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ABSTRACT

The current status of technologies for production of
optical fibers and cables is reviewed in de*ail and trends
of production and markets - and optical communications in

general - identified.

Specific requirements are availability of pure gases
and chemicals, fami)iarity with clean-rocm ccnditions, and
gualified personnel in chemical, optical, communications
and process control engineering. Capital investment for
setting up a completely new fiber producticn unit is in the
range of 10 to 20 million US dollars, R&D nct included.
Bulk raw materials or a numerous labor force of unskilled

workers is not required.

Fabrication of cubles from fibers poses less technologi-
cal and financial problems, stipulating that conventional
cable production is an escablished technology.

For threshold countries, the strategy of joint venture is
described as a viable one for entering the optical fiber/
cable market. For least deveioped countries, the import of
a complete new production plant is the easiest way to enter
this market, but, for the LDC, not a very rrofitakle one.

It is therefore only conditionally recommended.
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1. BASICS OF OPTICAL COMMUNICATION

1.1 Introduction

The hiah carrier freauency of light promises a tremendously
wide bandwidth for transmitting information compared with con-
ventional systems. As with the invention of the laser in 1960
a powerful light source emerged, research into ontical commu-
nication was greatly accelerated. Unfortunately, line-of-
sight transwmission through the atmosphere was restricted to
some kilometers by the absorntion of licght due tn dust, fog
and rain. On the other hand, guided transmission of light
through fibers was unattractive at that tine, since fiber
losses were still verv high - more than 1000 dB/km /Kao and
Hockham 1966,/. The breakthrough came in 1970, when Corring
Glass Works announced the development of optical fibers with
losses of less than 20 dB/km /Kaprcn et al. 1970/. Suddenlv,
Jong-distance telecomrmunications by fiber optics seened
possible. The ensuing development of ontical fiber truns-
mission systems grew from the combination of semiconductor
technology, which provided the necessaryv light sources and
photodetectors, and optical wavequide technoloqy upon which
the optical fibzr is based. The result was a transmission
link that had certain inherent advantages over conventional
copper systems in telecommunication applications, which will
be discussed later. In the last years wcrld-wide _-esearch
activities led to the development and installation of prac-
tical and economicallyv feasible optical fiber communication
systems operating as baseband systems in which the data a. :

sent by simply turning the transmitter on and off.




The elements comprising an ontical fiber transmission

link are shown in Fig.1.1.
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Fig.1.1: Basic elements of an optical fiber transmission
link.

Reproduced with permission: G.Keiser, Optical Fiber Communications,
McGraw Hill, 1983.

The kev sections are

e a trarsmitter consisting of a light source and its

associated drive circuitry
¢ a cakle offering mechanical and environmental pro-
tectior to the optical fibers contained inside, and
® a receiver consisting of a photodetector rlus anpli-

fication and signal-restoring circuitry.

Generally, the cable contains several cvlindrical hair-thin
glass fikers, each of which is an independent communication
channel, and, if necessary, copper wires for powering re-
peaters which are needed for periodically amplifying and
reshaninc¢ the signal when the link spans long distances.

The installation of optical fiber cabkles can be either
aerial, in ducts, undersea, or buried directly in the ground.
Ps a result of installation and/or manufactuaring limitations,
individual cable lengths will range from several hundred
meters to several kilometers. The comnlete long-distance
trarsaission line is formed by splicing together these in-

dividual cable sections.




In the following we. 7ill discuss the components of an
optical fiber transmission link in more detail. We will be-
gin with the most important ccmponent in an optical fiber
system - the optical fiber itself -, since its transmission
characteristics plav a major role in determining the per-
formance of the entire system. Some of the questions that

arise concerning optical fibers are /Xeiser 1983/:

1. What is the structure of an optical fiber?

2. How does light propagate along a fiber?

3. What is the signal loss or attenuation mechanism in
a fiber?

4. Whv and to what degree does a signal get distorted
as it travels along a fiber?

5. Of what materials are fibers made?

6. How is the fiber fabricated?

7. How are fibers incorporated into cable structures?

The purpose of the following sections is to present some of
the fundamental answers to the first four cuestions in order
to obtain a good physical understanding of optical fibkers.
Nuestions 5 and 6 will be answered in Ch.4, whereas cquestion 7

is addressed in Ch.5.

