend , out of the large volume of li terature in the field , an excellent review ot
fiber optics by Miller et al4 and a helpfu l discussion of fiber optic communicat ions link
design by Wittke . 5 Also , early investi gation of fiber optics for data bus use at NEL( ’ is
given in reports by Taylor ,6 h oward and ~~~~~~~~~~~~~~~ Taylor et al ,8 and Altman. 9 In addi t ion
to these , a comparison of the performance of the tee and star couplers is given by h udson
and Thiel. bO

SDMS P R I M A R Y  BUS SPECIFICATIONS ”2”

Interconnection between the SDMS area mult i plexers is by means of five m dc-
pendent coaxial cable data busses. In the maximum size SDMS , each bus serves the
complement of 16 area multiplexers , a traffi c control unit , and a maintenance uni t .  In
the nominal size SDMS, each bus serves the complement of 8 area multiplexers . along with
the traffic control and maintenance units.  Figures 1 and 2 show the interconnection
arrangenient on one of the five busses , for the max imum and nominal  size SDMS , res-
pectively. Each area mult iplexer consists of a pa ir of redundant halves. Each half is
connected to each of the five primary busses by separate stubs. Thus each of the five
busses has a total of 34 taps in the maximum size SDMS and 1 8 taps in the nominal size
system.

To effect frequency division multiplexing , five frequency modulated carriers are
injected on each bus , at 45.0 , 53.4, 6 1.8 , 70.2, and 78.6 MHz. Each carrier handles data
at 1 .2 megabits per second.

The SDMS design calls for a bit error rate of i o—6 errors per hi t  prior to error
correction procedures.

4 Mill er . SE . Marcati l i , FAJ , and Li , T. Research Toward Optical-Fiber Transmission Systems. Part 1 , Pro-
ceedings of the IEEE . vol 61 , n o 12 , December 1973

5 Wit t ke , JP , Optical Fiber Communications Link Design , Proc SPIE . vol 63 . Guided Optical Communica t ions .
p 58

6 Naval Elec tronics Laboratory Center Report 1763 , Transfe r of Information on Naval Vessels Via Fiber Optics
Transmission Lines , by HF Taylor , 3 May 1971

7 Nava l Electronics Laboratory Center Report 1921 , Fiber Optic Data Bus , by EA Howard and DII Marcus.
29 April 1974

8 Nava l Electronics Laboratory Center Report 1930, Fiber Optic Data Bus System , by HF Taylor . WM Caton .
and AL Lewis, 26 August 1974

9 Nava l Electronics Laboratory Center Report 1969 . Eight-Terminal , Bidirectional . Fiber Optic Trunk Data
Bus , by DE Altman . 15 November 1975

‘°Hudson , MC , and Thiel , FL , The Star Coup ler: A Uni que Interconnection Component for Mu l t imo de Optical
Waveguide Communications , Applied Optics . vol 13 , no I I . November 1974

“ Rockwell International . Internal Letter of 12 Feb 1975 , no 75 . 344-O5O-ITDU -02 1 . Primary Cable Int erface
Board R.F. Transceiver , 1 0037-504
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MU = MAINTENANCE UNIT

Figure 1. Maximum size SDMS primary data bus. (One of five , each serving the
full complement of area multip lexers.)
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TCU = TRAFFIC CONTROL UNIT

Figure 2. Nominal size SDMS primary data bus. (One of five , each serving tl,e
full complement of area multip lexers.)
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Each primary bus can be as long as 1500 feet (460 m) .  Each area mul t ip lexer  s tub
can extend to 300 feet (about 90 m) . The maximum path length in the system is there fore
2 100 feet (640 m).

Table I lists tile specifications that a replacement for the SDMS primary bus would
he required to meet. Specifications are listed for both the maximum and nominal  size
SDMS.

TABLE I .  SPECIFICATIONS FOR SDMS P R I M A R Y  DATA BUS

Maximum Size Nominal Size
SDMS SDMS

Number of subcarriers 5 5
Pass band 40.8 — 82.8 M h z  40.8 —82.8 MHz
Data rate 1.2 Mb/ s 1.2 Mb /s
Information bandwidth 1.2 MHz 1 .2 MHz
Numbei of access points 34 18
Bus length 1500 ft (460 m) 1500 ft (460 m)
Stub length 300 ft (~ 90 m) 300 ft (~ 90 m)
Bit error r ate i 0 6 errors per bit 10—6 e rro r s per bit

FIBER OPTIC PRIMARY BUS CHARACTERISTICS

Figure 3 illustrates the basic fiber optic communication l ink .  The li ght ou tpu t  of
an LED transmitter  is modulated by the intelli gence to be transmitted and is coupled to
an optical fiber transmission medium. Modulation of the li ght output of the LED is
accomplished by modulation of its input current. At the other end of the fiber the signal
intel l igence is recovered by conversion of the emerging light power to a proportional  elec-
trical current,  which is subsequently amplified to a usable level by a preamplif ier .  The
signal loss in the system is given by

L = C t A f Cr. ( 1 )

where Ct is the fraction of the total LED output power entering the fiber . A f is the
at tenuat ion of the fiber , and Cr is the fraction of the emerging li ght that  reaches the photo-
diode.

As shown in fi gure 4, al ternate two-way transmission can be achieved by providing
both a t ransmit ter  and a receiver at each end of the fiber. Since a path division is req u i red
between the t ransmit ter  and receiver at each end of this system , however , an unavoidable
factor-of- four increase in transmission loss occurs in each direction in a symmetr ical  sY s t e m .

Adaptation of the l ink to bus type operation is i l lustrated in figure 5. Here , each
fiber optic transceiver is coup led to the bus by an optical tee coupler having a coupling
factor K : thus the loss between adjacent terminals becomes

1
LAB = K - C  A Ab C E/4 , 2s r

‘where we have separated the fiber optic loss into components A~ for each stub and A b f o r
the intervening bus fiber , and F is the coupler attenuation due to absorption , scat ter ing.  etc.

8
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Figure 3. Basic fiber optic link .
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Figure 4. Bidirectional fiber optic link .
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whic h we will  call excess a t tenuat ion  or loss. The insertion loss of each of the coupling
points . en tee couplers , on tile bus , as seen by signals already on the bus is 1: ( 1  K ) :
t h us the  loss between nonadjacent transceivers is increased by E ( 1 K ) for each coup li n g
point that  the signal must pass in going between the terniina l s involved. The loss between
t erminals A and C, for example . is then

L~ ç = ( I  - K ) K 2 C~ A~ Ab ~
‘r j 2 /4~ (3 )

Between the ends of a system of n transceivers , the loss is

L 1~~ = ( I  - - K)~~
2 K 2 C~ A~ Ab ~

‘r E n-~~4. (4 )

All al ternate hus like arrange ment . known as the star or radial coupler bus , is
shown in figu re f-u . Here , i n stead of bei n g co u pled i n serial tashion to point s  along a
common bus fiber , the transceiver leads are all couple d at a common p oint , where power
radiat i ng from each individual fiber is distributed uniforml y among all of those at the
junct ion.  The power division ratio seen by a signal passing through the junct ion must
t herefore be 1/ n , where n is the total numbe r of fibers reaching the j unc t ion .  The loss
factor between any two stations in such a systeni is

L =  Ct CrA FEs/4fl ,

where A F is t he loss due to fiber a t t enua t ion  between the terminals , and E 5 is the exces s
loss , as be fore, of the star coup ler. Here the loss increa ses more slowl ~ wi th  ii than  it did

in th e case of t he tee coup ler , whe re n appeared as an exponent .  Also note in figure 6.
though , the greater amount  of si gnal lead required to connect the sy s tem .  Detailed com-
paris ons of the relative advantages of the tee and star systems are given in references 7 .
8, and 10, as well as later in this report.

As with wire transmission , both time and frequency m u l t i p le x i n g are possibl e u si ng
fiber optics. For example , if each LED is modulated by a different  radio frequenc y carrier
or subcarrier , which is in turn modulated by the information to he t r a n s m i t t e d ,  the la t ter
ca n be recovered by filtering at the output of the “eee iver preamp lu 1ier .

In addition to the circuit losses ju st described . a n effective a t t e n u a t i o n  occurs when
radio frequency subcarriers are transmitted over optical fibers. This a t t enua t ion  is due to
the spread in transit time between the many propa gation moies in the fiber.  In base-band
operation this e ffect is known as pulse dispersion. A difference in arrival t ime results in
partial phase cancellation of the modulat ion on the optical carrier as the various compo-
nents arrive at the detector. The effect is equivalent to a reduction in the degree of mod-
ulation on the optical carrier and hence results in a lowered receiver output  si gnal level.
The overall loss equations , (4) and (5), must thus be modified to include a term , Ad. to
account for this dispersion a t tenuat ion.  The two equations then become

L In  = (1 — K) n-2 K 2 Ct A~ Ab Ad Cr En/4 ( 6 )

for the tee coupler system , and

= C~ Cr A F Ad E 5/4n 7)

for the star cou pler system.
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Perhaps the most critical choice in the design of a fiber optic communications link
is that  of the transmission medium. At present , there are essentially three basic types
from which to choose: step index fiber bundles , step index single fibers , and graded index
single fibers .

Fiber bundles , being larger , are able to couple the largest fraction of the available
power from a dif f ’use source such as an LED. Because of the cost of the q u a n t i t y  of
materials required , fiber bundles are generally made from higher loss materials and thus
have a greater at tenuation than sing le-fiber cables. The best commercially available bu ndle
has a loss rate of 100 dB/km.

Sing le fibers, on the other hand, are available with an in i t i a l  loss rate as low as
6 dB/km , which increases to 1 6-20 dB/km after incorporation in a cable. Because of this
lower loss rate , t he a n alysis to follow will consider only single-fiber cables.

As mentioned earlier , tile spread in signal transit t ime between the various niodes
of li ght propagation through optical fibers results in an effective at tenuation of sinusoidal
subcarrier signals. The graded index fiber is designed to minimize this time spread by
increasing the velocity of rays traveling near the periphery of the fiber. The degree of
success attainable in this direction is demonstrated by two otherwise similar fibers , Corning
Type 1028 step index fiber and Type 1156 graded index fiber)2 The frequency at which
a I km length of this fiber will a t tenuate t h e  suhe arrier by 3 dB is increased l’rom 20 M H z
to 200 M h z  in changing from the step index to the graded index profile. Research fibers
with  dispersions 1/50 of the equivalent step fibers have been made)3 Therefore. i n view
of the advantage which the graded index structure provides to subcarrier systems . the
analysis w hich follows will be based almost exclusively on this type.

BUS POWER BUDGET

The success or failur e of information transfe r in any communication system is
determined by the minimum detectable signal level , the atte nu atio n i n terposed betwee n
tran smitter and rece iver , and the transmitter output level. In this section we will est imate
the minimum detectab le signal level for the SDMS specified error rate as well as the maxi-
m u m  availab le LED power coupled into the fiber optic cable. From these , we will then
determine the maxim um attenuation acceptable on the bus.

‘2 Corn ing Glass Works , ( orning NY , Product Bulletin Number 2
‘3 Lucy, GJ . Fiberguide Projections — Performance and Price , Second European Conference on Optical

Fibre Communications , Organized by Groupment Des Industries Electroni ques ( G I EL )  Societe Des
Electr ic iens, Des Electroniciens Et Des Radloelectric iens (SEE), Paris , September 27-30 19Th
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M I N I M U M  ACCEPTABLE SIGNAL LEVEL

We will  first determine the minimun l  signal power required at the recei ver photo—
diode to provide tile error rate requi red by SDMS . In reference 14 , the probabili ty of
error tor b ina r y  decision in ( ;aussia ti noise is shown to be

= 

I - erf 2il~~ - 8 )

where s/n is the peak signal-to-rms-nois e ratio. The plot of this expression . w h ic h is also
given i n refere n ce 14 . shows that  for a rectangular signal form, the SDMS hit  error rate of ’
10~~ errors per hit  requires a peak signal-to-rms-noise ratio , at t i le receiver output , d)f

17 .6 d B , cor respondi n g to a signal-to-noise-power ratio of 57.5. The improvement in this
ratio due to an FM sy stem operati llg above threshold is given in refe rence I 5 as

I = 3~ 2 (9)

where ~ is the modulat ion index , or ratio of the peak carrier frequency deviation to the
nl odlu lati Oll fre que i icy.  In tile SDMS FM transmitter , the peak deviation is 1 .2  MHz and
t ile signal bandwidth is also 1.2 MH z.  Thu s ~ is equal to one , and the improvement ratio
is th ree. For this reason , a si gnal-to-noise-power ratio (based on noise within  tile SDMS
receiver pass band ) of 19 .2 ( 12 .8  dB) is required at the fiber optic transcei ver output to
satisfy the error rate requirement of SDMS. If the transceiver preamplifier has a noise
tigure of 5 dB . this output signal-to-noise ratio corresponds to an input  signal-to-noise power
ratio of 60.6.

In the receiver the following noise sources must be considered :

The rm al n oise in the photodiode load resistance

( 1 11t) 4 K 1 B / R L: ( 10)

sig nal quantum noise

( i 115 ) 2 e I 5 B : ( I I )

h ack gro~ind quan tum noise

(i n h )
2 2 e I h B: 

( 1 2 )

dark current ( luia nt tl m noise
( 1 3 )

(i 11~i ) = 2 c I 1t B :

4 Sc liw art , .  ~1 , l I i Iu rn l a l i on Tr aii siu issi uii ~1 uu c l t i l a t i u u i i  and Noise.  M c Graw- H i l l .  N\ 1970ic ITT. Refe r cI lc e D ata fo r  Ra di o Eng ineers . 6t h E di t i o i i .  Howard W Sanis ai td (‘omp anv .  ~‘~~
‘i I
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where

K is Bo ltzma nn ’s constant ( 1.38 X io 23 jo u les/ ke ivii n .
T is the e ffective temperature of the resistance involved (300 ke lvins ) ,
B is the systenl informat ion  bandwidth ( 1 .2 MHz ) ,
R L is the e ffective load resistance seen b y tile p hotodio d e ,
e IS tile ch arge Oil the electron ( 1 .60 X I o~ ~ cou lonlhs ( .

is tile average signal induced photocurrent ,
is t h e average back ground induced pi lotocurrent (4 I , ) . and
is the average dark current of the photodiode ( 10—8 a mpere s .

The background light causing t b is the result of ’ the other four frequency mul t ip lexed
signals which must be accommodated on the fiber. All five optical carriers contr ibute  to
the photocurrent and hence to the resultant shot noise. This effect would be tile greatest
when stations at the extreme ends of , for example , a 1 7-coupler tee system are con lil lun i-
eat ing and the four transmitters adjacent to the receiver of ’ this p air  are also t r a n s m i t t i n g  to
their intended receivers. The noise current due to the inter l ’ering carriers would gr e atl ~
exceed that due to the wanted signal. This effect can he minimized* by using a t tenuators
in all t ransmitter  and receiver leads except those at tile ends of the sy s tem ,  to equalize tile
loss over all paths through the system to that  between the end mul t ip lexers  (Sec appendix
C). The result of this arrangement is that the interfering signa ls a lway s  equal the wanted
signal: thus the total back ground induced current will  be just four t imes as large as tile
wanted signal current.

The total noise with which the signal must compete is tile sum of the con t r ibu t ions
fronl all of the above sources: therefore tile total noise

= 
~ nt ~

2 
+ ( i ns ) + ( m b )2 

+ 

~ nd~ ‘ 
( 1 4 (

The power dissipated in tile load resistance , R L. by the signal current .  t~~~. n lus t  exceed
that  due to th e  noise current  h~’ t he signal—to—noise—power ratio. S N.  so tha t

/
i 5 = ~~ ( S  N ) ( i n )

~~) 
. 