1.2 Optical fibers

—— o . —————— - —————— T ——————— —— —— - ——— - — - —— - ————————

To gain insight into the nature of light propagation
within a fiber waveguide, it is appropriate to start with

the phenomenon of reflection and refracticn at a dielectric

interface. A fundamental optical parameter of a material is

the refractive index n. In free space a light wave travels

at a speed of c=3x108m/s. In a dielectric material the

speed of light is v==%, which 1is less than c¢. Whereas n=1.00




for air, the value for glass is n= 1.50. When a light ray
encounters a boundary separating two different materials as
depicted in Fig.1.2, part of the ray is reflected back, and
the remainder is refracted as it enters the second material,
which is a result of the difference in the speed of light

in the two materials having different refractive indices.

INcrmal
ine
n.<n 1 Refracted
p 1 ! rav
|,
| 0, Material
boundary
nl
1 Reflected

ray

Fic.1.2: Refraction and reflection of a light ray at a
material boundary.

The relationship at the interface is known as Snell's law

and is given by
n,sin®, = n,sin®, (1.1)
or equivalently as

n1c0581 = n2cose2 (1.2)

where the angles are defined in Fig.1.2. As the angle of
incidence 81 in an optically denser material (higher re-
fractive index) becomes smaller, the refracted angle 82

approaches zero. The angle 81, for which 62 equals zero,

ie called the critical angle & and is ecasily calculated

from equ.1.2 as

i)
® = arc cos — . (1.3)

For e1<:ec no refraction is possible and the light is

bounded within the denser medium by total internal reflection.
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propacaticn in an optical fiber.

Now we will lock at the crtical fiber conficuraticons.

Ar, optical fiber is a dielectric wavccuide cperating at
ontical trecuencies., Its form is normallv cvlindrical. It
confines electromacnetic en _ v in the ferrm of licht te
within its surfaces and muides the light varallel fo its
axis, which is usuallv described in terms of a set of
cuided electromacnetic waves called the modegs cf the
wavecuide . Each auided mode renresents a nattern of
electric and maagnetic field lines that is rercated alena
the fiber at intervals equal to the wavelencth, Only 2
certair discrete number cf modes arc carable of prova-

adatincg along the quide depending on the fiber structure.

Althouah many different confiacurations of the corntical
wavequide have bkeen discussed in the literature, the most
widelv accepted structure is the single solid dielectric
cylinder ol radius a and index of refraction ny shown 1in
Fig.1.4, This cylinder is called the core of the f(iber.
The core is surrounded by a sclid dielectric cladding

having a refractive index n, that is less than n

2 1°

Pice 1,4: Sconcnatic of a gingle-
fiber structure. A civeular
solid core (n,) 1s surronnded
fooner by a claddivy hovine a re frac=-
ive dndes o T hy Ao lactic
plastic bufit’ gy oy cananlates

the fiber,




STrRourh oalr would be sutficient to nrovida total internal
refleoction, the claddine reduces scatterina less resultine
“rom dielectric discontinuities at the core surface, it
alds rnechanical strength to the fiber, and it protects

the core from absorbing surface contaminants. In low-

an

~

i medium—-loss fibers the core material 1is aenerallvy

aglass which is surrounded bv either a glass or nlascic
! ) C :

cladding. Higher-loss nlastic core fibers with nlastic

claddings are also in use. ’n additional encansu-

lation in an elastic, abrasion-resistant plastic material,
called jacket, adds further strencoth to the fibker and
mechanicallv is~lates or bhuffers the fibers from small
acometrical irrecularities to nrevent scatte:inag loss

induced by microscovic bends.

variations of the material composition e¢f the core
aive rise to the two commonlv used fiter tvpes. In the

first tvne, the so-called step-index fiber (SI), the

refractive index of the core is uniform throughout and
undergoes an abruot chanage (= step) at thae cladding

houndary, which is described by the profile runction

IA
o))

- n1 for r
n(r) = (1.4)

- n](1-A) =n for r

\/
ol

2

The parameter A is called the core-cladding index diffe-

ronco or simplv the index difference. Tvpical values are

A=0.01 and ny =1,43. Tn the second case the core re-
fractive index is made to varv araduallv as a function
of the radial distarn.ce from the center of the fiber.

The profile funcuion is usually aiven by

' 1/2
n, T-2a (5@ 12 for r = a
niry - 1 . (1.5)
=20 n e, for oo
| o

Hore o r 1o the ra. ]l distance from the axis,
Ja is the diametror of the core, and the

I

Adimensionleas parameter o with o tvnieal salue of oy




defines the shapc oY the index profile. The index differcnce A

for this tvne of fiber is aiven bo

,
A = SRS - (1.6)

{For a - @, Eq.1.5 reduces to the SI-rrofile n(r)rxH

for r < a). This tvpe is called a agraded-indcx fiber (GI.

If the structure supports only one mode of vronagation
(= the fundamental mode), the fiber is called a sinale-

mode fiber (SM). Otherwise it is a multimode fiber (M)

containinag many hundreds of modes. Usually, S"-fibers
are 2f the step-index type. The condition for sinale-mcde

operation is /Wolf 1979/

2ra 2 2.1/

A9

IA
t
.
L
Q
o
~

(1.7)

which can be fulfilled by lettinc the dimensions of the
core diameter be a few wavelenaths (usuallv 8 to 12) and
by having small (0.7 to 0.2 percent) index differences
between the core and the cladding. The normalized froauencwy

V can elsc bhe related tc the number of modes ™ in a multi-

, . 2,
mode Si-fiber where ! is MaV“/2. The total number

of bound modes in a graded-index fiher is agiven bv

M

It

a+2

Tvnical dimensions of single- and multimode fibers are
given in Fiag.1.5 to provide an idea of the dimensional

scale,

The main advantage of multimode fibers is the con-
siderably larger core radius making it easicr to launch
optical power into the fiber especially wi .h LEDs. The
larqge core reduces alsc the reauirements on the toleran-

ces of connectors and splices to join similar fibers.
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Fiag.1.5: Comparison of sterp-index (single- and nmultimode)

and graded-index optical fibers.

Reproduced with permission: G.Xeiser, Optical Fibker Communiications,
McGraw HiLll, 1933.

A comrnonly used parameter to describe the licht acceotance
or <¢athering capability of a fiber and to calculate source-
to-fiber ontical mower coupling efficiencies i3 the numeri-

cal aperture NA, a measure for the maximum acceptance

andgle @O. Looking at Fig.1.6 one derives

2_n22)1/2(

_—

Iy = 1 > - ;A ‘ R
NA nsind_ = (n, .n1725 , (1.9)

whichh is valid for SI-fibers,.

Fig.1.6: Rav ortics reovroe-
sentation of the numerical
aperture in a step-index
fiber.

L i ting
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Theo determination of the NA for araded-index fibers is

more corplex than for step-index fibers. Because of the
index variaticn n(r) NA is a function of position across

tte core endface. The local MNA is defined as

2
2

179
tn2(r)-n,%1"" % muac0), 1-(5)% for r <a

NA(r) = {1.10)

O for r >a

where the axial numerical amerture is defined as

201/2 _ (2. 2,1/2

NA(D) = [n2(f))-n (n

2
To calculate the power coupled into a fiber one has to
integrate the radiance over the solid acceptance angle of
the fiber. To illustrate the influence of the NA on the
counling efficiencv we refer to Fig.1.7 and give the
soluticn of the intecral, as an examnle, for a vervy
simnle case: A step-index fiber is centered over a sur-
face-emittinag LED of radius r. and is positioned as close

as possible.

& 2N '1' —
Y1175 —~—

L nipoacer

Fig.1.7: Counlirg an oontical source to a fiber. Liant

outside the accentance anale is lost,

Reproducel with permission: G.K:iser, Ootical Fiber Communications,
McGraw Hill, 1383,

The nower . coupled into the fiber expressed in terms
- I. M

of the emitted nower Pq is

2 .
= D (MA) - g L2
PF 'S(”A’ for ro o 1. (1,12)

[f the radius of the enitting area is largjer than the onre

radius, Lo, [1.12) becomes




1.2.2 Signal degradation_in _optical fibers

—_—— e - — e N - e e, e mr e e r e, ——-————

Sianal attenuation (also known as fiber loss or signal
loss) is one of the most important »rorerties of ar ontical
fiber, because it largelv determines the maximum repeater-
less separation between a transmitter and a receiver. Since
repeaters are exnensive to fabricate, install, and maintain,
the dearce of attenuation in a fiber has a larce influence
on svstem cost. Signal attenuation is defined as the ratio
0of the optical outnut power Pout from a fiber of length L
to the ootical input power Pin' The svmbol aLis uased to

express attenuation in decibels per kilometer

Pin/pout

= 10 —_— . 14)
aL loag T (1.14)
If an actual fiber has a 3 dB/km-loss, for instance, the
ontical sianal nower would decrease bv 50 vercent over a

1 km length.