( 15 )

If k is the response of the photod iode , t he required optical signal power is g ive n
b y

Ps =
~-

= ~ (is~~ ( i
11

) 2 )  . ( 1 6 )

wilicli can also be wr i t te n as

= ~~( .s:N 1~~~nt )2 + 

~ nd~~ ~ 
( j

115
) 2 

+ ( i nb ) 2 l ) 
~~~~ 

( 1 7 )

*The wri ter  is indebted to h F  Tay lor ot ’ NE LC for p o i n t i n g  out t h is t act
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Recal l ing  t h a t  tile dc p ll oto curr ent , i~. is also given h~ t ile p i od Ll ct  of photodiode resp uitsc .
k . and the average inc ident  power , P~. and tile last two noise terms are lu i l c l ions  of
since I s = 1 h 4’ s~e nia ~ so lve b r  P,~ to obta in  tile Io l low ii l g :

~ 
S e h  f s \  ~S e— B2 s\ i 

~~ 
-
~ 

‘ -
~I s  = 

k k 2 
~~7 

+ —

~ ~~~~ 

I(i
i1~~ + (i ild )~ l (1 %)

[lie respo nse , k , ot the ph otodi ude  is give n by :

k = 
q X e  

(19)

whe re q is the photodiode q u a i l t u n l  et’ficiemlcy (80 percent),

X is the Operating wave lengt ll  (820 nm) ,
11 is Pl anck ’s constant  (6.62 X i0~~

4 joule seconds), an d
c is tile velocity of light (3.00 X io 8 mi s).

From the above we f ’ind tha t  k = 0.528 amperes per wa t t .
To determine the thermal  noise , we must first determine the pllotod iode load resis-

tance , R L. The photodiode response must  cover all five 8.4 MHz subcarrier channels , or a
42 MHz bandwid th .  If we use , for s impl ic i ty ,  a simple LC circuit  as tile coupling network.
and we allow the response to be down 3 dB at the band edges., tile required load resistance
is

R
L

=
2 B(. 

. (20)

where C is the sum of the photodiode junction , circuit , and preampl i f ie r  Inpu t capacitances .
Since C will be about 10 pf . the required load resistance is about 380 ohms. Wi th  this  and
the values of the other terms already given , equation 10 gives the thermal noise as

- -17(i nt ) = 5._3 X 10 (amperes)

From the typical dark current  of io 8 amperes , equat ion  13 gives tile dark ise as

(i nd ) = 3.84 X io 2 1 (amperes) 2

lJ pon eval uiat i i lg  the  expression ( 1 8)  t’or the required si gnal power . P ..  accordin g to
tile assumed system parameter s .  we find tha t  the required signal power is 1 .~ 7 X l0~~ w a t t s .
or —39 .7 ulBm . With tins value for P~ and the 0.528 A/W as tile response , k . ot ti le photo -
diode (see eq 19), tile (] liai l tL Il l l  noise due to the signal and the back ground l i gi l t  are found
from equations I I and 1 2 to he

( i ns ) = 2 . 17  X io 20 (amperes )

amid

( i nh ) = 8.68 X I ~~20 (amper e s)  respectively. (‘oillparison of these and t i l e  ~ut l i e r
conlponent s to uinul  previously sh ows t h at tile the rmal  aild p r e a m p l i f i e r  noise components
are d o m i n a n t .

I S

_ _
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Because the required signal level is set mainly by thermal noise , some advantage can
he gained by the use of an avalanche photodiode , APD , instead of the simp le PIN diode
assumed in the foregoing. The APD depends upon impact ionization to provide internal
photocurrent multiplication ahead of the source of thermal noise . The APD is characterized
by an internal current gain factor , termed avalancile gain,  G , o f typical l y 10— 1 00 and b y
an excess noise factor , f~. which is due to the statistical nature of the ionization process.
Since 

~n is a function of the avalanche gain , G , it may be , f’or our purposes., grossly
approXimated S~I6 by

G~2 . ( 2 1 1

The APD dark current is usually given as the sum of a surface leakage , ~~ and a bulk
leakage , ‘db ’ Only the bulk leakage current is multiplied by the gain and excess noise
factors. Thus the dark noise term of equation 17 becomes

(m d )2 2 e B 
~ ds + G2’5 1db~ 

(22 )

Similarly , the signal and back ground quantum noise terms become

~ns~
2 2 e B I~ G 2

~
5 (23 )

and

(i flb )2 2 e B 1b G2’5 , respectively. (24 )

When we make these substitutio ns in equation I 7 and solve for P5 as before , we obtai n

_ 5 e B G ½
fS) + 1 5 e B G

1 2
~~~S\J- 

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

2 e B  (IdS + 1db G2.5)]~ 

½ 

( 2 5 )

The R(’A developmental APD Type C3081 7 is capable of a gain I7 of 50 and has
hulk and surface leakage currents of ’ l0~~0 and IO~~ amperes respecti vely. Usin.~ t hese
values in equation 22. we find the APD dark noise to be 7.18 X 10— 19 amperes . This is
two orders of ma gnitude greater than that of the PIN detector , but is stil l  small compared
to the thermal noise. Substi tut ion of these and the previously used values in equat ion  25

t 

gives the m inimun i  usable power as

= 3.06 X l0”~ W , or -55.1 dBm.

For comparison, we can now use this signal leve l to compute the total quan tum noise

(i nq ) 2 (i~ 5) 2 
+ (m b ) 2

i6 Webb PP. McIntyre . Ri, and Conradi , J , Properties of Avalanche Photod iodes , RCA Review , vol 35. .l une 1974
‘1RCA Electronic Components , Harrison NJ , Product Sheet C30817 issued October 1972
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t ’roin

( i ( 2 = 10 e B k P5 C
2 5

We then find that  t i le qu a i l t un l  noise . (i
lidI 

( 2 5.49 X io 1 7 
~ 

2 is now oh ’ t i le same orde r of
magnitude as tile other noise components , and ilo s ig i l i h i c an t  i n l p r o ven l en t  can he expected  h~
i ncreasing tile A P I )  gain beyond the value we have cllosen.

RECEIVER COUPLING LOSS

As mentioned previously, if the receiver photodiode surface is too small to iii e i ce p t
all of tile light emerging front tile fiber , an addit ional  loss factor 

~
‘r must  be included to account

t’or the lost ligilt. However , the use of a eonl bi n at ion such as t I le (‘orning Type 1302 graded
index fiber wi th  the RCA Type C308 17 APE ) results in a pilot osur l ace d iamete r  13 t imes  t l l a t
of the fiber core. Hence , either bring i ng tile fiber core close enough to tile pho tos ur f  ace or
using a sui tab le l en s to i m age tile f iber core on to t h e p ilOtosu rt ace should make f i l i s  loss ileg—
lig ih ie.

MAXIMUM AVAILABLE TRANSMITTER POWER

Avai l able LED outp u t powers r a nge u pward to as much  as seve ral mi l l iw a t t s .  R ece n t
deve lopments in edge emit t ing LEDs have permitted coupling as mucll as 0.8 mW (—1 dBm )
into a single n iult imode step index fiber having a 0.14 numerical  aperture and a 90 pm core
diameter. 18 Several mi lh iw a t t s  can be coupled into a similar fiber from an injection laser , suc h
as the RCA developmental type C30l 27 , t hrough tile use of suitable optics. 5

MAXIMUM PERMISSIBLE BUS LOSS

If the — l dBm LEE) described above is used as a t r ansmi t t e r , the —55 d B m n API ) receiver
power requirenlent allows a total bus loss of 54 dB. If we ciloose to use an injection laser .
we should be able to couple in to the fiber at least S niW (+7 dBn i ) .  which would a l low a bu s
loss of 62 d B .

FIBER OPTIC TRANSCEIVER

The fiber optic transceiver serves the f’un ction of an interface between the optical
fiber and tile output  termina l  of the are a mul t ip lexer .  It serves to ta ke tile frequency
modulated rf carrier from tile area mul t ip lexer  and use it as a subcarr ier to modul ate  the
LED or laser optical source. It  also serves to demodulate  optical  carriers coming fro m t i t t ’
bus . then to a m p h if ’y the resul tant  rf carrier and present it t o tile area m u l t i p lex er  i npu t
t e rmina l .

‘8 Wi t t ke . JP . Et te i ib cr g .  NI. and Kr c~seI . I I . Hi gh Radiance  LED for Si n gle .F ih e r Optica l  I i ik ~ . R( \ Rc~.
‘~(Il 37 , no . J une I 97(
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The trai l sceiver and its connect ion to tile area m u l t i p lexer are sh owil iil block form in
figure 7. In this t’igure . the rf signal f rom t h e  area i l l t i l t ipl exer is amph i l ie d as neces sary by
the LED driver and then , in combinat ion wi t h t he d c bias necessa ry t ’or l inear LII) operation ,
is used to operate the LEI) . TIle o u t p u t  of ’ tile LII) , as desc rib ed in one of tile opt io i ls
ol’ appendix C, passes through a pair  of ’ optical  a t t enua to r s , A, to tile j t inct ions w i t h  ti le
lel ’t- aild right-directed stubs. Any  of tile o ther  options described there could be used in-
stead. From these junc t i ons , signals or ig inat ing fronl sources to the Ie f ’t and right are
separately adjusted in level and directed to the photodiode.  Tile rf signal out 0) 1 ( lie ph oto-
diod e is a mpli f ied by the pre ampl i f i e r  to a level suitable f ’or presen tat io n to the a rea mul t i -
plexer.

It is apparen t from the figure th at  a s tab i l i ty  problem is inherent  in t h e  conimon
input  and output  terminal  of ’ the area mul t ip lexer , as f’ar as t h e  operation of the transceiver
is concerned. Noise l’romii the preamplifier can be amplified by the LED driver , ca n modu-
late the LED , and then , by backsc atte r from the tr insmi t ter-receiver  path divisio n po in t .
D. can he returned to the receiver input  for fur ther  ampl i f ica t ion.

Electronically,  the simplest cure for the problem would be to have separate inp u t amid
output terminals on the area mul t ip lexer , but  in practice this would no doubt result in
a panel space problem and would preclude a one-for-one compariso n of the wire amid fiber
optic busses. Furthermore , it would violate the in i t ia l  s t ipula t ion that  no change in SDM S
would he required for appl icat ion of ’ fiber optics.

Figu re 8 i llu strates a way of avoiding the receiver-to-tram i smit ter  feedback Prob le iii
and at the same t u l l e  providing for gating off the optical  carrier whlen tile area m u l t i p lexer
is not t ransmi t t ing .  In this fi gure . t h e sig n a l being fed i n to t h e area mu lti p lexe r is sepa rated
from that  coming out by means of ’ t u e  hybrid transf ’ormer , T . Beca u se of t he sy mm etrical
location of ’ the tap on t h e  transformer primary win ding and the equal i ty  of R2 wi th  the
combination of R 1 and the area mul t ip lexer  amid LED driver input  impedances at tile ends
of the priiiiary winding,  the signal from the prean ip i if ’ier couples to the area mu l t i p lexer
input  but not to the transformer secom idary winding. The signal coming from the area
m u l t i p lexe r , however , couples throug il tile t r anst ’or mn er to t h e  detector tiiat  is connected
to its secon dirv .  Tints , an ou tpu t  f’rom t h e detecto r occurs . esse nt ia l ly ,  only when t h e
area mul t ip l exe r  is t r ansmi t t ing .  In addi t ion , to ease the balance requi rement  on tile hy b r i d
transformer , a t i lr e s i l o l dir l g device allows the ou tpu t  of the detector to coup le th rough  only
a f t e r  reaching some predetermined level. By this means , leakage signals due  to) lack of ’
perf ~ct ba l a n ce betw een t h e h ybr id  transf ’ornier  wincl ings are ignored as long as t h e y  can he
kept small relative to the coupled signals. The signal from the thresholding device is used
to operate a gate control l in g both the bias and rf modula t iom i  on t u e  LI I) . To prevent
i m i s tahi l i ty  dur ing the tinie tha t  the LED is t ransmi t t ing ,  the  receive r ou tp u t lead is b rok en
by a u oppos i te po l a r ity gate.  Th e lo ad resisto rs R 1 amid the R2 co ) t i lh i l i at io fl  are made soil-
t icient ly high to cons t i t u te  a neg lig ib le loa d on the area m u l t i p lexer  o u t p u t :  th e i r  ra t io
is set by adj u sti n g R, so as to equa l ize the currents from the pre ampi i f ’ier f l owing  iii the
two h alves of ’ the t ransformer  pr imary . The loss seen by the  signa l f rom ii  t he  p rea i i ip l i f  er
is of l i t t l e  concern since the signal—to—noise ratio ) has a l ready been es tab l i shed at t h a t  p o i n t .
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TEE COUPLER SYSTEM

A fiber ~.ph acem ent  bus using optical tee couplers is illustrated in figure 9. It  is
appa reilt tha t  tile con higuratio n closely niatci les that of the electrical bus of f igure 1 . The
optica l tee coupler serves a system f ’unction similar to tile isolation taps used in t h e  coaxial
syste m . hut  its operation is more closely amialogous to tile microwave direct ional  coupler.
For example , no iossy elements are deliberatel y introduceul . and its ope ra t io n  is charac te r ized
by a fixed signal division ratio known as tile coup li ng factor. To min imize  t h e  number  oh ’
coupler-to—coupler connectioti s required as well us to coi i torm ii as closel y as possib le to )
the SDMS confi g u r a t i on , each coupler provides two taps to serve t h e  dual  redundant  stu bs
leading to each ar L ’a m u l t i~’ ~xer. A separate transceiver um i it  is located at the ou tpu t  ter-
minal of each area I t u l t  if 1 x er  half.

END-TO-END LOSS OF TEE COUPLER BUS

The worst case end-to-end transmis sion loss in a system such as figure 9 . cons i s t ing
of n dual tap couplers , is illustrated in figure 10. In this f ’ig ure , A5 and A b a re t h e  a t ten-
uation factors due to one stub amid to the to tal fiber a t tenua t ion  of ’ the bus , respec t ive l y :
whi le  k is the tap coupling facto r . defiiied as the ratio of tile power coupled to one s tub
to that  incident  on the coupler and is . for reasons of practical logistics . the  same f’or all
couplers , * Each coupler is also characterized by ( I )  a transmission loss , T = 1 — 2k . which
acco unts for the power extracted by the taps , and (2) an excess loss , F . which inc ludes  all
remaining losses (connectors , Fresnel reflections , scattering, absorptio n . etc) .  For simp li-
c i ty .  E is assumed to he the same for all couplers. An add i t i o na l  loss factor of two occurs
at each transceiver due to division of the optical pati i between t ransmit ter  amid receiver.
The end-to-end transmission loss is then evidently

L 111 = (A ~ Ab E n) [k 2 l _ 2k ) n_ 2 1 . (2( )

Let t ing  dL 1 n /dk = 0 gives the min imum loss value of k as

k = I .  ( n >  2) ( 2 7 )