The intrinsic loss of hich silica glasses in the near infra-

red reqgion of the snectrum is composed of ultraviolet ab-
sorption, infrared absorption and Ravleigh scattering. Ultra-

violet absorption is determined by the electronic bandgap of

a material and decays exponentially with increasing wavelength.
The tail of the UV edge in glasses is almost neqgligibly small
in the near infraied. The loss increase above 1600 nm is

caused by the infrared absorption tail resulting from very

strong cation-oxygenvibrational modes of the glass lattice

at long wavelengths. Rayleigh scattering ap results from
compositional and density fluctuations of the glass over
distances much smaller than the wavelength of light. Micro-
scopic density variations cive rise to small index variations
which are the reason for the existence of the same phenomenon
in fibers that scatters light from the sun in the atmosphere,
therebvy giving rise to a blue skv. This loss distribution
decays with the fourth power of wavelenith, as expressed by
aR==ARk—4 -showr in Fig.1.8- ard cgivers the attcenuation-versus-
wavelenagtl curves their characteristis downward trend with




ircreasine wavelengtn.A_ is the Rayleigh scattering coefii-

¢ R
cient, which depends on the nature of the dopant and its con-

centration. In cerneral, the higher the & of the fiber, typi-
cally accomplished bv increasina GeO2 levels, the higher the
intrinsic loss levels /Nagel et al. 1982/.

Wavelength (g

03 O 07 YxGa g XS 2 LI Y]
Vi T T T T YT rIYr

Absorptons fows i
intrared regon ! -

—
R STl

v

Fig.1.8: Optical fiber attenua-
tion characteristics and their
limiting mechanisms for a GeO.-
doped low-loss low-OH-content”

O/ \ M | fiber /Osanai et.al.1976/; re-
T produced with permission.
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Extrinsic loss mechanism die to impurities, imperfections,

and fiber desiqn in regard to bend sensitivitv can cause

additional attenuation. Transi.ion metal ions (Te,Cr,Cu)

at the level of a few ppb's can cause uracceptably hiqh
absorption losses in lightquides. Another source of absorp-

tion is due to hydroxyl! ions (GH) 1in the glass structure.

In silica-based glasses, a strong fundamental Si-OH vibra-
ticn occurs at ~2.7 um and results in a first and second
overtone at 1,38 and 0.95 um, resnectively, and a combina-
tion overtone at 1.25 um. For every pom OH, losses of

48 di/km at 1.38 um, 2.5 dB/km at 1.25% um, and 1.2 dB/kn
at 0.95 um are added; thus, verv low levels of OH are
necessary to achieve low loss at lonqg wavalenqgths, espe-
cially becausc the peaks are relatively broad. The exact
peak position and width are a function of composition, with
additions of GeO, moving the peak to longer wavelenqgths.
Fiqure 1.9 showshthe larage absorption neaks at 950, 1250
and 1380 nm caused by high levels of OH jons in early

optical fibers.

gy




Early 1970«

Fig,1.9: Ortical fiber
4 attenuatior as a func-
ticen of wavelenath.
Material research and
irproved fabrication
rethods reduced the
attenuation esneciallv
at lonager wavelenaths,

Adtensation (AR

I,_ tany 19N 4
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oul LIU3 10G0 1200 t300 lovu f=ol

Wasclength (am)
i permissicn: G.Fuiser, Opticel Fiker Comminications,

Reproduced with permissicn: G.Feiser, Optical Fiker Commun
r 1983.

aw Hll 1 ’
The neaks and vallevs in the attenuation curve resulted ir

the assicnment of various "transmission windows" to earlv

ontical fibers. Sianificant nroaress has bcen made in
reducinag the residual Ol content to fibers to less than
1 prly /Chida et al. 1982a/.The resulting loss curve
(lowest curve in Tia.1.9) e¢xhibits no more peaks and

an absorption minimum cf 0.2 dB/km at 1550 nm.