Wit h this value of k . the end-to-end loss becomes

L In = (A~ Ab Efl) 
~
(l
~~~
)
~~2I (28)

The first group of terms represents dissipative losses: tIle second represents coup led power
losses due to the taps.

*A saving of several dB can he gained by a separate choice of k for each coup ler stub such tha t  onl y the  p~~ ci
required is coup led to each tap .  Th is techni que is discussed ra ther  extens i vely  in references 5 and 9 . i t s

ut i l i z a t ion ,  however , requires either that  k be made adjustab le or that  a very large stock of d i t ’t c r e t i i  k co Ip ie r s
be kept in hand. A practical method of making k adjustab le has nu t as yet  been developed: and t o s to ck a
large number  of coup l ers wou l d ,  at present . appear to cr eat e a con si d er ab l e logis t ic s  p rob lem.  T lie r eh rc .
thi s  technique is h o t  considered in t h is s tudy.
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Figure 10. End-to~end loss on tee coupler bus.

IIn add it ion to the above losses, we m ust add t he te rm Ad to acco unt for  demodu la-
tion of the optical carrier by pulse dispersion in the fiber optic cable. The complete  cx-
pression for the end-to-end transmission loss of the bus is then

I - n— 2
A A  I ( l - f t )

Ll n ( ~~~~P ) En 

L ~~2 
Ad .  (2 9 )

Th at po r tion of t h e loss given by equation 29 wh ic h is depeiidetit on tile num i i ber  of
couplers . ii . served by the bus is

E~ En 2 
(I 2)n_2]

This term is plotted in figure i i  as a fuiiction of n . with t h e  coupler excess loss , F . as
a pa rameter.  As stated previously , t h e cou p le r excess loss comprises all losses beyond
t h at d ue to the power taken out by the stubs. In the case wllere connectors are provided
on the coupler , their loss can also be most conveniently included in the excess loss.
Thus . t h e  total  end-to-end loss of an mi-station bus can he found by f irst f imid ing  t h e ii-
dependent loss from figure 1 1 and then adding the number of dB representing tile t’iher
optic dependent loss terms.
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/ A0/ / / /  / /
EXCESS LOSS PER / / / / / / / /

COUPLER , cIB / / / / / / / /
60 — 2 8

2.6

55 — 2.4

//////////ZV ~~~~~ô ////// / / / / y 7 0.8
1-
0
Z 

~~ —
W 0.6

0.4

30 — 0.2

0.0

::j

I I I
4 5 6 7 8 9 10 11 12 13 14 15

NUMBER OF DUAL TAP COUPLERS

Fi gure I I  . Bus loss. n-dependent end-to-end loss ~f tee coup ler bus as a f u n c t i o n
of Ihe number  of dual tap coup lers used and total excess loss .
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For tile (‘orn ing  Coregu mde Typo ’ 1302 graded index I’iher cah l eY ~ t h e  loss r a te  is g iven  as
20 dB k ui i .  l ite su it of the s tub anul bus loss for tIle ful l  size 640 in SI ) \ I S is (b ert 12 .8 dB .
The dispersion induced loss is given as 3 dB/km , at 200 MI It .  li t  t i l e  absence of a n y  be t te r
scaling method . t l l i s  can he sca led to (lie utpper end of ’ the  SI)MS su lb ca r r i e r  pass band
t 82 . 8  Mi I t )  by : t i u l lou \  to t ile a t t e n u a t i o n  of a sing le section R(’ low ~a~s f’ilter o)f tu lle
constant r. the sea l i ng  re la t iomi  js

,
L ( l  + 3r- )

where r is t h e  rat io of the frequency at  wh ich the loss is 3 dB.

The loss is

I = X c R + X c )

-1 ‘I I ,
= (r- w — I )~ - .

If tile 10)55 is L 1 at 
~ I and the loss is L 2 at ~~~ 2 , it t’ollows tha t  tile loss ra t io

L 1 / L 2 = ( L j + w ~ /w 1 ) _ L 1 w , / w 1 ) ) Y2.

If we then let L 1 equal 0.5 wilen is the 3 dB frequency and s u b s t i t u t e  r f o r  °-‘: (,,~i I t h ( .’
desired result  is

‘I IL2 ( l ~~ 3r -)

,\t  the upper  end of tile SDMS pass hand ti l i s relat ion gives the loss as 0.9 dB k i i i .  F o r  the
0.64 km cable lemigt h . the loss due to the e ffects of dispersioii should thus  he about  0.5 ii B.

The sum of all of the fiber optic related loss terms , as wel l as the factor-of- four beam
sp l i t t i n g  loss is t hus  about  1 9 .3 dB f’or the m a x i m u m  size SI)MS. For the nomina l  si/ c SDM S
it i ’~ 14. 9 d B.

M A X I M U M  NUMBER OF COUPLERS ON TEE BUS

Table 2 has been prepared oii t h e  same basis to provide q u i c k  reference to ) t h e  n u m i l b e r
( I f  dua l  tap coup lers wi t h  APD detectors t i l a t  can he served by a s in g le  f iber op t ic  da t a  bus .
I ti  this  tab le , tile n u im h e r  of couplers t l l a t  can he served is listed as a f ’t i n c t i o n  of t h e  l e n g t h
of the p r imar y  bus and the coupler excess loss. The s tub  leng th  was assuin led I i L ’ i l l . l  ~ !l f i x e d
at 300 fee t  ( ~ 90 iii ) . The values in tile table are based oii tile uise o)f (‘o r n i n g  I pc I 302 cable .
which , as stated earlier, h as an atte nuiation of 20 dB/km and a dispersion in du ced  h I s s  of

0. -) il l3 km at 82.8 \-lElz.
Tile data presented in the  table indicate  t h a t  ( 1 )  the speci f ica t ion s  ot t he  u l i ax in i u m l i

site Sl) \ IS pr imary  bus can be iiiet if (lie excess loss of ’ the  i n d i v i d u a l  coup l e r - e on n e emo r  co in—
h i n a t i o m t  can be red u ced  to sli g h t l y  less th an 0.6 d B: and tha t  ( )  those of I lie n o m i n a l  si te

r u n e  ( I , u .~ t’. rks . ( ir n i n g  \ \ . Pr odu ct  B u l le t in  \ u m h e r  4
*This re l a tu n r e s u l t s  f r om  i u a t ( i p l i l a t i ( T i I t  t h e  usual c \pr ess T u l u r  the  loss imposed n a sI~ n, I  I ~~ u i l ; u i

r c l ( i L ’iiL -
~ ~ .j h~ ,t low p. ss f i l i ~ r h a y  lu g series r c s l s i a n c e  R . s lo in i  e . p ; C ( I I V C  R’; I e ( :U l e e  \ - ai i d i u n i i ~ cuhlsiau i i’

N
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FX( I- SS LOSS . dO

( i u ( a i \
Bus l ength .
eel ( ind ies ) 0.4 0.6 0 5  h O  1 .2 1 4  I .~ 1. 5 2.0 2 .2 2 . 4 2 1 ’ 2 5; ( (

I —~ R )  4~ 
‘ ) >1 7 h O 4 12 I I  10 ( 5 7 7 7 0 (1

1400 (42 6)  >1 7 17 14 13 I I  U) ‘I 5 S 7 7 0 0

1 300 (396 ) - - - 1 7  >1 7 5 1$ 12 I I  j Q  9 -~ 5 7 7 7 6

219 ) 3~~ ) - 1 7  > 1 ’  I S  I 3 1 2 I I  10 ‘1 9 s s 7 7 n

1100 ~$.45 ) ~‘l 7 > 1 7  t O 14 12 I I  10 9 9 5 .5 7 7 i i

000 1305 t - -- 1 7  > 17  161 14 13 I I  10 t O 9 5 7 7 7

9 ( 0 ( ~ 7 5)  - 1 7  > l~ 17 15 IS  12 I I  10 9 ~ 7

.~0 )9 (244 1 >17 >17 >17 I S  I S  12 I I  hO ‘ I  0 5 x 7 7

‘ 0 ( 1 ( 2 1 3 )  >1 7  > 17 > 1 7 16 14 12 I l  I l  10 9 ‘i 5 5 7

6 00 ( 15 .’)  > 1 7  > 17  > 17 16 14 I S  12 I t  10 t) 9 5 5 7

5 0 0 ( 1 5 2 )  >1 7 > 17 > 17 16 14 13 12 I I  10 9 9 5 5 7

\ u u u u h . ’r I dual iap lee  coup lers t h a t  can he served as a func t ion  of coup ler Cxdcss  l iss and lt ’ngi l i  I
p r i m ary  bus t r u n k , based o uu f i gu re  I I . an d assuming the usc of au API) d e t e c t o r .  300 i~~~~~~ i ( 91  n i )  s tobs .
and 20 d O-  Lii i  cable

SI )\ IS  pr imary  huis can be met when the  excess loss is as t l l uich as 1 . 8 dB .  V . R l i t t l e
e x p e r i m e n t a l  i n f o r m a t i on  e x i s t s  f’romn which  to ) e s t ima te  the  exce ss loss t o) be expec t ed  from
sing le—fiber  coup lers (see appe i ld ix I)) . Pan 2° reports an e x p e r i m e n t a l  sing l e — f i b e r  coup ler
h a v i n g  an in se r t i on  loss of 0.6—0 .8 dB at a couip l imig f a c t o r  of 10 (1 13. The co u p h i t i g  f a c t o r
re quireu l  of ’ flit- n l a X i m u i i i  size Si)MS is only 1 2.3 dB . wil ic Il  should al low soiiie r e d o t e t i o m i
in t h i s  loss . but  whe the r  it  could be reduced sul ’f ic i emi t ly  to al low for  tile losses due t o  con —
nectors on the  coup lers is u iot c lear .  (‘onnectors  woui ld be i e q u i r e d  to perm u it coup ler
re i lloval f o r  s e r v i c i n g ,  as well  as to f ’a c i h i t a t e  i n s t a l l a t i o n  A goal of 0.2 dl3 P~’i coil l l ect or
shot i ld  he physi ca l ly  re a l iz able  since s ing le—f ibe r  splices w i t h  losses in t h i s  r ang e li : is  e been
reported by a l l t Im llh )c r of inves t iga tors .  M 11cr , 2 for example . reports  an as erage loss of
0.0~~3 dB for a series of sp lices , and G u t t u i i a m i n  et a l 2 2  have pro duc eoh an e x p e r i t l l e n t ; I l .
s i n g l e — f i b e r  connector  hav ing  a loss of on ly  0. 1 d 13. In  view of thies e deve lopm e l l  Is . t i t e
n o m n i n a l  size Si) M S o’ OtIl ( l  appea m to he t ’e asi b he ’.

‘. in i . i i . F iber  Op ne I ) i r ce t i o u i a l  ( oup ler . OS,\ II  I I  (‘ou i te re n c e  on I aser  and I Ic i n — opt i ca l  Ss s ieh i ls .

San Diego ( a l i l o run a . 25- 27  t I n  l97o
2 ! \ h u I I ’ i  . (A l  l oose Tube Sp I k e s  I i  Optical 1- i he i s  1: 1 st I - u r op canu  (‘u h I l e n d l I c oui O p t i c a l  I ibe u ( inn

i n u u n i c a i i o u i s . Or g an i t ed hs i h i t ’ l - l y ’ c i r n n i e s  l ) i v i s i in I th or I n s t i t u t i o n  i I - l e c t n c a l  I iou ( e d i s . I l l — I S  S p-
i~~u ihe r  I )

2 2 (~u t i r n a h i n . .1 . k n n n p h i i Ii . 0. P l e n f i e r . F .  \ IuIn ’t’ o le Opt ica l  I i I ’ ’ r - Hher  ( n i r y ’el n - l u s t  h u i o p e a i

I u u I e o r u i c c  on Opt ica l  F ib e i ( o u n i m m u n l c a t i o n . (J r g an i ied h~ ( l i e  I k’dronies I ) ns  s i n  I ( l i e  I u s t i t u t i i i n
( I t  I Ic~ i i cal I n u n u n i c e l s . h o — I  ~ Sepie n ib er 1975
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LOW LOSS S I N G L E -F I B E R  TEE COUPLER SYSTEMS

In art effort  to explore the  possi b i l i t ies  of coU I) l e i s  0) 1 e x t r e m e l y  low 10)55 b r  s im ig le
fibers , the coupler design described in app end ix  .\ was c o n c e i v e d .  1 hr ee of I h i e  coup ler coii-
f i gu ra t i ons  cotisidered there  have theore t ica l  lower l i m i t  exce ss losses lower t h i a u i  t I le  0.2 dB
per co u pler r e qu i ren le n t .  \ \ h i e t h i e r  such low losses could.  in fact , be realized would  have  to
be det e rn l in ed  by exper iment .

A bus conf igu i ra t ion  t i la t  would take  advantage  01’ the  couipher ohesi gn presen I . -d im i
appendix  .-\ is showt i  in f~guire 12 .  In  t h is cou if ’igu ra t i on  - each t m ’ai i sceiver has dua l  l igh t
sources and p iio todetectors . each coupl ing  to opposite propa gat  u o ii  u l urect  ions ot i t l ie oh ual
redut ida t i  I pr i n l a rv  b t ts . .-\s describ ed i n the a p p e t i d i x  , coup l ing  is by means  of ar m i ndex
matched  area between t h e  t ’ibers where  the  c ladding  has been m’ emn ove h . I - . x l en s ion  of such an
area al ot ig the  t i l i ers  can y ield  a m a x in i u m u  coup ling I’actor oh 50 percet lt  . I f s  ex te t i s io n
along the j u n c t i o n  be tw e en (lie dua l  r e du t idan t  bus fibers provides add euh r edu t i da t i cy  because
tile couip led area wi l l  n i a i n t a i n  t ransn i  issiom i t’ol l owit ig  f a i l u r e  of ’ a l t e r n a t e  fibers on o)pp o si te
stoles 01’ (lie coupler .

1- x te n s io )t l  of th is  concept so as to) iticrease the el ’f’ectiv e r ed u in dancv  of t h e  s tubs  is
i l lus t ra ted  in fi guire I 3. Elere . couip h ing is provided between the  dua l  s tubs  at bo th  the
coupler and t ransceiver  t e rn l i t l a t i ons  so t h a t  fa i lu t re  of ’ e i t l l er  s tu th  resul ts  iti a 3 dB imicreas e
in a t t e n u t a t u o t i  r a t h e r  tha t i  complete I ’ai lure of ’ t h e  s tub.  Th is conh ’ig u t ra t ion  pern i i ts  the
uise of e i the r  dual  or simig l e source ant I detector un i t s  as desired , since each u n i t  couples to
the hots in bot h d i rec t io t i s .  l)ua l sources provide source reduit i dat i cy but  in accordance w i t h
what  is somet imes  refer red  to as the law of ’ com i servation of br ight u ies s .  the s  do not  provide
a hded source power. S i m i l a r l y .  :i mir ror  i t i t e rcep t i n g  the ex t ra  s tub  at \ 1 in I’igur e 1 2 wouho h
pe rmi t  b i d i r e c t i o n a l  opera t ion  wi th  a sit igle source and detector  in i i i s tanc e s  whin c I lie
redu it idanc  is t out r equ i red .  With th is  l a t t e r arrangemet it  - however , t i i r ~ r i g h t —  ai id l e f t —
directed coupl ing  factors  become unequal  when I l i e s  are large. because the signa l is smal ler
on t lie sr ’eo id pass 1 Ii rough the  coup ler.

STAR COUPLER SYSTEM

[he star coupler system 1 m g  14 )  avoi d s much of ’ the  loss of ’ t he  tee coup ler sy s tem
by what  mig l l t  be teri l leo l paral le l  ( r a t he r  t h a n  series )  co t inec t io n  of ’ t h e  taps .  ° T u e  ho iig esl
o)pt ica l path f ’or a ma xirnui i i i  size SE)M S is t hrouig hi one ra ther  t h a n  34 coup lers . . - \s shlo ) Wii
in t h e I’igui re - in t e rco t inec t io t i  betweet i  area m u l t i p i e x e r s  is made at a coi i it u on j u t i c t i o l l i
kr i owt i  as the  s t a r  coup ler. Separate fibers are ruin I’rom the t r a n s m i t t e r  of ’ each area m u l t i -
p hexer  hal t ’ to thle coup ler i n p u t ,  and Irom ii t h e  coup ler o u t p u t  to the receiver  of each area
mui l t ip l exer  h a lf .  Wi th imi  (lie s ta r  coup le r. l ight  f rom each trans m i t t i n g  f i be r  u h i ve ige s  in
t raversing a g lass m i x i n g  block so as to I)e u i n i f o r m l y  d i s t r ihu i t ed  over t h e  e t ids ii I h i e
receiving f i b e r s  at the other  end of the block.

The reflect ive s ta r  coupler  described by i -Iudsomi and Th ie l  ~ is shown in f i gure 1 5 .
Iii t h e  r e f l e c t m o e  s tar  coup ler. the  li ght pa th  is reflected back on i t se l f  bs a mi r ro r  at  t he  f a r
end of the n l ix in g  block. In th is  arra n ge m iie n t  eacil cable carries both t r ansmi t  and te e ei s  e
si g na l s . and p ower d iv i s ion  m uts t  be utsed to coup le 1)0th t r a m i s n i i t t e r  amid receiver  to the
single cable. .-\ symmet r i ca l  power d iv k her  results  in a factor—of ’—two  loss in both the  tr ans-
m i t t e r  and t h e  r e ceiver  signal ari d hence a 6 oh B increase i i i  s y s t e m  at  ten om a l oi l .  T h e  ni po
( a l i t  ; o lvami  tage of thus  svs ten i over ( l ie non re f l e c t i v e  one is t h a t  it  u ses onl  ha l f  as m a n s
cables.
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Figure 14 . Transn iissiv e star coup ler hums.
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Fi gure I S .  Reflect ive star coupler bus.
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END-TO-END LOSS OF STAR COUPLER BUS

in a reflective star coupler system , the losses external to (lie coupler consist 0) 1 the
6 dB transceiver beam spli t t ing loss and (he cable a t tenuat ion .  Iii t h e  worst case , t ile la t ter
is ( lie san~e as that  t’or t h e  tee coupler system since t h e  cable fol lows tIle same ro )ute.

The coupler internal  loss comprises three major compone ilts. I - l i s t , a n eI ’I’ect ive
at te i lua t i on factor of n occurs , where n is tile number of taps , because each im i put  signal is
divid ed a m ong all tile ou tput  taps . Secomid , a packing h ’acto r loss expres ses t h e  t acto ) r  by
which (lie area of the mixii lg block output  face exceeds (lie area covered by the ou pui t fiber
cores. Third ,  losses a nalogous to t h e  excess loss of the tee coup le r im l c lude absorption and
scatte ri ng in the bulk of the diffusing block , surf ’ace scat t er in g by i m per fectio n s on its
surface , and reflective losses at the mirror sumrface . Final ly,  if it is m i ot e l iminated  by anti-
reflection coating or index matching.  Fresnel reflection occurs at (lie i npu t  and o u t p u t  in ter -
f’aces. Con lbinim lg th ese tosses , (lie end-to-e nd loss

— 

P t~A cA r E ( 30)
— 

4n

where
P~’ = packing factor loss

Ac = to t a l cable a t t e n u a t ion

Ar = Fresnel retlection loss

F = “excess loss”

and (he factor of 4 is t h e  beam splitt ing loss at the transcei ver.
• The packing factor loss is dependent , to sonic degree . on t h e  arrangement of ’ the

fiber-to-mixing-block interface. It is desirable to have the largest possible in ter face  area
between the mixing block surface and fiber core . wit h t u e  smallest possible chadded surface
on the mixing  block. The configuration shown in figure 16 f’u l f i l l s  this re quiire n ient :  the
mixing  block thickness equals the fiber core diam n et er and time fibers are aligned iii a single
row along its edge. The packing factor (ratio of ’ total core area to mix ing  block cross-
sectio nal area )

— ~‘N ( d /4 )
P f -  [( N - I ) D + d l d ‘ 

( 3 1 )

wilere
N = number  of fibers (same as (lie number of taps in (he tee coup ler sy s tem I

I) = outside diameter of fiber
d = core diameter.

• _ _ _ _ _ _ _ _ _ _ _ _ _

I’ mui ir e I 6. Star coup ler mix ing  bloc k.
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The Corning 20 dB/ kn -t  graded index b ’iber Type 1302, described earlier, hi as a core cladding
ratio d/D of 1 / 2 .  With (his valume . eq uation 3 I yields a packing b ’actor 1(155 of 40 percent
(eq uivalent  to 4 dB) (‘or (lie 34—tap SI)MS. The arra n gei l iemlt shown iii f igure 1(1 ha s au
advantage of 3 tA B over one iii which (lie block thickness equals t h e  outside diamiieter  of the

— fiber.
The end — to —e n ul loss of the SDMS star coupler bus is i t em i i i i e d  as f o l l o w s

l oss. dB

No ni im i a l  s u e  ~1a x i t u u m  si/.e
SI)MS SDMS

End—to—end loss ( 18  taps ) (34 taps )

Power division 1 2.3 15.3
(‘able a(tenu at io i i  (640 ~~~ (° 16 d B / k m )  10.2 10 .2

(See (able 1)
Packing factor 4.0 4.0

Fresnel eff ’ect ( h ’our surt ’aces) 0. 7 0. 7

Transceiver bea m spli t t ing 6.0 6.0
Estimated excess loss ( includes mirror loss) 3.0 3.0

Total 36.2 39 .2

Since the use of ’ a —i dBm LEE) t r ansmi t t e r  I)er tii i( S a bus loss of ’ 54 dB to be
ac commodated (see Maximum Permissible Bums Loss), t h is table sh ows t h at t’or ( lie max im i l um
size SDMS . a sta r co~ipi er system provides a 14.8 dB excess over (lie mll imiii i lum s ignal  required
at t h e  receiver APD: amid for a m iominal  size system it provides a 1 7.8 dB excess.

CABLING REQUIREMENTS OF STAR COUPLER SYSTEM

As figuire IS  shows, the star coupler cable layouit  can lie made to match  t h a t  of the
SDMS conventional electrical bus. Stub lengths in this  conf igura t ion are (lie same as those
in the tee coupler system. T h e  bus portiot i . on the other hand . requires a separate f ’ibe r I’or
eac h tap. (Each area muh ( ip l exe r  req utires two fibers. ) If (lie area m u l t i plexers are spaced
by a distat ice. ~~. atid (lie coupler is located in (lie cem i (er oil ’ t h e  system at h war t  area m u l t i -
p lexer 9 . (lie total  f iber  length required for the t r u n k  Iiortion of (lie system

= 4~ I + 2 + 3 + 4 + . . . + 
.

where N is odd and represents t h e  nuiniher  of area miiu i l t iphex e rs  in t h e  sy s t e m .  For t h e  mu axi -
mum size SDM S. N is I 7 ( inc lud i t ig  an MU/ TCU ) .  amid 

~t equals I 44t. - For :i I 500 l ’oot
(460 iii ) SDMS t runk .  ‘~ eq uals 93. 7 5 feet (2 8 .6 i i i) :  thus for  the tru m nk por l io ll  of a s tar
system , 13 500 f ’eet ( 4 1 1 5  in I of fiber is required. Th is is 1 2 000 feet (3657 mu I more than
(lie tee coup ler sys emii requires.  For (lie nomina l  si /c SI)MS. N is 9 . ~ i s 4O~, ~ is IOU b’eet
(30.5 no: thus  4000 feet ( 1 2 1 9  iii ) of t’iber would he required.  This is 3200 feet ( 0 ) 7 5  m l
more t h an the m iomuinal size tee couip ler bus req umires.
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) l ’i c . i i O 1 s  m , i t s e f io  l i r t s  e x t r a  fiber re u l u i r em l t e m l t  are ( I  I ( lie adul eth s p ; m L e  :uiid ~ t i g h t
ro —q u ir ~’oh . 1 2 1  t u e  .o fd ed m n s t . t h l a l i o n  c o s t ,  am i d  ( 3 )  t h e  ad u hed c ab le  cost - iii  t h a t  o rder  of
i n ip or t . i n ce .  U ii  e \ . i i m u i i m . m t i o i i , h owev er .  t h ese O h l e e t i o ) i l s  h ia v t ’ li ttle s igm im l i c ; i i m ce

I i t t ’ sm/c  . i m u t l s s e i g h u l  uI .i  m.u ~ k~’I~-~l t i b e t  opik’ cab le are d e t e r m i n e d  I n ~ e i m ~ u r o i i m m m c m m I a l
ic q ( i t i t ’ i i l t ’ l i t s  m . u t h i c m  m h i . u m u  b~ il ic mitu t im ber of f i b e r s  1 e o i i f ; u i n s  -\ I 7 — f i b e t  cable rugged

I i  sl i i p b o . i i t h  u u i s l . u l l . t l i o t i  does mob h i a ~ e to be sl g t i i f ’i c a m i l l v  larger  or heav i e i  I I i : m n i
( l i m e  ~o i i I , i i h m i i m g  .u s i n i tnhe  I i h c m  -~nd suc h a f i b e r  cabk ’ o’ou lu l he m na t he  s ig i i i fk ’ a t i t l s  l i g h t e r
t h iJ i l  i h i e  R(~-2 I I coaxial ..ihlt h 1mL ’seii t l ~ used.  -\ s itig le I 7 ’ l m b e r  cable could s e i s e  . I s  t i l e
tru m ik ol t h e  s tj r  55 st e in .  b o l l l u w u m l g  mI t e sante route a mid  oc’cup vi t ig  no m ilo re space I h i : i i i  e i t h t e i
t h e tee or coa x ia l busses. Stubs cai m he a lt a c i t e d  to t i t u s  i m l a i n  t r u t i k  hs a c l a m i m p - o m i  c u ) m i i i L ’ t i o i
assemb ly having  a side cont lect or  to ~v l i tch  one I her p a ir is brouig hi t  oti t  - ‘[he O i l i e r  I i h i t ’rs

~ ot t i d  mer ck ~~~ t hi  rough (lie co mi t iec tor  assembly oo i t l i o u l  in t t ’rru pt ion .  I h u i s . t h e  c o i l —

uK ’ct ( F  ,tsso ’ i t i h h i e s  ~ ot i ld  tou t i t iduce recurr ing losses omi lie t r u n k .  ‘J ’ he s b u h  e ( ln n t ’c ( ( i r loss
is . i pph ie d  t o  . mui ’  om ie sugmi ,mI pat h only twi ce and hi emice would  111) 1 h a s  ~‘ to he as low as l I l t ’
loss u I  .1 I t t ’ ~~\ s t e i n  t O u l i t t ’t t 0 r .

I t ic oiil ~ m n t m e , t s e  i i i  i n s t a l l a t i o n  cost s wouk i be t h a t  of ’ pla eim ig elat ti p—om i c i l n i m e t  I

— 
on the  i i  t i m i k  . l l ~ \m l e ,us i  u n t i l  r e f i n e d  t i e k l  i t i s t a i l a t i o n  pm ’o cedur es ca lm he ht ’~ e hi  po’d. ml
51,001( 1 sce it i  ( l e s i r , uh l e  i l l  , i s set l ih l e  t I m e  st u b  co ul miectors  on the I r u t i k  p r io r  to I t s  i n s t a l l a t i o n
on shi p ho .i r oi l i i ,  c o m i i l t ’ctor  would  h as c  to lie desigmied w i t h  the t rut i k i n s t a l l a t i o n  pro ce-
d u re in i lu l lo l  - cg. i s  l i m e  c ab l e  lo he p h :icet h in cable t r a y s  or pulled t h roug h cable ducts ?

-~ l t h t o u u n h i  cab le  cost f o r  t I l e  s ta r  o’oui p l er  s s s t cm is h ighe r  t h a n  f o r  a tee coupler
s \ st t ’ t i i _  t h e  t o t a l  c \ p c i l d t t u r c  lor cable is a sm ii a hi  f r a c t ion  of total sys t em c o s t .  \ s  an

e x a m p l e  of cable cost at cu r r e n t  p r ic ’t’s . a  cable havi t ig  ten graded index  f ’ibet s so i l l  soon be
as a m I a b l e  f rom l i  ( o r n m n g  ( ;k ~~ \ \ o r k s  at 20 to 30 do l l a r s  per n l e t r e . * Two of these would
sero e t h e t r u n k  requ i re m en ts  of an Sl)M S star  sy ste m . and would cost at h ost about S 2-~k
Most  ol t h at t o s t  . for (lie optic al b ’ihers t h em selves , wi l l  p robably  decrease grea t l s  wi tIm
increasi ng den i an d :um ii ,h prod uct i ot i  volume.  A I 7— l ’iber cable could , of couirse . be tmi ad e  I or
prod u ct ion  i n s t a l l a t i o n .

STAR COUPLER DESIGN

Figure I 7 shows how a su i t ab le  s tar  coupler  mi ght  be f ’abr ic a te d  from ( or t l ing I 0—
f i b e r  cable. A typical set of d imens ions  is in cluded - The m i x i n g  block com ’is is ts  of a g las s
sh ah (lie (hi ickiiess of t h e  l’iber core uh ia meter  amid just  wide em iouigh to a c e o m u n i o d a i e  34 l’ib ers .
The dis t r ibu t iomi  of each input  sigmial  moist  be ummii t ’o r mu over  the  arra y of fibers. I n  i l ’orm i t s
is e t isur t ’d bs a mlu ix i i i g  block long enough flou t  t I m e  i n p u t  s ig t i a l  beam sp r e: t t h is s e o e r a l  t i l t i t S

f Ile block w i u l t h i . The t u i r ro r  enu l of the block . oppo si te  ( l i e  f i b e r s ,  is  sap or  coa ted  w i t h  go ld
or silver t~~r high r e f l e c t i v i t y .

Tile n i ouherately exac t ing  .101) o f  a t t a c h i ng (lie t h i r t y — f o u r  S m l i i i  u i i a n i e t e r  f i b e r s  to
the enu l of ( lie 2. 5 mu i l  t h i ck  m l u i x i n g  b lock o’am i be simp h i f i e u l  bs ( lie method shio ~s mi in I i n n  rt ’
I ~4A - The m i l i x i n g  block (A I t s  cem iieu ite t h f o r  support  to a t h i c k e r  g lass slab 113 1 amid  is t h en
ground to the speci l’ieui 2 .5 in i l s  ( 6 2 . 5  pm u I ant I  pol ished.  T h e  t l l icker  glass slab and cement

m a s t ’ :1 ref rac t i ve  i n u h e x  w e l l  below t h a t  of the  m i x i n g  bloc k to preser v e t h e  t i u t l l e r i e a l  a p e r—
(t i re of t h e  sS s l emm i  - T h e  i n d i v i d u a l  l ’ibers exte m id i t ig  f rom u ( lie cable j acket  c lamps.  not sito ss m l .

are  ce mu ente u l  i i i  a ch ) se—p acke ul sitig le ross to b i l e  top  of ( l ie  f i b e r  mouti  I m u g  hj i oc ’k ( ( 1. as

Pr iva te  c l n n m l l n n i c a l i o h i  w i t h  \ I -  I , n n i n , ’ I I ( i i n I n g ( , I , i s s \~~ n L ,  I I  .l i u u i e  1976
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~5O mm)
0.170
(4 .6 mm)~~~~~~~~~~~~~~~~~~~ 

~~~~~~~~~~~~~~ Figure 17, Design sketch ( I f  Sl)MS sta i coup ler.

NOTE: PRIMARY
DIMENSIONS
ARE SHOWN
iN  INCHES

A

Fi gu re 18 . Simi g le .f ’ibe r star coupler assembly.
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siiowii in figure I 8B. aiid (lie t iher ends anti the enu l oh t h e  m i i o u i i t i i l g  h loo ’k art ’ t h en  g r ou imd
and polished to l’o rni mu a t c l l imig s u urb ’ac’es. ‘I’ he th i ck ness ul inie i i s ion of the  I ib ~’r ml ioum i t  ing
block (‘ ) is I .25  mi l s  ( 3 1  p mt i  ) less t h an t h at of t h e  m ix i t i g  block m o u n t :  t h i s  p I : c t ’s t i le  f i b e r
cores iii precise ah i g n t i i e i i t  w i t h  the edge of (lie u l l i x i n g  b lock w l iemi  b i l e  two  hh u ) c ’k s I 13 amid ( I

are mu oun (cot on t h e  glas s base I I) I .
I ’hi e l’ou u r glass pieces prob ab ls cat i lie produced t o au bequa te  tok -ra n ces  hs pres e mit

opt ica l  f i n i s h i n g  ( echmii t h ues - A rr : i mi ge i i i e t i t  of ( l ie  34 f i b e r  ends  on t h e  m i l o u u i l i m i g  b lo ck - :
could probabl y he uuo s l ea si l y  uhomie bs first po si tio mtit lg t h i c ’II i . ( l i l t ’ i t  a t i m n e ,  ( ( i i  i f l t t e  ( ( I

— pressure s e n s i t i s e  tape ami ul themi  c’e in en t i m i g  the opposi te  stilt ’ ol Ilk’ arras t o  Ilk ’ b l o c k .  \ f t c ’r
(lie cement has sc I .  the tape cami lie rei li o se& h so- i t hi  so lven t .  ,-\ pair  of h ats co)u Id be b u t t e d
:uga i mis t  the  stole s  of the  m u o u m i t i t i g  block to pro v iule  preci se  I ami s s  c isc ’ pos it i oi i  h g  dii r i n g  I lie
cemilemit imig process. Fab r i ca t i on  iii h i is m l l a n m i e r  would not  appear to be cr5 ol if f ictu II. in
spite of the smal l  size of the  f ibers  aiiul d i f ’b ’u i si ng block.

(‘onnectors  to ) permii i t  separa t iomi  ol ’ (lie coupler  l’roni f l i t ’ t r u m i k  cab les could c o mi—
sist ot mu )ui if ’ieul i n u l t i p i m i  e lectr ical  cot inec ’tor s . As o vi t hi  ( l ie st nb  c o n n e c t o r s . t h i t ’ l oss ilt ’c’tl
h o t  he extr em iie ly  low Si mice  a g m s e m i  su gn al  p a th  traverses t h i c ’ con m it ’c(or only  too ice -\ l I h io u g l i
nio ul i f ’icat i on of e lect r ical  eomim iectors for uise w i t h  l’ib er  humid l e s  h a s  been ach ieved.  mod ib  i—
c a t i o n to make then i  su i tab l e  f ’or (lie tiiore s t r i m ige n t  r e q i u i re i l l en t s  of s i n g l e — f i b e r  com in ec ’t ton
wou lul requir ’  a moderate deve l opme m it e f fo r t .

ACTIVE TEE COUPLERS

Incorporat ing signal ai i ip l i f ’icatio ii in the tee cou u p ler provides a so’as of ovc ’rco m i ml g
co utp ler loss so as to m iu ake feasible a 34—ta t ) tee coup ler bus. h avi n g ac t i ve  comi l p omie m its  in
the main sigmiah pa th .  h owever. ulecreases sys t em r e l i a b i l i t y .  Fai lu ire of the gai t i  mech ianisni
~ii one coup ler of such a sy s tem woul d he e o h uiva l e t i t  to a break imi ( l ie bums at t h a t  P o i t i t .

Several way s  of avoiding this  prohi eti i  cart be devised . all im i v ol vi m ~g soit ie t s p c ’ of
sigmial path re ulu i iul ancv - For example . au to n i a t i c  swi tch imig  n i av  he u sed in (lie es emi t  of
a rnpl i l ’ier f a i lu re  to r erouu ( e (lie signal pat h  (hrouig hi  ano ther  a m p l i l ’ier or t h rou gh a di rect

umiamp l i f ied  ) pa th .  Or para l le l  opera( io ii of mi iu l t i p le anip h i t i e r s , or of an amp l i f i e r  and a
direct pat h . may he used to prevent to ta l  si gn al loss ump ot i am i ip i i f ’ier h’a i l u re .

In (lie aum ton i a t i c  swi(chii ig method , s w i t c h i n g  cou lu l he oh mic Isv me c h i ami i ca l  t i ieans
such as arm e l ec t r i ca l l y  coti trol led iiiirror movement .  (‘ompensa t i on  f ’or coup ler h~°~” er
fa i l ure conth d be made f ’ai l— s a l ’e by requiri ng that  t h e  a t n p h i l ’ier he placed in ( r a t h l c r  I l oo m
rem iiov eul tr oi li  ) t i l e  optical  pat h  liv (he operatiomi of (lie tilirror ac tua to r .  TO) sen se f a i l u r e
of t h e  amp h i l ’ier. h o w e v e r , would requuire compariilg the i i ipuit  amid o u t p u t  si gna l s  of (lie
conip lete electro—optical  a u i ip h if ier .  which wou t id ser iously increase (lie sl/t ’ am id comup l e x i t s
of (lie couplers . F ur t h i e r m i ior e .  ( lie comparison electronics ov oi m lu l h i :t v e t h eir 0) 05 11 set  o~f
re l iab i l i ty  proh l emi l s .

Parallel  op eratiomi wou lu l seem to he pr ef ’erah le. si nce it avoids ( Il ls  pro hl emii .  But
t h e  paral lel  operation of mul t i p le a mp l i t i er s  wouikl miot com l lp e I i s at e  f o r  coup le r  power
outage.  Tllerefore.  the  com i i h i m ia t i o n  of a n i p h i l ’ieul am l d u l irec ’b p a ths  appears  to be the best
choice I romu (lie standpo iiit of rel iahi ihi lv .  comiip l ex i tv  . antI cost. TIle de t a  I s of such ami
a rramige ul ient  are g ivem i  in appemid ix B. wh ic h shio)ws t h a t  a sy st t ’ili t a i l  have t’ssc’n I a i l s  con—
slant si gm i :il level if sy s te i l i  ba ckscatter  is kept  low enough .

T h e  degradatiom i of signal level t h at would acco n ipa miv f a i l u r e  of a g mo c’n a ii p h I  i t ’

c’ssc’ m i t i : t l I s  e q u a l s  flue sv st e i i i  loss (‘or wh ic h t h a t  amp h it ’ier was c’omn ~iemi sa t i r i g .  h I c ’ r i e~ t h e
g reatest re l i a b i l i ty  wi l l  result b ’romii ( 1 ) pro vidim ig (lie largest possible e\c ’c’ss smn m i : i I  m i i a r n i m i
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the receivers . ( 2 )  mainta in ing (lie system loss as low as is consistent wi th  s ta te  of t h e  a r t
and cost, antI ( 3 )  subdivid ing the bus into  as many  amp h if ’ier / system—loss u n i t s  as is coil-

sistent with the l imita t ions  of cost and sys(emil complex i ty .
Beca u se m i n in iu n i  syste m l oss i s des ir ab le , si ngle-fiber cable is (lie preferred tram is-

mission medium.  Though the active tee cou pler technique described in appeiidix B is based
omi (he use of bundle  techmio logy . the same principles can he app lied in the sing le-t ’ibe r
cou pler (echi l i ques described in appendix A. Fiber ju u ictiomis of (lie type described t h ere
will  probably he quite  thirectiot i a l . having a sniall ratio of back directed to f ’orward directed
components ot’ (lie coupled si gmiah.  Du irii ig (lie preparat ion of ’ (his  s tudy .  Pan 2° rep or (ed the
f ’ahrication of singhe-f ’iher couplers ilav ing directivit ies greater that i 2 1 .6 dB . Tllerefore ,
si ngle-fiber junctions of t h is type should be acceptable substi tutes (‘or ( lie beani sp l i t t e r s
used in appemidix B.