nadiative lossez occur whenever a fiber undercoes a bhend

of finite radius of curvature, Larae-curvature radiation
los=ses occurine if a fiber cabhle tsrns a corner ca.a be
understood by the fact that the tail of the field distri-
bution of the optical mode on the far side of the center
of curvature must move faster to keep up with the fiell
in the core. At a certain distance from the center the
field tail would have to mowve faster than the speed of
light which is not nossible - so the ortical enercy in
the field tail radiates away. Anothe. form of radiation
loss results from mode counlina caused by random micro-
bends of the ontical fiber /Gardener 1975/, ~hich are
roepetitive changes in the radinsg of curvature of the

Citor axias, as dg iliastrated in tia,1.10,
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Fig.1.10: Microbends shown as revetitive chances ir the
radius of curvature of the {iber axis.

Thev are caused either by nonuniformities in the sheathinc
of the fiber or bv nonuniform lateral :ressures creatod
durina the cabling of the fiber. The latter effect ‘= eoften

referred tu as cablinag or packacina loss.

An optical signal becomes increasinaglv distcrted as it
travels along a fiber. As Fig.1.11 shows, the distorticn
causes crtical sienal pulses tc brecaden and to overlan with
neighboring pulses, therebv creating errcrs in the re-
ceiver ou:tput. The sianal distorsicon mechanisms t s limit

the information-carrvina canacitv of a fiber.

Podse ahapes and amphitbades

.
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|

Distin e along Liher ==
Fig.1.11: Broadeninag and attenuation of two adj2cent pulses
as they travel alons a fiber

Reproduced with permission: G.Keiser, optical Fiber Communications,
McGraw Hill, 1983.




Two tvpes of distorsion effects can be distinauished.

Intramodal (= chromatic) dispersior is pulse swvreading

that occurs within a single mode. It is a result of the

derendence of the group wvelccity on wavelencth A. Due to

its wavelenath devendence intramodal dispersion increases :
with the spectral width of the optical source. The main

causes of intramcdal disversion are material dispersicn, .

which arises from the variation of the refractive index

of the core material as a function of wavelenath, and
waveqguide dispersion, which occurs because the mcdal pro-
nagaticn constant is a function of the ratio core radius

to wavelenqgth a/X. Intrawrodal dispersion is usually measured

in ns/(nn.km) .

The other factor giving rise to pulse spreading 135 inter-
modal dispersion which is a result of the fact that in a
multimode wavequide each mode is traveling at a different
velocity. The higher the mode number, the slower is the
axial groun velocity. This variation in the group velocity
of the different modes results in a agroun delav snread or
intermodal dispersion. This distorsion mechanism is elimi-
nated bv single-mode overation, but it is imnortant in MM-
step-index fibers, where it dominates by an order of magni-
tude the other two dispersion effects. This dominating in-
fluence can be greatlv reduced bv a carefully designed

nearly rarabolic araded-index nrofi.e. The fecature of this

gradina is that it offcrs multimode pronagation in a re-
latively larae core together with the possibility of very
low intermodal delay distortiorn /Keiser 1983/, This com-
bination allows the transmission of high data rates over
long distances while still maintaining a recasonabl. degree ’
of 1light launching and coupling ease. Figqure 1.12 demon-

strates the infliuence of the exact value of the index

aradient a on the pulse spreading and the cffect of the

spectral width of the source. The calculated transmission

capacities are 0.13, 2, and 10 (Gbit/s)km. Although theory

vrodicts a sharp minimum of dismersion for the exact value
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Fi~,1.12: Pulse snreading in
a GI-fiber versus the index
parameter a at A =900 nm.
Material dismersion is “n-
cluded for an LED, and ILD,
and a distributed-feedback
laser havino snectral widths
of 15, 1, and 0.2 nm, res-
vectivelv /Olshanskv and Keck
1976/; reproduced with per-
mission.
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of a, in practice unavoidable manufacturinc tolerances cause
slight deviations of the index nrofile from its optimum
shave decreasina the fiber bandwidth dramatically. Unfortu-
natelv, the value of a which wmirimizes nulse distortion
depends strongly on wavelength, because each refractive
index value of the graded-index profile has a different
variation with wavelength due to the different material

composition. This effect is called profile disnersion.

0Of these effects, waveauide dispersion usuallv can be
ionored in multimode fibers. However, it rlays an imnortant
role for SM-fibers. Material dispersion is of marticular
importance for single-.ode wavegquides and for LED svsters,
since a LED has a broader snectrum than a laser diode. An
interesting feature of silica partly resnonsible for the
recent R & D-activities in the wavelength region around
A=1.3 um is the fact, that material disnersion qgoes thkrough
zero at this wavelenath. Fia.1.13 shows that in sinqgle-
mode fibers the total dispersion can he reduced i:n zero
at a particular wavelenath in the 1.3 to 1.7 um ranae bv
the mutual cancellation of material and wavequide dis-

persions /Jeunhomme 1979/. For Gooz—doped fibers this




is achieved bv varvina the amount of GeO2 dooant to
obhtain different material behaviour, and bv controlling
the waveauide effects throuah variations in core dia-

meter and core-cladding index difference.
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Fic,1.13: Examnle for the mutual cancellation of material
and waveauide disrersion in a SM-fiber bv chang-
ing the waveauide dimensions.

Reproduced with permissicn: G.Keiser, Optical Fiber Communications,
McGraw Hill, 1983.
The total nulse broadening ¢ in a fiber can be obtained

from the sun
1
g = (Z:o 2)2 , {(1.15)

where o, stands for the various dispersion effects. The
equivalent characterization in the freaquencv domain re-

commended bv CCITT is given by the baseband response

B= ()82 ° (1.16)

where B,L are the bandwidths corresnonding to the various
diepersion effects /CCITT COM XV-R 39E 1983/. Pulse broa-
dening and baseband resnonse are connected via the

Fourier transformation.




A measure of the information camacitv of an ootical

waveauide is usuallv specified by the bandwidth-distance

product in MHz.km, where the bandwidth is defined as the
frequencv at which the power transfer function has fallen
to one-half the value of the zero freauencv value (3 dB).
Tor a sten-index fiber the various distorticn effects
tend to linit the bandwidth-distance nroduct to about

20 MHz.km. Graded-index fibers exhibit a value as high

as 2.5 GHz.km. Sinagle-mode fibers can have canacities

well in excess of this.

In real svstems pulse distortion does not dermend with
1/L of the fiber lenath L, but will increase less raridlv
after a certain initial length of fiber because of mcde
counling and differential mode loss. In this initial
lenath of fiber, couvlina of enerav from one node to
another arises because of structural imperfections, dia-
meter and index variations, and cabling-induced micro-
bends. The mode counling tends to averadge out the nrona-
aation delavs associated with the mnodes, therebv chanainn
the intermodal disnersion from an i/L denendence to a
1/Yf derendence (see Fir,1.14), From nractical field ex-
nerience it has been found that the bandwidth B in a
link of length L can be exnressed by the emnirical re-

lation
B(LL) = — (1.17)

where BO is the bandwidth of a 1-km lenoth of cable, and

the concatenation factor a ranges ketween y=0.5

(steady-state modal eauilibrium) and g=1 (little mode

mixing) /Keiser 1983/,

3

o [~ Fia.1.14: Transmission band-

width of a araded-index fiber
versus fiber lenqath,

n are exnerimental data
/Xersten 19383%/; reproduced
with permission.




1.3 Light sources for optical fibor links

In this section we will briefly discuss tie principal light
snurces used for fiber optic ccsmmunication, which are he-

teroiunction-structured semiconductor injection laser aiodes

(ILD) and light-emitting diodes (LED). These devices are

suitable for fiber transmission systems because they have
adequate output power, their optical output power can be
directly modulated by varyiug the input current to the
device, they have a hiah efficiency, and their dimensional
characteristics are compatible with those of optical fibers.
Here, we can give only an overview of the pertinent charac-
teristics, a comprehensive treatment of LEDs and IDLs is

presented in / Kressel 1982/.

The light-emitting region of both LEDs and ILDs consists

of a pn junction constructed of direct-band-gap III-V semi-

conductor materials. When this jurn-tion is forward-biased,

electrons and holes are injected into the p and n regions,
respectively. If the injected minority carriers recombire
radiatively, a photon of energy equal the bandgap is emitted.

This pn junction is called the active or reco..oination

region. As the bandgap determines the emission wavelenyth,
ternary and quaternary allove are used to cover a broad
range of emissicn wavelengths.In the 8C0 to 900 nm region
the light sources are generally alloys of GaAlAs. At the
longer wavelengths (1100 to 1600 nm), InGaAsP alloys are

the suited material.