Figure 19 shoov s how signal am ii p l i l ’ic ation could be incorporated imi a low loss single-
fib er coupler. Tile arnp l if ’ier uni ts , labeled G. each consist of’ a photodiode . p rea n ip l if ’ier .
LED driver , and LED, Separate amp h if ’iers ham idle signals in opposite directions on the bus.
Before the huts signal reaches (lie passive coupler , i is sampled by a samp ling cou mpler , labeled
K i iii the tlgure . It  is then amplified , and a portion is added to the bus signal emerging b ’rom
flue passive coup ler by (lie ouitput coupler , labeled K2 in (lie figutre, The hoop. d . imi (lie hut s
is added to equalize (lie delays of (li e direct and anip h ified signals so that any dif t ’ere n t ia l
delay, which would result in partial phase cancellation of (lie SDMS subcarriers . is small
compared ovith (lie few-nanosecond period of the hi ghest f’requency subcarrier.
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Figure 20 shows an a l t e r n a t i v e  bus s t ruc tu i re  th at coum l d he at t rac t ivc ’ I r omu a ii iai iu -
t t ’m ua m l e t ’ s t amidpo i n t .  Because (hue active cou ip lers pe rmi t  (he acceptance of ath ded loss , t h e  hi uts
couplers art ’ iiicorpo rated w i t h  flue tramisceivers at  each area i i u u l t i p h e xer .  Presutmab ly .  (hi t ’
area mul t ip lexer  area is readily ac’c’c’ssib le to mi i ai i i te i u ance p ersoniie l . uu m i l ike  pos i t ion s (h at
m i g h t  be desigliated l’or elect rical tee couplers. E achu t ran sceiver-coup ler  u n i t ,  labeled TR
in flue figure . would ,  as before , comitai n separate transceiver amid cou ip ler u u n i t s  h ’or t h e  two
arc ’a m nu u l t i pk ’xe r  h alves. A disadvantage of (his com ifi gurat iomi is t h a t  f l i t ’ added cable loss
would m ake (lie sy steu i i  som ewh at more st’mi s i t ive to flue c’f ’f ’ee(s o f a m p l i f i e r  f a i l u r e .  ~ orse
s t i l l ,  b a t t l e  t l am ii ag e wou ld have greater  in ip a c : iii a th d i t iomi  to added s u l n e r a b i h i  t s  resul t  mng
b ’r onu t h e  greater  cable lengths  re quired.  all  of t h e  i ) r im l i ar Y busses comlVe i ’ge at each area
tuu u i l t ip l e x e r . wh ere a simig le ba t t le  impact  cout l d sever all of ’ the  bu sses at omice and lea ve t h e
enfl re sy s t e m  inope rative.  Th e tradeo t’f’ bet ween thesc ’ advati ta g es amid disa d vantages  depends
largc’h v on the p ar t ic ’ular ins ta l la t ion .

Probably t I le ma t t e r  of greatest umicer ai m ity  re la(etl to (lie use of ac t ive  couplers  soi l  lu
SDMS is (lie problemii of ’ in ( e rn u oduha ( io n  dis tor t ion associated w i t h  mi iod u ha ( ton  of bi l e  I I I ) .
Curvature  of the power—output versus curremit—inpu i t  character is t ic  of the L i - I )  cami he.  oh to t h e
generat ion of suihcarr ier  harmonics amid im i ( e rmodum l a f l on  prot hu icts .  l h a r m n o m i i c s  of ’ t h e  su b-
carriers all lie above t h e  operating ba u d amid h ence are of no consequten ce. L ike wise .  t h e
secom id order im i ( e rmodu l atiom i products (suni ami d dif ’t’eremice b ’req u ier icies ) lie ou tside (lie
opera t imi g  ba u d. Third order difference terms (sotch as 2f 1 — f2 )  d o  lie wi t h i imi  (lie opera t im ig
ba nd. however , and will cau se imiterferem ice if (hey are s(rong enoug ll.  I mi n ieasu i rem ii e m it s  (If

imi te rn iod u i l a t ion  d i s tor t ion  gemierated by a Butrrus LED. Ozeki and Hara 2 -3 f o u n d  th i rd  order
im it erm i iod u lation comiiponemi (s 60 to 75 dB below (lie f’u m idamen ( a l .  As showti ear l ier  in t h i s
s tuds , the m ii in imu u m i i  acceptable signal at (lie SDMS receiver inpu m (  is about  13 d13 ah i o s e t h e
noise level , If  (lie losses throuigh out (he systeni are tru dy eompet ’isated by act ive coup ler s . all
im i oh ivi o hua l  sig m ials assume t h is level. The maximut i i  total signal present at (lie receiver inpu t
is (lie sumi i of five such signals (see (able 1)  ~~

- 7 dB above (lie leo’el of omie si gnal or 20 dB ahos e
(lie inpu t  noise level , l ’hird order in erniod ula t iom i p r o d u c t s  oh ’ some 60 dB below the f’u inda-
miiemita l  are thus sortie 40 dB below t h e  Sl )NI S receiver noise level . is i l lus t ra ted  in fi gutre 2 1
and sh ould he of h i t ( l e  coiicern ,

A R E A  [

“

A R E A  A R E A
MULTIPLE XE RJ [~~~~ T I PLEXER MULT IPLEXER

I I  I I  I I
TR C [ T R C  TR/C

BUS
J~~~~~~~_  J L BUS

T R - C  TRA NSCE IVER - COUPLER UNIT

F m n i i r c’ 20 . -~c l i v e  icc’ t’oup lc’r h m u s  c ( I m i l i c ’ I i i a h i ( ( m i  v / m I l l  a l l
c’u ) n i p ( ( m ie t i m s  am :i rc’a m oth Ii p Ic ’~ c’r s

230,cki. T. and ibr a , El) . M eius mmr e m ne mm i of N o , i l i i i c ’ar J ) i s 1 o m l i ~~i m i i i  l igh t I l l i i i I i i l g  l) iodc’” . I I c ’cl r I i c ’
L.et l ers , s~(I 12. no . ~ Feb I

35

- ~~~~~ -.‘ —‘ . —. - - ‘— ~
.,, , 

‘ ,
~ ,‘- .~ 

-



- —
~~~‘

- .- ------ ,‘-~~~~‘--
- - ‘

LEVEL OF
MAXIMUM TOTA L 

_________ — — F U N D A M E N T A L
SIGNAL PRESENT 

f’ CO M P O N E N T

1 dB

MINIMUM ACCEPTABLE
S I G N A L  L E V E L  —

1 3 dB

60 dB

SDMS RECEIVER
NOISE L E V E L

LEVEL OF THIRD ORDER
— — INTERMODULATION

CO M P O N E N T S

Figure 2 ) ,  (‘omparis on of receiver dynaruiic range and ihird order int e r nu odu h a t ion product level .
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CONCLUSION

(‘olm ive rs ioml of flue SIY\1 S pr i nu arv  buis to use f l i t ’ f ih t ’r opt Ic’ t ramis i i i i ss i o t i  t u i e d i  tmm is
feasible f ’or bot h  t i l t ’ i u i a x imi iu i l i  and i l t ) u l l , m l a l  size ss s t e m i m s . ‘I h c ’ hat  tc ’r c-an use ans  of the t hu rc ’c’
s~ ste lu l con hi g urat io t is  comisithered tI l t ’ p a ss i v e  tc ’c’ . pa ssi se s t a r , amid t a i l — s a f e  ac - t b  c’ I c c ’. Of
t lu esc’. (lie passive tee is pr el ’erred because it is t h i c ’ s i tup lest amud u ses t I l t ’ hea s l  a m l i o l i m i l  of
cable. For t h e  nu ax imiu t t u u l  s i / c ’ SI )\ l  S. t h e  passive tee t’omlb ’i gu t r a f  ion ‘~eeu iis f eas ib le  omi ( l ie  b _ is i s
oh t h e  s mu a l h  anuouml i  of eX j ) e r im l i e i i t a l  e s i d e m i c c ’ l h i a t  ca mi be c i t e d  - ‘[‘hit ’ passive s tar  ami d  f a i l —
sab ’e ac t  I 5 c ’ tee c o n h i g u r a t i o m i s  provide workab le  b i t t  fc ’ss sat isf ’ac’lory a l t e r n a t  5 c ’ s .

RECOMMENDED BUS CONFIGURATION

‘table 3 su iiln lari les t h e  r ecom n iendaf ions  s ten l m i i ing  fromi l  t h is st u md y .  The config-
ur at ions  shosvmi imi (lie f irst  co ho tmm i would  satisfy (lie r e q u m i m e m u i e m i t s  of a low risk , loss cost
deve lopment pr ogra m ii . svliereas (hose im i (lie second co l ummi  would app ly to a hig h er r isk .
more (horo um gi igoiiig.  ;um id hence higher  cost program l i . R e co m i i mi ie mio l a t iom is  are sl io svm i f ’or
bothi t h e  m a x i m u i u u  size amid the  nomi u imia l  size Sl)MS.

T h e  passive tee cou p le r  bus us ing si nm g le-f ’ih er cable is f l u e  pre f ’erred 55 sl emi l  con tm g-
ura t i o mi  fro m t h e  s t a n d p o i m i t  of ’ cable cost and cont ’or m am i ce  to t h e  basic Sl)M S cab l ing
ar ran g enien t .  I t  is f ’easib le wi t h out  o j ua l i f i c a6 omi  for the  m iomi i i n a l  site SDMS. but  i t s  b ’easi—
h i h m t v  for (lie n l a x i m n u t n i  size SI)MS depemids omi how fa r  coup ler excess losses cami be reduced.
T h e  rc’su l t s  of ’ (lie l imi ted  amiioum i ( of expe r imen ta l  (lata publ ished so b ’ar ( see append ix  1) 1
imidmcate  tha t  to t a l  excess loss tier coupler c’ali p rob:m hly  lie reduced to about  I d B. a s a l u t e
t h at so oulci allosv comi s ru ct iou i  of a sy s tem tha t  cou ld accomuin io da e up to I 2 area m i i u l t i —
plc’x c ’rs . Because of the  d earth of e f fo r t  in t h is area , hosv c’ver. f u r t h er devc ’I opm eii l  cI ’f ’Qt ’ t
miua v y ie ld  comi s itherable in iprovememi ( .  There fore .  (lie recorr mmen ded ‘~imi d most log ical
approa ch is f i rs t  to ) I-mild a I i om i i i n a l  size sy stem and t h uemi  from t l ue  exper ience  ga ii ie d to
reassess (lie t’e a s i b i h i t v  of redumcim ig (lie eoutp ler excess loss to t h e  0.6 dB value req u i red  f ’or
(h ue n i a x i m u i n n u  size svstemi i .  On t h e  other hamid , if ’ a shorter  c leve lopn iet i t  t ime  amid t hm e
loss est possible risk - ~i re r eq u i r ed , a star couip ler c omi t ig l .t r a t iOm l  w i t h  a m u t l t i f i b e r — c ’a bh e t r u t m i k
is rec o) i i im i iended for t h e  u i ia x imi iu m i i i  size Sl )NI S .

T A t t L E  3. RI ~( O\l\h L;~~DL [) U t S  C O N F I G U R A T I O N S .

Devc’I op miu e u t  r isk
Sh)N1S — —

sm /c ’ Loss \ i e c f i u n i

N o i i m m i i a l  Passm v c tee eou ip lc’r l 1ass i sc ICC cou p ler

\ l a \ t n l u u n i  Pa ssiv e star cou tp lc’r l’j s s iVc ’  let’ coup ler
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APP ENDIX A
LOW LOSS S I N G L E - F I B E R  TEE CO UPLER

‘[hue f i b e r  opt ic  tee ~ou ip Ie r  is t h e  op t ica l  e t l u i v a h e n t  of the  m il ieros s a v c ’ d i rec t ion  , tl
t’oup len . I t  t t su i a h lv  sc’r vc ’s to ) couplc ’ a f ’rac (ion . K . t)f t h e  ava i lab le  poso’t’I lid so o’cm i a f ’ibc r
op t i c  buis :itit l st ) iuu e exter t ia l  ches ice. For e q t t iva l e t i (  amigu l a r  amid spatial pass c r  d is t  r i hu i  l i t  mi s .
t h e  c’oup i i iug  f ac to r .  K. app lies fo r  e i ther  direct iomi of power t r a m i s f e r .  h u e  ideal  coup ler
t :tps f ’rt imn t h e  bus only  t h at po over svi i ic h i  i t  d e l i v c ’n s to ) t h u c ’ ca h l c ’ f ’ee d in g  t I l t ’ c’x t e r m u a l
o f t ’s ice . Il oss - c’ser . idd t t i o i i : i l  poover losses c’a m i be expecte d  to ) o c c u r  at a i l s  ~h set t mih  i l i u b  i t  I t ’s
so i t h i t r i  a c’oup ler suic hi  as can i’esult l ’romn l ack  of p i e t i s t ’ n it ’chuam ui t ’al f i t  amid a h i g m u l l l e m i t  I I
j u tn c t ions  ret lut iret i  for (lie i m i t r o d u t c t  iomi of mirrors ,  n l ix i mi g  b loc’ks . c’tc ’ . T h e  eh ’fic ’ie mi ~-s
ob tainable I’romii a givemi coupler destgii depends largely omi (hue degree to so hic ’hi I hit ’ d im u ue mu -
sional tolerance s it requmires cart be f I l e t .

Wh emi flue imi t e rna l  n u i r ro r .  m i i m x i m i g  block coupler fechno log s  d eveloped f o r  imse s o- i t h u
f iber  optic bum u dle s  is e x t e n d t ’d to ) s imigle  t ’mbers. the precision r e(Iuir c’muuc ’mi t  omi d imens iona l
to lerances  iticrea ses hs ab o im t  an order of n iag iu i u i c h e .  This iiicrea se Is occasioned Os t h i t ’
m i i i n u t e  size of usable f ibers  ( 1 — 1 0  m i i i l s  d ia i l i e ( er ) .  amid it is d i f f ’ic utl t  amid c’xpem i s i s  e to
l i p  Ic m u i e l it

St’s c’ra h a r r a m u g e m u e n t s  l’or dec -nc ’ :i s i Ild t i l t ’ reo lut u re o l  ii ic’c’I ia m i i cah  prec i s iomi 0 m u u a g m u i t ’~ tug
the lig h t I iea mn h ave b eemu proposed . ~ ‘t2 These hu a vc ’ dt’pc ’mu d e d .  for beatii mi iag i u i t ’ i ca t iom u .
on 1)0(11 index gradient  am i d imidex  d~s~oi t i m u u m i t v  I spe s  of l e m i s c ’s , a s  so- e l I  as on tapered f ’iber
sect iomis.  Ltisses a c co n l pam iy i t i g  th ue  i l uagm i ;  I I c , i t i o m l  atid c h e m u u a g m i i f i c a t  i O ) mi , hl t j sOCO c ’r , P lace a

i m u u i t  on the  c’f ’t ’mc ’ i e m t c - s - t h a t  c a mu he c’s pcc -ted f r o m  such ar r a muge iumc ’m i t s .
An a l t e r n a t i v e  m i i e thuo d  t h at  iii m g h t be u i sc ’ ch to pro s- iuhe coump h imig  bet ween 51 ‘igle I’iber s

comisi sts  of first  securing each f iber  to t h e  peri ph ery of a m at idrel  ses era l i n c h es i ii  dia-
meter .  -N f la t  of ’ contro l led area is t hen  grouu id on tl u e r e su l t an t  toro idal  sutr f ’ac ’c’ of eac h
fibe r of ’ suff ic i emi  depth to expose t h e  f ibe r  core. Sutperposi ion of the  flat  arc ’as . w i t h  or
w i ( h u o u t t  imithex n i atc hi i i ig  mater ia l . t irovides the desired coupl ing .  Wh ere the  c l add ing  is
ahseti ( .  (lie fiel d fro m u ’t one f iber  core extemi o ls  imi to  (lie other those ray s  imi t h e  f ’i r st
f iber  wh ich  are directed t osoard the  surf ’aec’ area sv i t h ou c lado l ing hiass i n t o  t h e  secotid f iber .
Thi s appears to be a prac t icable  a rr an g emen t .  The ot i lv pro bl em ii s wot i l d  St’t’mU t O ) be I bit ’
reo l u l i rememi t  for : i cc u t ra te lv  gr ind imig ,  p o li sh i imi g and superin iposi n u g (lie f iats  amid t h e  nect ’ss i t s
f o r  curvin g (lie I’ihers , ‘.o - bui c h i  co u thd resuil t  iii som e added loss. *

*Severa h other ar range l i le n t s  for either tapping light from or p rovidi n g coup ling beuwee n sing le l i b e r s  have beeim
re ported. Nl u s k a - 03 describes a met hod of tapping a p lastic ’ chad f iber  by r e muuov im l g (lie p la sui c c la ddi i m g ii m d
c lan i p ing  Oue core iii e t t i l t a c t  s o i t l I  a piece of so i l  plastic ’ wh ich imi tu rn  is in con tact so i mhm a p huolo chio de
Pan~

4 describes t h ree mnc ’ ml i ds ol  ob t ai ni m i g directional  coupling betwee n si n gle fibers ,  Iii the Iii St  - the
eoup hng is provided h~ i n t e r a c t i o n h cloo o’t’n Ihe evanescent fields of a pair of b en m clad fibers i i i  c t i i t t a c l
a t  ~t p01111 imu flue pcrip h ers  i •I ~ ._’ hemid. Imi t Ime secomud. coupling is provided by enioval of tIme c ladding

t he point of ir mle rs ecmi o ml o~ a pair ol fibers crossed at a properl y ch osen an gIe. 1 his m ethod appears
to he analogous lo the Beth e -hol e coup ler c)f microwave tec h nology . T h e  t h ird is c lu iu c s in u i l a i  l i t  t h e
method described h ere i l l  mh a m coup l iiug is provided by part ial ly etch im i g off mIme c laddimig at a series 01
poiiits hetwt’cn a pa i l  of paral le l f ibers , a nd then hil l ing uhie etched volum e with m d c ’ s  n ia tc l t imig  f l uid.

A l ~~~1 ( a m orm , Patent l ) i s j os u r e .  Nav ~ ( ase N umber 58290. 24 Dcc 1075
02 l)J Al hare s . Al. Lewis , and LB Stot t s . l’ate nm t Disclosure. N avy (‘ase Number  60536, 27 Jami 1976

~~~ \lu5ka. I) el c ’t- to i  laps or Sing le-Fiber Optica l J ) a ua Bus. Top iei ” ~4 ceI ing on Optica l Fiber
T r a i t s i i i i s s i t i n .  J a n u a r y  7_ o) 197 5 . Wi il ia muu sbur g ,  Virg inia.  sponsore d , - S- N amid I l - L I

~~JJ Pan , F iber  Opti c I ) i r e c t io n a I  ( oup ‘r , (‘onfer e mic e on E. aser and El ectro- O pti c a l Sv s le i i i s . 25—2 7 ~la~
I 9’

~h San l ) i c’go . (‘a l i forn ia . spo nsored by U SA amid IL l -  I
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‘J u t ’ c’o u tp h i m m g  t i u e f l io c h  IirOP Osd ’d l i t re  i s o i d s  flit ’ rc’ i l u m m r e m m i c ’ m i t  f o r  amid t ’\ pc’i i s e of the
a l o m ’ e t i i e m l t i t l i i e d  opera t ions .  amiol  h ic ’m i c ’e ~h i ou fch  a l low thuc ’ c’oiis t r t i c ’ i t o i i  of a s : i ( i s f : i t I o r \
coup ler at  rc’chu mcec l  c o s t .  lii I t s  s m m u u p lest h o n m i i . the  m m i e t h m o d  I s i l h u s i r a l e o h  iii  h ’igur e - N I .
h l t ’re we set’ ts s o u m i i c ’lad f ’ih~’m’ s , R au th ( ‘ . su m c ’ lm as s~o n i Ic l  resul t  f r o m  s t n t p p m m u g  f lue  p l a s t i c
clad chimi g fro m a p or t i o t i  o il ’ :i pa i r  oh ’ p l a s t t c — t ’la d fu sc ’tl s i l ica hi l i en s . im i c o n t a c t  amid u p—
p r ox i n i a t t ’I s p a ra l l e l .  Rad ia t  iou dot ’s not  p el l e t  na t o ’ t h e  s ides  of t h ic ’ f i b e r s , bec autse the
ref rac t ive  i m i t f c’\ of t h e  a i r  s i t r ro i i tm uoh i mig  t h i c ’ f i b c ’r is c’sc ’n looser  t h u a m i  t h a t  ( I f  t I l t ’ h il Z i st  ic
c ladd imig .  Th ic ’ to o f i b e r s  arc’ j o i n e d  by ,i p : i t e l u  of t r anspa r c’tut  c- en i em i t  - I ) . h i a v i m u g  a r c f ’rac’—
t i o c ’ index  ro u g h u l s  i n a t c ’ h u i u i g  t h a t  of ’ t h e  l i f t e r s .

I i~ u i  ~‘ N I  ( up l i t i e  b e too c ’c’n u nic la d  I ih~’i

-\ s is i h l u s t r : t t c ’d imu f igure  -\2 .  foso c’r t r a u i s t ’er bc’tsv c’en t O t ’ f’ihc ’rs oc’c’u l r s so mc m i  l i gh t
ru ’ s svh m ic ’lu oo ou i l t l  h a v e  b eeti I t  i t  a i l s  r el ’lec-t c ’tI f ’rom ui (lie a m r — t o — f i l l e r  i n t e r f a c e  tn t ’ omu l s
partiall y i’c’f ’lc’c lo ’t l t ’rorm u the  c- em iu c ’ m m l — t o — f ’ibc’r i n t e r f a c e .  \ h ) S I  of liii ’ ro’m ui aim idc ’r passes on

-
‘ in to  thue  secomiti f iber .  S i i uc c  somli e re f lec t  iou ,t l so occ’u ir s  a t  t he  cc’ m i i e n l — I o — s e c o n c h — l he r

imi terfa c’e . amid since l u t i s t  of t h i N  l ig h t so - i l l  bc lo st  chime to i t s  t h i r e c t i o n .  m iu ost  e ) f ’i c ie m i h
ct )u ip h i i ig  resul ts  so h iemu t h e  im id l e \  of t h e  c e m i i e m u t  equa l s  t l u a t  of f l ue  f ibers .

Th e c’ou ip l i l ig  f a c ’Ior is  a t t l m i c ’t i o u  ( if f l i t ’ sum r f ’ac’c’ area m i ia cle t’omll nioti  to bot h t ’iber s
by f l u e  c’ emnc ’ mit  p a t c h . me. of t he  ht ’ u i g t h u  : tm ic l  f r , t c t i o n a l  c irc ’ u i m u u f ’c’rc ’mic ’e coserc ’ol Os t h e  cemn t ’uI

-‘os so o Ii muost  f ibe r  opt ic ’ tee coup lers , ftc ’ t r a c t  iomi of ’ t h e  in c ’kh en I power couip led to the
sec o )mud f i h i er  is chep em i h e m i f  t i n  t h e  s p a t i a l  amid a m u g u t l a r  power o l i s t r ibu t  io mi in t lie first h ’iber.
I -or  a g is - enu i m i c i c hemi t  poss e n dl st n i b i t f i n m i  . (lie cou tp letl posver sho i u ld imic ’m’ease l inea r ly  w i th
flue c o i u i m nom i  area u n t i l  a s i g n i f i c a n t  t ’rac (ion is couple d to ( lie second fiber .  Be v omid t h is
po int  t h e  c’oupl m u g  t a c t  t ii becomes less depemi t lemi  t on area ( a s  a rc’sit Ii of power co u mp k’d
back f r tum uu  ( l i t ’ sec’omid f i h i e r  I, h iec’ o m u i m m i g  i n o l e p e t i t h e m u t  of it  so l ien (lie in c i dem i t  p055 -er is
sp l i t  e ( I t i ah lV  bet soc ’en ( hue  t ss’o out  1) 011 f i b e r s .

‘Flioi s, i t  is apparemi l hli at all ‘‘osc’rsi/e ’’ c-ouip h in g area cati he used to equa l i ~ c’ th e
p050 c r  L’ s c l  lid os c d l i  Iso- t i  or nuore I u h e m s  ca r r v i m u g  flue same sigtia l  in para l le l  ;is . for i i i  ~H I t t ’t’ .
m u uigh u t  lie rc’( I u ire o h to p r o o m c h c ’ f n ; m l i s m i u i s s m o m u  re o l t t t i o h : imic ’s— Il l a h igh r e l i a b i l i t y  s s s t c ’ m u u .

Ptis o - c’r loss s v m t h i m i  ( l ie  ct’nit ’ mi f  sh ioul o l  be t i e g h i g i hh e  due ho t hu ~’ short p a t h  in s  t i l o  t’d -

‘At’ 1 5 5 1 m b ’ , of ~~l i i r s c ’ . t h a t  SOt ’ cum i , t s o i t ,I t I l t ’ i m ic ’ Iumsmom i  oh ’ buhh l e s , sc - , i l t e r m n i g p a r t m t - I c ’ s. amid
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Fi gure A2. Posver mramisf e r between fibers.

miu ol ec u lar  ah sorp ( iom i hands by a caret ’u l ch oice of ceul ient.  Surt ’ace ir regu i l ar i f  ies on the
ce tu l em l ( —air  iu i ( erf ~tce along t u e  sides ot (lie f iber can result in scatfer i i ig  loss, bu t  ( lie
surface tension of (lie cement  should smooth (lie surface suff ’ ic iem u t l v  to make t h is loss
mieg l g u i  be.

The cem ii en t—air  in te r f ’ace at  the  em ’md ot’ (lie c enuemi (  pa th  ( F  in f ’igu m re A l  I ov ih l .
on (lie oth er ha no i . result  in some unavoidable  poover loss because (lie li ght ( em ids to s t r ike
if at t o o  smii a hl ang les of ’ imicide n ce. While su t i tab ly  shap ing th is  emid face cati decrease ~h i s
loss to) some olegree. it is desirable to keel) flue c u d  area as snual l  as possible re la t ive  to
flue f iber cross sect ion.  M i mi i r u i z im i g  (lie a m o u n t  ot ’ f ’iber c i rc u tmi i f ’eremice covered by t h e
ce uuu ent  wi l l  also n u i n im i z e  f lue  c u d  area. T h e  au iuou n f  of f’iber surface area covered caii s t i l l
he made as large as desired by ex endmt ig  (lie area along the  I’ih ,er.

F igure A3 shows the loss factors to be expected  t’romi u several p a f f e r m i s  of tsvo.
three ,  and four cememited fibers. The loss factors overe ca l culafe ol  on the aS sum u ip t i o mi
that  all  li gh t  reachimig (lie c u d  face of t h e  cement vo lum o’ is hosh - I- .ach i loss f a c t o r  is .
theref ’ore. f lue  ra t io of the area occupied by flue f ’ihier cross sedl i o t i  to the  t o t a l  area of flue
f igure .  I mu p a t f e r n s  I: flirough i L . ( lie cemiient is boum io led by c i rcu l a r  amid p lane surfaces
su i c lu as m uu igi i t  be pro d ucible by simple miio hd i n g tec hu m i io i uies . L ower euu d losses , Iuoso ’ever ,
resul t  from the pret ’err emi comi f ’iguirat i ons A t h iro ti g h u I) . Imi  p a t t e r u i s  13. ( -

. amid  I) , ( l ie c e m u u e m u t
it so ’ol f o r  coupling is coml ta ined i t -i (h u e volume houndi ’ch hi~ f l it ’ h ’ih c ’rs . Imi p at  h o ’rm i -N. I hue
c- c’u uiem i (  is hounde o l by a cyhinolrical surf’ace h ’t avin g a r ad iu s  o m i t — h  ou r t  hi t h a t  of the I’iber.
N e y h im uo l e r  of t h is rad ius  e x a c t l y  f i t s  (he space b e t w e e n  t h e  e o m u t a c t m m u g  t u b e r s  and a t ange u u t

plane:  th is  geometric  re la t iomish ip  sh oui ld sim u i p h i t  v t h e assc’t i i hl ~’ pr o ) ceth u re .
-N pa r f i cu la r ly  s imi u p le mefl iod of as sem hh iru g thu t ’ pr et ’c’rre th c t n u t  I g u l r a t i o n s  would be

to ) o)b fai t l  (lie cement  imu f lue  form ot ’ a roum id t h u e r m u u o p h a s t m c ’ I hem it  ap p r o p r i a t c ’ d i a m u i e t e n .
T h e  reo iuire oh volume of cement  could then  be converted to a mucasu m c t l  Ic ’u i gh  hi amid phae eol
between flue h’ihiers, T h e assemubly svoumld be claruupo’d ui m i th o’r nuo obo’ rat c  pr c’s s u i u c ’ amid I i e a tc ’cl
um u i l  the plast ic  me l t s  amid f ’i lhs f lue c a v i t y  h ets o eem i t h e  f her s . -\ n io u u g c’t i m m o mi m u i a te r i a h s .

a,
4’

- - ~ — ~,— — —5— -. ,., ~.“ 5- ‘- - -‘ 1’ — ‘~ ‘ — ‘ ‘S . *‘ 
-

- - 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ,~~ - ~~~~~~~~~~~~~~~~ ,~~, -~ —— _ _ _



cb~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ cxD
0 985 (0 0666 d B )  0.500 13.01 dO )  0 878 (0 556 OBI

0.983 (0,0736 dB I 0 646 11.90 dB ) 0.867 (0 .621 d O)

0 975 10, 110 dB ) 0.762 (1 i8 dB) 0.860 (0 653 d O)

0936 (0 287 d B) 0 686 (1 6-1 dB) 0 830 (08 10 ~~~~

I i g I i i c  A.~ . Eu ud loss of c ot up lec f f iber c- omu f ’i gu mm - a mi t iu t s .

a, 4 3



~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~-
. “

I tu ci te  (p oh ymethy l  me t h i ac ry l a t e )  would probab ly be acceptabl e . I t bias au index of about
I .4~’t°) . comui pareo l w i th  I .456 t’or t ’used silica ,  The various I ) I ast ie  f ’ihers used in w e a v m m l g
c loth are possibil i t ies tha t  shuould be ii ives ti ga(ed .
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APPENDIX B
FAIL-SAFE ACTIVE TEE COUPLER

As (lie u iu i i i h er of taps omi a da ta  bus imicreases . a point  is reac h ed whuere (he end—
to—end loss exceeol s the capabil i ty  of the f ransm ui i t t e r—r t ’c’eis ’ c’r co m l i h i u l : i t iomi  to overc ’o ) iui e it  -
At (h is point . add i f i o iua l  gau l so) iu iew iiere between (hie end couplers  is required if h ’u r t h e r
bus grow flu is to lie per i i u i t te d .  An aiui p h i f ’ier arrangeo l to) provide t h e  requireol s ignal  amp l i—
f i e a t io uu  is referre d to as ami ac t ive device or repeater.  The classic objectiomi to f lue  imic lu—
sio n of repeaters in othi er so ise passive systems is ( hu a f  f lue  systeni r e l i a b i l i t y  w i l l  t h e reby lie
decreased. Failure of t h e  amp lifier  or its  power source wil l  remider the en t i r e  bus
iu iop ei’ a(ive.

We oft ’er h ere a basic tec huu i que t’or avoiding th u s h i n u i t a t i o t i  antI describe a device
coui t’ig uratioti callable ot ’ i mp l emi i enf iu ig  it oti a t’iber optic uhata hums . For the sake of re-
view . consioler (lie s andard repeater arrange n ien ( sh own in h ’igure B I

p LOSS ______ _______

~iN ~~,,,,.
_‘ 

ROUT

Fi gure B I - Sinup le u rans muu issi on syste uu i .

Here we see a (ram i smissio m i syste m - i- i havuu ig a loss , L . amid an amp l i f ’ier h iavimig a power ga i m u .
G . If GL = I . the power ou( wil l  eoj u al the power iii amid (lie e ffect of ’ si gm ial  a t t e u u t t a t u o m u
wil l  he avoided. I-however . in (lie evemit (h at U sucbde u i ly becom iu es iero. f l ue ( ram ’is n i issi om i
loss hecoiiies im i f ’ imim ( e .

In fi gure B2 we see a s imi lar  f rans m iss iomu systemii . but t  (h is t im - i - i c  the ami u p l i h ’ier is
a rr anged o pa ral l el a por (ioii of (hue f rans n i i ssiom i systeni of ’ loss, a. T h e  beam sp l i t t e r s
h ave couplimig factors l’~ amid t’o. It ’ B u and B0 are tota l  backseat ter ratio at inputf  amid out-
put  respectively ( sum of h ackscat ter  from beam -i - i sp l i t t e r  am - i d sub seo iu mem it  f ’iber opt ic s) .  f lue
systeuii will remiiain stable as long as (G f0 B0 a B1 ~~ 

< I . lii gen era l  sve In u i s l  thepetud
uipo ui con rol ot’ B0 amid B 1 o mi ia i mi ( a in  s t a b i l i t y .  The poover o u t tp u m (  of (lie system - i l  is

~ou u t = 
~in L~f ’~ t’0 ( + ( J  — f~)( 1  — t’o )a~. For a perfectly com pensafe oh sy s t e mui .  

~outt =

~~~ 
t’rom u-i w hiic hu (lie require d gain

I ( I  - t ’u 1 ( 1 -
(4 = - ‘ 

— ___________

LI 1 t 0 t i ’o

Wi flu (h is  arrat ige lu u en ( . amp l i f i e r  l’ai luire reduces (lie sigm i al hy t h e  t ’acto r La( I — h ’~ It h — h ’~)
rat h er than  by in l ’imii y .  Siiice flue loss , a . wil l  ordinar i ly  be q u m i f e  su iua hl . and h ’u am ud l ’~ can ‘to’
u iu ade as small  as we like by corresponding imicreas es in (hue gaimu ant i power o u m (p u t  of f lue
a m u u p h i h u e r .  (he si gmia l loss f ’ac(or upom i a m p l i f i e r  f’a i lu re  can he i iu ade essemi t i a l l s  equal  to I
L can . in tu m r ru . he uuu ade as s muu a ll  as we desire by suh oh ividim u g (he svsten i and c’o rre spo n di t m g v

im ucreasim i g flue number  oil ’ repeate rs uiseot ,
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o

Figure B2. Parallel  pat h u ra u us u i u iss io mu system.