A major difference between LEDs and laser diodes 1s that

the optical output from a LED is incoherent, whereas that
from a laser diode is coherent. The opticai energy released
from the optical resonant cavity of a laser diode has spa-
tial and temporal coherence, which means it is highly mo-
monochromatic (AX <2 nm) and that l(he output beam is very
directional. Since a LED has no wavelength selective cavity

its optical radiation has a broad spectral width (=~ 5% cf
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certral wavelerngth). In additioa, the incoherent energy is
emitted into 2 hemisphere according to a cosine power distri-

bution and, thus, has a large beam divergence (sece Fig. 1.15)

Fig. 1.15: Radiating characteristics of a LED {(left)
and an injection laser (right). Telefunken
electronic GmbH, Heilbronn, West Cermany,
reproduced with permission.

Because of its higher output power of up to 40 mW

/Kressel 1982/ and its monochromatic emission, the injec-
tion laser is best suited for long-distance transmission.
Along with this major advantage some disadvantages have to
be mentioned. Cost is much higher for lasers than for LEDs.
Lasers are extremely sensitive to temperature requiring a
feedback control to maintain the output power constant. In
early days, lifetime of lasers at room temperature was much
less than that of LEDs, but, nowadays, this is nc longer a
problem, as lifetimes of more than 106 hours are predicced
/Kressel 1982/. With laser diodes higher mcdulation rates
are possible due to a faster response time. As Fig. 1.16
demonstrates, ILDs exhibit a nonlinear light/current-charac-

teristic with a typical threshold current, so that digital
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Fiqg. 1.16: Power vs. current characteristics for a
typical LED (a) and a laser diode (b).
Temperature is a parameter. Reprinted
with permission from Eleetronic Dogign,
Voll28, No.d; copyright Havden Publishing
Ty, Ines, 19870,




modulaticn is the preferred modulaticn format with ILDs.

odulatior up to some Ghit/s has been reported /Kressel 1982/.
The LED exbibkits nearlv e linear relatior-hip between
current irput and light output wirich makes a LED ideally
suited for transmitting analcog sigrals (especiallv is this

true for short distances and low modulation rates <IC Miiz).

Two basic LED ccnfigurations are given in Fig. 1.17. In

the surface emitter or Burrus type the nlane of the active

lirht-emitting region is oriented perpendicularly to the
axis of the fiber. A short length of fiber (<1 m} is ce-
mented into an etched well, forming a so-called "pigtail"”.
Once installed, the pigtail allows fiber-to-fiker splicing
which can be simpler than aligning the fiker end to the

tinv liaght spot on the LED. The constructionr of tlie edge

emitter is sirmilar to a laser diode.
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Fic. 1.17: LED configurations:

{(a) Burrus-tvpe or surface emitter with
fiber nigtail /Lee 1282/; rerroduced
with permission.

{hr) Fdge emitter; RCA Corn., Lancaster, DA,
USA, reproduced with permissiorn.

Although LFDs with output powers up to 5 mW and bandwidths

of 200 Milz are now available in the 0.9 and 1.3 um reqion,
respectively /Lee 1982/, it is the poor power coupling
efficiency of LEDs which gives an advantaqge for laser
diodes, if long distances have to be bridaged. T'ig. 1.18

demor.crates this drastically.
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Fig. 1.18: Input coupling loss dependence as a
function of fiber core diameter for three
types of semiconductor sources. The solid
and dashed lines bounding the shaded regions
indicate the performance for 0.2 and 0.3 NA
fibers, respectively /Keck 1282/; reproduced
with permission.

Two methods to improve coupling efficiency are given in

Fig. 1.19 /Lee 1982/.
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Fig. 1.19: LED-to-fiber counling:

(a) using a truncated micrnlens. ‘cupling
efficiency improved v a factor of 3
to 13 compared tc butt-joined fiber.

{b) using a spherical-enied fibcr. Coupling
efficiency imnroved by a factor of two
/Lee 1982/, renroduced with permission.
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1.4 Light detectors for optical receivers

The photodetector senses the luminescent power falling
upon it and converts the variation of this optical power
into a corresprondinglv varying electric current. Of the
semiconductor-based photodetectors, the photodiode is used
almost exclusively for fiber optic systems because of its
small size, suitable material, high sensitivitv, and fast
response time. The two tvpes of pnhotodiodes commonlyv
used are the pin photodiode and the avalanche photodiode
(APD) .