T h e  poover ot m ( p ui ( .  Pa. required f’rom t h e  am p l i f ’ier for a g ive u u  system power level .

~~~ 
is equal  to the system power loss to be compensated , Pi~~E I — ( 1  — 

~0
)( — h ’

~ )aL I . in—
creaset l by t h e  ou tput  beam spl i t ter  loss , f0. Thus (hue required power

P

~~ 
I I  - ( I - t’0 ) ( l  - t’~I a L l ,

For a t y p ical system power level of l0~~ ovatfs . ami a f lenuat iot i . aL . of 0,5 . amid a reflec-
t ivi ( s -  of ’ hO percem ut for bot h beanu sp l i t t e r s . a n am u ip h i f ie r  oum pu m t capabi l i ty  of ’ 0.6 miuW
wom,t ld he required.

L x  t en siom i of ’ this  concept to b id i rec t iona l  operation is i l lus t ra ted  iii h ’ig uu re B3.
Here rig h t— amid let ’(—d i rec eol s igmuals  are am u p h i f i e o l  b y separate atui t i l i f iers  h u a v i m u g  power ga imus

~‘R amuol 
~‘L respectivel y. Transmission loss factors to t h e lef ’f amid righ t of (hue retiea (ers

are L L au th L R respectivel y .  For sigmuals  directed to the  righ t . L L is co iu upemusated  f o r  b y

~~~ 
amid L R is com uu pem u sa ( e ol  t’oir b y (lie m uex t  repeater  to ( hue r ig h t . . S i m u u i l a r l y .  foi r le f ’t -d i rec te d

s i g i ua l s  f lue  loss L p, is coi uupe uusated f~ r by U L: amid L L is com u ipet i safed  I’or b y f lue  m u e x (  repea ler
to ) t h e  left . Wi t h  each of t h e  beam ‘sp l i t t e r s . M 1 . M 2 . M 3 amid M 4. is associated a c o u m p h i u u g
l’rac f toiu t’~ am] a backsea t ter f’ac for 

~~ 
I mu aoh di tiom u . ( hue  bef ’t— amu ol r i g h u t — h a t i u l  ( r a m u s m u u  issiomu

muu edia  have b acksca (ter  factors B L amid B R . r e spe c f ive l s - . Sys ( em u u s t a b i l i t y  requires t h at
f lue  loop gains arou mm uol eac h of flue t h ree t’eedbac k loops im ’m fl u e sy s tem he less t h u a m u  u m u i t y .
T h iu ms  in flue case of (he um pp er  loop we reo luire t h a t

G LaI I - f2 ) {B 4 + ( 4 ( 1  - f ’4 )[B 1 + ( 1  - f 1 )-  B LJ [B 3 + f ’ 3 ( 1 - h ’~ )B~~] } < ~

lii f lue  case of the lower loop.

( Ra (  I - t 4 ({ B 1 + f
’
2 t  I - f, I {B 3 + ( I  - 1 3 I B R] {B I + f 1 ( I  - f 1 hl3~~] } < ~

Ami in t h e  case oh ’ the  on tskhe Iooip .

~~~ 
‘R ’ 2 ’4[~ 

+ 
~I 1 - I I ~~L][B3 + h’3 ( 1 - h’3 )B p]< 1.
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L~ IBL ~ a 

M3, M4 

B~~ 

L R

Fi gure B3, Bidirectiomial para llel pat h trau u s n mi s siomu sy ste m .

Since each of the above expressions contains backscatter . B. as a (‘actor , wh atever gain is

needed for loss compemisation will  be per u iu it ( ed if (hue backsea t fer  caii be su f f i c i en t l y re-

obuced. The gains req u ired for conuphete compeiisation are

I — L~ a ( l  — f’ 1 1( 1  — 
~~~ 

— ~~~~ —

G L = L i I’i l’i J ~~4 )

a noh

1 — L~~a( I — f’1 1( 1 — f ’~)( I — f -3 ) ( 1  — 14)
GD = , 

— 
, 

—

LR h 4f~
( l — t l f

In applying this concept , the t’oflowing qual if icat ions must be considere d :

I ) The t ime delays of (lie two paralle l trans n uissi o mu circuits m u uust  he m u uatc h ied
to w i t h i n  a small t’ract ion of the data or subcarrier peri o)oI as ( hue  case uu ua v he.

2) The method actually used (‘or combining the direct and ai u u p hf ied signals
must provide a high directivi (y so as to min imize  hacksca (t er  au th muuust  h u a s e  a
reasonably low power loss.
3) Backscatter in the adjacent transm ission system uu mu st also he mu u i uu i uuu i zed .

Fi gure B4 shows a bid irectional repeater based oui t ime t’ore go iiuug concept. Power
division is accomplished by division of the fiber bundle at S. A p ort i omu of the signal coming

from the mix ing  block . M . at flue he ft is separated froiui (lie m u u a i mu clua m urie l by bu m udl e  di v ismom ’i
at S. is amplif ied by the phi olodi ot le. a m ph ih ’ier , dri ver and L I - I )  combinat ion , U . ‘af ter  which
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a t’r a ction is coupled hack im u to  flue uuu ix i m ug block , M . at the  r igh t - Sigi ia ls t r a v e h i u u g  to t h e
left follow the tipper path in s imi l ar  fashion. A ulelay loop. I), is provid ed in tho’ main
cham uu uel  to ) equal i ze  t hio ’ t i mu ue  olo ’ki~ s iii t h e t h ree chan u ie l s .  ‘The a m u u p h i h ’ier t h u e  de l a s  is a
t u n c t i o u u  c -i f t he  ohevice rise t imes , lead pr op ag atioiu f i uu ues . au th ( lie delay 0) 1 a i l s  e o h u a h i z i u i g
circu its iii f lue  amp l i f i e r s .  The m u u i x i u u g  block serves to ) spread the  am u u ph i f i ed  amu o l uh i rect sig-

muals u i u i t ’or i uu l y  over the ou t t p u f  hu imidhe .  Sluice hacksca (ter  h imu ’ m i t s  (he usable s table  g a iui  of the
d ev ice .  (hue coup h i uu g sur t ’aces oif f lue m i x i n g  block sh ould be treate ol to ) m i n i m i z e  Fro’su io’h ro’—
fl ecti o iu w i t h ,  for example , inol e x m ui atc lu i i ig fluid or aiu ( i r ehl ec t iomi coati u ig.

S S

Fugu m re 134 - I3mclm ree I i t i m i al Lu i l ’sa fe repe im ic r ,

Figure B5 slloso - s one ovay oh ’ a p p l y i m u g  t h e  h ’oregoiing c omu c’ept w t h e  r e q t m i r e m l u e u u t s  of
Sl)\1 S,  In (his  case if is nuoisf couuve n ien t  o conuh imue  (lie a u u u p h i t ’ i cat iomu funct ioi n i  w i t h  t he
tee co uip ler t’ut i c t ioui  at  each oif (lie tR ial  t ap s on ( hue p r imuuary bus . This ~lesi g mu is the s a m u u c ’ as
(hue omi e previous ly  ohesc n ib e d ex cept t h at a du m~m I i i u te rmua l  mirror  uuu ix i u ug  block . C. is iu us e r t ed
at t h e cemiter of the t lelay loop , where it  pr ovi oh es co tup liri g h etwee uu flue area m u u u l t i p l e x t ’r stu th - i s
auu d the  p r u i u u a r y  h u ms.  I ’ l acimu g it a t  thu  is s v m u u m u u e t r i c a h l v  locate ol po in t  iii (hue repeater  pros ’ioies
flue sa tuue ti m u ue delay am io l si g u ua i  a m u u p h i f u d e  for hot Ii ii irec -t i o mus o f t ram i sm uu i ss i o m i - T 1 au th T~ . -

u he s mgu u i t  te t h e  f iber  op t ic  cables hea t ! im u g l i i  t lie area m ul Li It  ip hexers . T h e  of h e r  de s igru a I i o mu s aro’
( h u e s a mi i t ’ as iii t h e  prc ’vmo u m s  e x a m u m p le.
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APPEN I) iX (‘

E Q U A L I Z A T I O N  OF BUS SIGNAL L E V E L S

Omu the  e lec t r ic a l  pu ’imna u’y hum ss c ’s oh ’ ( hit ’ S l ) \ h S . as u u i a n y  as fmo ~’ r h s m g mia ls  mmma s
c’ \ i s t  at  a t i u u u e .  l i i  (hue t ’iher  op t i c  Ot ’i’5IOt i t ) t  (lit ’ p r i u m m a r y  bu s ,  as m u t a u m s  is I ot ’ o p t i c a l
s i g mua l s  uu ius t  t i ueref ’ore lie t r am u sm u u i t te ol  at a iv omio ’ t u m u u o ’ ‘NI t h u t ’ rec ’e m v c ’r ,  c’ac ’l u of t hi esc ’ sw-

u i a h s  c o u o f r i h u t e s  hack grou iud q u t a u l t u i u l i  i u o i s c ’ mi ~) r opo r t i t ) ml  to ) i f s  l)O0~’c r Ic ’\o ’ l ,  I h o i s . m u m  iii

t i m ue c l m . ! :th ii ed sys t e muu ,  a s i g i ma l  l ’rom u u a m u ear h iv  soui r c ’e c’a mi g emu t ’ ra t t ’ c’ m u o i u g h i  0 h ( m a u l t t t n i  u i ( t ( s t ’ to

sc r i o ums l s  clo ’gr ade t h e  s i g i m . i l — t o — t u o m s c ’ r a t io )  of a s m g m u a l  h ’rom u u a ohm st i u u t  s o t i i n c c ’ I h i t s  c’l l~~t I
so il l  lie uuu i iu iuuu i ted  it ’ : i l l  j o e  ‘ i g i i : m l s  have e t lu a l  u m u t e u u s i t s  at eac’hu r t ’ ct ’iv c r . a c o i t i t l i t i o u i  t h o . i m
wi l l  m- c’ s utb t  if a l l  possih lt ’ si g mua l  m’oute s th i ; ’ou m g h f lit ’ s S s f  c u l l  h u a v c ’ eo l uua l  loss h h m c ’ m i - , t \ m m u j u t m i i
q u a n ( u t u u  noise so - i l l  t hemu he o m u l y  l i v e  t i m u u e s  t h a t  assoei :mtecb w i t h  f lue  s m g t u : i t  oh i m u t e r e s t .

F igutre  ( ‘ I  i l lus t ra tes  a uu iet hi oo h w l uc ’u cb y  t h is c o m u d i t i o m u  catu lie effec te d .  l o o n  s iu l u ’
p h i f i ca t io t i  . a bus so - it Ii h ’ive si u ug he taps is sh own separa (eol i n t o )  two port momus . omue mu w h i c h
l ight  propagates tO (lie lef ’f , amid omie in ovhic h u i t  propagates to (h e rig h t . I d e m u f i c a l  t on i -
p h i u ug  f ac to r s  are as s um uu ue t l  t’oir a l l  coump hers. T h e  loss betweemi  couplers.  i m i c l u t oh i t i g  a l l  loss
wi tb u imu the uuu . is des igmuate th  .is , l ’or e x a m u u p le . L 1 , h ’or loss tie oveemu t lue c’euu ter of c’o t mp ler I
anti flue c’eui ter  of coup ler 2. 1- ac h i t ransce i ver  ha m u uhl e s . iii  eff ’ect . h ’outr  smgmua l s  : tram i siiu ml

toot ar ol t h e  left . t ra u i suuu i t  to so-art l flue ri gh t  . rece mvt ’ h ’rom u i the  l e f t .  ami d recei ve h ’rom uu f l i t ’
r igh t .  In t h e  I i g u m nc ’ these are s lu owu i as I’out r  separate  heauls.  Eac h s sh own s o u l  Ii a seh i~l-

rate at t e u uu a to r  desigiua(ed by t h e  sy mbo l  A1’ R f ’oir exauuu l i l e  . for t h e tr amusm uu it lead t o f
c’oump l er  muu mm u ibe r  2 in flue part  of ’ the ss s t e m u u  w h uer t ’ iuu h ig lu f  propagate s 10) t h e  ri g h t

We proceed m u e x t  to t i m i d  flue valuies  t h at t lu e se . u  fc ’ tu u ia t o r s  mu l us t  h i a v c’ to e q u u a h m i c ’
(lie pa t h  ho sst’s of t h e  c’om u ip le(e bus. We s ta r t  hi~ c’oni ~i t b e r m m u g  t h e  c’o m i d i h  i ou t h u : m f  I I R is

t r a m i s u u u i t t i t i g .  antI R S R  i5 receivi u ig the r e s u i l t a t u t  s i g na l ,  as it  p ropagates  t h i m ’ o u tg h u  t h e  bums to

t u e  r igh t  - This pat Ii is f l ue  homuges au ud h i g h est—loss ( pr ior  to e t l u a h i z a f i o t i  1 ~~ hi t h u r o u i g h u
hue r ig h u f— h iam uo l  por t iomu of t h e  sy stem uu - Note  t h at f lue  a t t e t i u t a t i o m u  a c t o r s  in ( lie leads to )

T R at io h R-c R are u m m u i f y .  Th uuts ,  t h e  e o i m m a h i z a f i o m i  ~~~~~~ oloes h o t  I muc r t ’ :mse (lie emud—to—emu o b
loss of the s y s t c m u u  - Toi m ui ake flue sig u ia l  received liv R 4R equma l  t h a t  re ce ls ech b y R~ R ’ f lue
a t t emuu ia t io u i  i m i i t s  lead.  A R4R .  tu i ust etjuia l  L4~ flue loss I ie lwc ’c’ii cou mp lers 4 atud 5. S m u i i m —
lar l~ , (lie a f ( e i i u a t i o m u  imi (he lead to R 3R m iit is t  be t h e  proolt ict ( L4s )( L 3 4 t - We m u i a y  coil-

t i m u o m e  imu t h i s  f ’as hu io m i to fi u i ol  f lue  a f ( e u u u m a t i o m i  f a c t o r s  r equ iret l  i i i  f l u e  le ad of R 2 R .  ~:t u d .  i f
t he  ss s l e m u u  so cr c  larger .  t h e  r eo l u u i r e uu uemut s  of a m u s  r e u u u a i u u i m u g  m’ecc ’is e ns a r r a i u g c ’ cl t o  I c’cei\  t’

~) I I \ I  c- n p r op a g a t im i~ t o  flue rigb ’if - W i t h  t h ese a t t e u i u i a t i o m u  f a c t o r s . R ’1~. R 3 R ’ R 4R .  amid
R ~ so i l l  i l l  rec ’c’ive f lue  sam u ue si gmia l l e s t ’1 f ’rom u u T 1 R - Ti - i mak o’ t hu  u s sauu uc c’omud ( m o n  h old
so l i eu  I 2R us t r a u u s m u u i t t i m u g .  we m u iu m st atte m uuat c’ t he  s ig m u a l  i i i  t h u c ’ lea o l o t  1 2  R h~ t h e  s auui c ’
, i m i m t t u m n t  t h at t h e  uri c I’ro mui 1 1 R h i : m s  heemu . i t t c ’uuuma l e o l  i i i  re at ’ h u i m u i ~ the  c’eu u L’r o i l  coup ler  2.

I lc ui ce . ste m u u . t k e  “ r’ R equal  to L 1 -‘ . amid .  mm ) s i m i u m l a r  t ’a sh imomu . ‘ I 3R t’l. l t i a l  to  f l u e  h im’odhimc ’t
( 1  1 :~ ~- 23 ’ T h e  rem ’ n a iuu iuug  a t f e m u u u a t m o m u  I , t c ’ l t ) r  N j 4R = ( 1 1 2 1 ( 1 ‘~~~(( I~~4 h. \~ m t h u  f h i e s t ’
a t ( e m u d t . m l i o u i  f ac tors , if i” evi do ’ m u t .  t ih iO i i mm i s p t ’c I m o m u , t h u : t l  a l l  possi b l e n m g h u t — d m r e c ’tc ’ch h i a l h i s
th ’m r t i u tg h i  (lie sVs hc ’ m i i  c’x pe r i euuc ’e t h i c ’ sa m i ue loss I , t t I o  i

1. = (L 1 2 ) t L , 3 ) ( L 34 M L 4~~) .

Imu (hue same uu ia uu muer  so- c m i i a s  h ’huuol v a b o u c ’s l ’or t h e  let m - p u’ u p a g a h u m i g  I iO r t i o m u of t h e
ss s t e I n  - In h ’igure ( ‘2. sve h u a s e  im i c l uuded  t h ese o ab u t ’s omu t h i c ’ s s tc ’m iu s c h u e n u a ( m c .  Imu f I l m s
t’i goi re.  if is apparemi t  t h a t  t h e  a t t e m u t m a t i o m u  v ahutc ’ s a rt’ t h e  s ami ue f o r  c’e r t a i mu  p a i r s  of m r : t i u s —
m u u i ( t e r  a m u ol  receiver  lea d s . I mus p e e t i om i  nc’sea  Is t h a  I rec’eivc ’m’ a mid t r am i s t u i m  t t c ’r pa i r s
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‘‘hookim ig ’’* mu a p a r t i c u l a r  direc ’t io u u  i c ’o~Li i rc’ t i i c’ s a m m u c ’ a t t t ’ i i u i a t m o u u  t ; t c ’ t t o m s  I i i t ’r c ’Io rt ’ . we
mii av  c’ o u u i h t t u c ’ t h i c ’ r ig h t— a ’uol lo’t ’t —ohm rc ’c’t o ’d s y s t e m m m s  omu t i l t ’ s a u m u t ’ h t i s  is lo mu g i~ O t t ’ tm m
f o  h m a s c ’ f l i t ’ loss fj t _ ’t o t s i i i  t h i c ’ m i g h t —  amid l e t h — l o o k i m i g  k ’acls h o t  a p a r i i c ’t t l ~iu’ t r a m u s c ’ e i s c ’ m
iuu o h e p c ’u idc ’ u u t l s  a o l t u t s f : u h i h e .

I t  f o l b c t s ’ ,s ti ’o mu i  t h is m’ o’ q u mirc ’ m u uc ’ uu t  t h a t  l I m o ’ m i g h t —  amid  l e h h — l o u i k i i i g  s t L m i : i l s  m u u u i s t  lie
kept  sc’paratc ’ h ’m ’ om u i f l i t ’ p o ) i m u t  c - it ’ level  a d j u t s t m u u e o u t  L u m u t i l  h h u c ’v a l t ’ b a u u u u c ’ l tc ’ cl mu ( h u t ’ i m m t t ’ i i t i - ’ o b
ch ir o ’c’tio n oil h u t ’ h i t s  St ’st ’n : i l  p t t s s i hbc ’ Wass of u n a k m t u g  the  rc’q utmrc ’d a i te m i u t ah mom i adhust—
miu c ’ u u t s  am’e i f l u m s i n a t c ’oh in I h i t ’ l ’o l l o w i u i g  series of f ’m g u m n c ’ s I i t - c ’ sc’ hmo ’u mi e s  h a l l  i t u t i m  m os t b a s i c

categor ies :  t hi ost ’ s o hmc ’rc ’ m u i  f l i t ’ a t t c ’ m u u i a t m O u u  a o l j u i s t t i u c ’ uu l  is d o i m i c ’ at  ( h i t ’ t m a m u s c c ’ i s c ’n a i m d  I h t t m s c
wh u e m ’ c m t u  it  is c l omuc ’ at  (l ie c’ouip hen.  P la c imug f l u e  c’o h u m a l t i a t m o i u  a d l u i s t n i c ’ i u l  at h h u c ’ c’ o u i l ) hc ’n rt ’—
t l u m l r c ’s omuls  o - im ue f ’i l ier iii  t h e  s l u m b  c’ot u mu e c ’ t io u u . wh ile p bac ’ i m u u t  i i  at  ( hu t ’ I r a m l s e c u o c ’r nc’o lu ui r e s
t ss o Omu t h e  o the r  ha u u ol . a d i u s f m u u e u i t  at  the  t ramusce iver  m m m l i v  at ( m i m i c s  ho’ mi io re  ~o r i s t ’ m i k - m u i
h iec’ause of g rea te r  : i c e e s s i h m l m l s  -

l um the h ’i g ut n’ c’s . 51. c ’ i l b u s t r a t c ’ c’outp h i uug  of ’ s tu h i s  to ( b i t ’ bu s I’ i~ o lr a s o i m i g  f l u t ’m n p a m a l l c I
ami d imu c’bose p m ’ o x m u u u i f y  hi~ atuah ogy to flue coup hiuug tec ’ l u u u i qu i c ’s o hesc ’ n m h i c ’d m u ;t p p t ’t i d i \  N
Four h u e  sakc ’ of c l a r i t y .  0. -c show siu u u p he pa t h  d iv i s iomu wh i c h  cou ld has c hec- m i  dr ;t s s  ii  i i i

t h e  sa uu ue u u u a m u n c ’r as a l u m u c ’t i o ) m l of f lue  h u m u e s  represt ’ m l t  m u g  I l i t ’ t u b e r s , I f l i t ’ t I t s t ’s ool m c ’nc ’
too - c-i f il iers per sI uub arc ’ reo l u mired  . f l u e  f a c t  ( h at  I h ic ’se catu lie c’lic ’ lOsc’th imi  a c ’o mm i  miuo ) m )  J:i ~ L e I

am id s t i l l  mui c ’c’t (lie imid lepem ul l emut  s t u th s  r e o l u i r e m u u e m u t  0) 1’ SI) MS is m h b u m s t r a l c ’d liv f l u e  t m n c l t ’
olrao o’mu arou uuol (lie pair.

l:i gui rc. (‘3 illuistrates flue siuui iihest e o l u a b i z a t i o m u  sc l u emi uc ’ . I h ere so t ’ disc’ sc’par at c ’
I r a m u s m u u i t t e r s  amu o l  receiver s h ’or flue Ie h ’( — ami d ri g hu ( — l oo ik i mu g  l’ummuc ’t i omis .  l ’hue I r amusm u u  i t  b r  a d i u m s i —
u u u e m u t  is aceo mui  p h is luech by v a r i a f i o m u  of ’ f lue  e lect r ica l  u l r ivc ’ t o t h i c ’ 1. 1 - I )  or l: osc ’r : w h u m i c ’ t h e
rc’c’eiver is miu o st  easi l y a ohj u s ( et l  by v a r i a t i o n  oif t h e  sep arat  iou h i e t o o c’e n I li t ’ f i b e r  atu ol h i h u o t o —
cb io ,de.  N t  f l i t ’ buts . f l u c ’ s f t t b  f ’ibo’m’s are c’onm iee t et l  to  oppo si tc ’ c’mut l s oh ’ t I l t ’ s ; m ) i t c ’ c’ou ip l mn g
sc’c’ ( i o i t l  so ( h at  tuo a d d i t i o m i a l  loss oc’cumrs omi t he  buts  clue to - i t h u c ’ p re seuic o’ ot t h e  Iso n s tu i l i
f ’iber s , -\s e xp l aim i e o h i i i  ap p e u i t h i \  A. whuemu lig h t ccnmp les t ’rou u u Ilk ’ s t u u t i  t t )  t h e  bums uuu t h e
para l le l  h ’ib c’r eo uu p le r . (l ie pro)~iagat i ou d i rec t  iou is preserve ol -

(i i  f igure ( ‘4 , t h is schuet iue is uu uodi f i e t l  to re qut i re  omuh ~ a s ing le t r a m u s i i i i f t c ’r a mi d mc ’—
c’eiver liv h ir c - i s- id l ing a th ju i s l ab l e  op t ica l  c o u p h i m u g  bet so cc i i  I bc I ra u u suu i  i t  tc ’r a mid c’ae lu of i t s
(‘i l ier s as wel l  as h et svec ’n t h ic ’ rc’cemver ami d m i s  assoc’iate th  f ’ih iers

lii l ’i gutre (5. t h e ad jus t  uu ue t ut hefwee uu l e f t— ami d r u g h u t — h o o k i m u c t  h ’unc ’ t m o l u s  i s ac’c’ o m u—
p h i s h u e d  l ’t s  a s a r i a h i l e  seeom ic l bea uu u s p l i t t e r . he y omu oi  t h t c ’ ont ’ t h a t  c’om ui bnue s  t h e  t r a m u s m m u m t t e r
a tu o b receiver  p a t h s . l so o arrows are cl rawmi to cah l a t t e t i t m o m u  fo t h e  r e quu i r eu u io ’m ll  t h a i  t h e
boss iii eac h leat l ii uust  lie u m u d e p e n d e m i t  lv a t h j us fa t ih e  . as o 1ip t - isc’d to t h e  pr os i s i o m u of a
sim u ip he r a ( i o  a d i u m s t m u u e m u t ,

Iii  f ’i gu m re (‘6 . ( hue l e f t  o c ’rsnts rig h t a d j u i s t m u u e n t  is accom uiph shied hs se h i ar l i to ’ eou ip h m m u g
sec’t i om i s  oil t h e  bt is ,  l’h is z i r r a m u g e m u u e m i t  r equi res  o tu lv  a s u mug le st um b I her , h t m l  i t  so i l l  r e s u l t
iii l i t l o he ci h ums loss simuce hot  hi ;ection s c’x t rac t  post - c r  t ’roiu u flue lius, Fut rt h uc ’n iu i ore, h i h1~ st~’, t l

n i e am m s  of ’ n i a k i m i g  a varia h le au l jutsfnu et uf of thu s  l s p t ’ t u ; t v  h c ’ c h i f ’I ’ic’u l t  to ) m m i u h i l c ’ u u i e m u l .
1’h ue sc l iem uue i l l u t s f  ra ted iii f ’ig um re (‘7 av om ol s t h e  a olole t l  l t t s s  p ro h i h e m u u  so h i l t  s t i l l  I-icr -

h u l l i n g  t he  cisc oh’ a simug le s t u b  t ’iber  h~ p l at : im ug a rel l echom’ . Ni . af t h e  opemu en d of f l u e

~ lt~ the c’\ I - i o t ’s s i o m i _  ‘‘ l o~k i t t ~~
’’  sot ’ tc ’ I t ’t to  mIme c h o t t ’ c t o o m o  so t hu wh ic h mi te  thi ,’~ o~ c. r smg mm l i l  m o u lt ’, is c’ t l m i —

t t ’ i t i t ’oI i t ’ . w h iem i II t o . t m o s o i i t t t e r  ~c o o l s  o s s ~’ o in  u h i e  r i g l m m .  i i  is i t ’tt ’ r i c ’tl I i i  I ts h~o o L o o t e  to t  t h e  t o c h o t  -

I m i r u l m e r m u u t i r e .  sv h ieu i  II o c ’Uc ’ i V C I  . t t t t ’ l - i t ’  o \cc ’t I m t i m m m  ii sotio c e lolel t ted io t l mc ’  t d i m , mu i~ c i t ’ t o t  i i  I t s
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Figure C3. E quma h izat iomu by muleamis  t i f  co u m t r o l of sep a ra m e I r amus u rm i t u e r s  amid
receiv ers ,
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Figure CS. Equa lization by separate beam ui sp l i t ters  following transm uu i t ter-
receiver path division.
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Figure Co. Use of unequal righ t and left coup li n g factors to allow cquma h i zaii omu wi th
a single stub fiber.
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st ub , ..\uu a t t en t i a t o r . A. ii uterp osed in the  s tub , is used to contro l  t h e  r i g h i t— l o o k i u ug
t u m uc t i o ) m u . w h ile var i l t t m o u u of (hue e t l ic ie u icy  o)f the reflec tor is used to control t h e  heft—
looki uug fumuct ion ,  Var ia t iom i  ot’ (he stub—to—reflector spaci uu g woul d provide a s i m ui p le m uu ea mu s
of c o i i t ro ih im u g  (he reti o’c’tio i u eh ’f i cie u ucy.  The orienta t iomu oh ’ the  st ub om i ( lie huis miuus l  he
so chosen tha t  ( lit ’ h ’unct  m o m i re o luir imug f lue u iuo st a t t emut ia t  iou is ( l i e o) mue c’o ) ui tro h led by
the  m u i i r r o r .

lii practice , t h e  at te iuu mat i om u levels woum id be set h ’ollo wi m u g sy s ( euu u imusta l  ha t  iou i i i  a

i u u a u u n e r  ana logo )u t s  to ) ( l ie omit ’ O t t ’ have umsed in flue foregoin g d c r i o l t t i o ) m l  - I r a u u s m u u i t  her  1 I R
fo r  exa nup le . ooou i l d  he mu uade to tramus muu i (  , amid t h e  signal level at f l u e  c’X I rc’uui e op h ) osi t e  c’tit h
of f lue svs l e uu u . R 5 R ’ wouhd lie muote ol , Con rols at R 4R . R 3R ,  auud R 2 R  would t h uemu lie
set to yie hol  (h at level at (lie respective receivers , Thu emu . agaimi no t imug  flue si gmual  level at
R 5R ovith T 1 R t ramus uuu i t6 m u g.  a ( l en t ta tors  oui T 2 R ,  13R . au th T4R w o ) u m ld he set to yield
t h at samuie level at R5 R wit h each respective transm u’t i t fer  tram ’i sm uu i t t i mig instead of T I R- ‘\~
too ’ have siuo svu i iii t h e  foregoing o ler ivat iomi , th is aol juis tmu i e u i t usi uig rao h ia t io m u pr opag~m t i i u g
to ( lie rig h t  w i l l  also eo i u ta h ize  (he Iet ’t — propagat i u ug h ’u u u c t i o u u s . a s s u m u u u i u u g  t h a t  a l l  t r a m u s m u u i t t e r
poovers amuth receiver semus i t iv i f l es  are oth erwise e o l uma l .

As sh iow u i iii t ’i gt tr e ( 
~~~. equua h i z a ( iomi of flue si gmua l  levels iii the star cou i iler 5 s f  o ’um i

m u iem’ c’ls reo h ui res equua l  loss imi all s tum b s ,  Th is r esu if cami he acco uu up h is h ue oh by cit h e r  m u uakimug
all of’ flue stuths f lue same hemug t hu amid coi h imug up t h e  c’Xc ’c’sS cah u he om’ by p lacing suft ’ic’ic ’uu I
a oloh i fl omi al a t t e m u u a f i o m u  in f lue  sh orter leads o u u uake  theni as hu ssy as (he loiugesf omue.
huu sta lla iou u a t h i us t nuemut  wou lol comusist  of ( ra u us uuu i t t imu g  over loiS omue of (hue sh orter sUmbs
am uo l set tumug (lie a t t enua to r s  o)ti t h e  r e muia i mu in g  ones (di g i v c ’ (lie sa nie o ) u i t  1-i tt f s igm i ~i I level as
the  longest omie , F imia l l y ,  t r a m l s uuu i ss i om i  oven am l y oh ’ thue  om ies adjust eol  wou Id tie r uu i i t  s iu iu i —
har a d j u s ( m u u e m u t  of flu e omie i u i i t i a h i y  um seo l h ’or t h e  i t u p u f  s igmual .
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Figure (‘7 , Use of reflective fiber termination to provide uu ue quia l ri ght  amid left
cou pling factors for equalization with sing le stub fiber.
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APPENDIX D*
RECENT S I N G L E - F I B E R  COUPLER I)E VE LOPM ENTS

Durimug h’in al edi t ing of this report . (he h ’o ll owi u ug si gni l ’ica u ut  s imi g l e - h i h i c ’m coupler
oheve l opm u ue n ts  were reported,

Dahhy and Chueskr ~~ 
report the development oh ’ s ing le- f iber  coup icus  souiic ’w hmal

si m i lar to (hose proposeth iii appe mu d ix  A. Ii i  (his d l eve l opm uu eu u f . hi owo’ver , c’ou l l ) I iu ig is
acco mp lished by t’u usi ng flue clado h imu g so that  the to r t ’s may be Ii ro t ig h i ( i i i  to t ’lo sc’ f m i  t \ —

im uui ty for a port ion of their leuugt hu - Th e  reoi uire d l ’u si o mu was done i ts im ig  Ii c’~t o , I o.’r ’s Io u - eli ,
a nd oo’as sani to he possible without alte r ing the cores because of tl ~ ‘ relat ive ly lower
mu o ’l t i u ug point ot ’ t he cladding. According to the mea sure nuem its repor t ed . th e  coup ling
facto -irs range h’ro uu u —l 2.5 olB down to ~~2 olB . which is too how to nuee the  ~9 dB re—
oh t u irei u uemu ( s of a 1 7—tap bus such as flue nominal size SI)MS, Of flue two ) couplers h uav i mug
— 1 2 , 3  dB coupling f ’actors sui table for a 34-tap bus , such as flue m a x i u l i u m  size Sl)M S.
one h a s  an excess loss of ’ 4.04 dB : the other . I I .5 dB. For comparison . t h i s  oh t i d y  c’sl
mated (lie require m ent as 0.6 dB , iu ucluding flue losses of two ) com u mucetor s ,

A similar coupler is reported by Barnoski and Fri e dric h i .D2 omu wh ic h u o’oun ro hhed
t’usiom u of (he cladding was accouui ph ished by a (‘02 laser bea uu u. T h e  publ ished excess
l oss of ’ I . 1 dB and a coupling factor of — I I  .8 dB are improvements over the h’ore goiuug.
hut st i l l  t’al l short of meeting the requirements of SDMS.

Even though these early results do fall short of t h e  reo luireuiients of SE)MS. t h ey
sh ow prom ise , given sufficient development effort.

*Not e added in publication
1) 1 Fiber (‘omm u uu ica t ions  Inc . Comutrac /Purc hu ase Order No NOO 953-76-M-A2~t3 , Repo ni omu the

Fabrication and Testing of a Four Port Sing le Fiber (‘ou up h e r . 1w R (‘h iesler amid F I ) ah hi y .

~ N ovem luher 1976
— D llarn t ) sk i MK and Fr iedr ich , HR . Fabrica iion of :iui Act ’o’ss Coup ler w ull u Simu g le ’ S lnmiu ’oh Mu ht i m t m c l e

Fiber Waveguides. App lied Optics/vol 15 . no I I  . N oveuuuh e n I
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