When light having photon energies exceeding the band gap
energy of the semiconductor material is incident on a pho-
todetector, the pheotons can give up their energy and excite
electrons from the valence band to the conduction band.
This process generates free electron-hole pairs, which are
known as photocarriers. When a reverse-bias voltage is
applied across the photodetector, the resultant electric
field in the device causes the carriers to separate. This
gives rise to a current flow in an external circuit, which

is known as the photocurrent. Avalanche photodicdes in-

ternally multiply the primary signal photocurrent by irm-
pact ionization in a high-electric-field region. This
increases receiver sensitivity since the photocurrent is
rultiplied before encountering the thermal noise associated
with the receiver circuit. Typical gain for Si-APDs is 200.
A stabilized high DC voltage of tvpically 180 V is neces-
sary, which is a disadvantage of the APD compared to the
pin photodiode. The latter can also provide faster pulse
response (35 ps risetime /Optoelectronic 1983/). Ge-APDs

exhibit onlv moderate avalanche gains of 10 to 30.

Important detector performance parameters are the
auantum efficiency, which is defined as the number of
electron-hole carrier pairs generated per incident photon

(tynically 30 to 95°), and the responsivity, which speci-

fies the photocurvent genesated per unit optical power.




Fig. 1.20 compares the quantum efficiency and responsivity

for Si, Ce, and InCGahs.
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Fig. 1.20: Comparison of the responsivity and quantum
efficiency as a function of wavelength for
pin photodiodes constructed of different
materials.

Rerroduced with permissicn: G.Keiser, Optical Fiber Commurications,
McGraw Hill, 1983,

Tnis comparison clearly reveals that silicon is the main
material used for the 800 tc 90C nm region (first window).
For wavelengths akove 1000 nm the responsivity of Si is
too low. Photodicdes exhibiting high qu3ntum efficiency
and fast response time for the 1.0 to 1.65 um region

(2. and 3. window) have been made from various materiais,
in particular Ge and InGaAs. As ar alternative to the poor
avalanche ygain of these materials photomodules have been
developed, where a hybrid low-noise FET preamplifier on the
same chip provides high sensitivity / RCA 1983/.

rigare 1.21 compares the performance of commonly used de-
tector types for the 0.9 and 1.3 um region.
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Fig. 1.21: Required power at the receiver to obtain
a bit-error-rate (BER) of 1079 for
(a) Si-photodiodes for 0.8 to 0.9 um.
(b) Ge-APD and InGaAs/InP-photodiodes
(PIN-FET hybrid ccmbination and APD)
/Plihal 1983/, reproduced with
permission.




1.5 Comparison wi.h conventionai telecommunications

Novw we willi present the advantages of fiber optic trans-
mission comnnared with conventional electrical telecommuni-
cation (twisted wire pair, coaxial cakle, microwaves)

/Lacy 1982/.

e An extremely wide bandwidth and a verv low attenuation

means that a greater volume of information or messages
or conversations can be carried over a particular trans-
mission line. Fiqure 1.22 compares the attenua:ion of

optical fikers with copper wires and coaxial tubes.
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Fiqg.1.22: Transmission performance nf optical fibers
compared with copper catles (attenuation/km
vs f;equency),’arau 1981/, reproduced with
permission.
The attecnuation of coaxial cables increases continuously
, 1 . . . .
with £ /2 which recuires repeaters in distances of a few
kilometers with expensive electronic circuitries to re-
shape the distorted signals. In comparison the attenuation

curve of fibers is flat up to the dispersion~determine!




Fandwidth limit. With such bandwidths it is possikle to
trarsmit thousands of voice conversations or dozens of
video sigrals over the same fiber cver some ten of kilo-
meters without reveaters. Transmission rates up to

10 Gkit/s seem possible which can ke multiplied by wave-

length-division-multirlex.

e Small-diameter, lichter—-weight cables are obvious advan-

tages with the hair-thin fibers. For example, a 0.125 mm
diameter optical fiker in a Zacket about €.3 nm in dia-
meter can replace a 76 mm bundle of 900 pairs of copper
wire. The enormous size reduction (easily 10:1) allows
fibrer-optic cakles to ke threaded intn crowded underground
conduits or ducts without diqgging up city streets to lay
new conduits. Togesther witlh the size reduction goes an
enorious reduction in weight (25:1), which is an important
advantage in aircraft, satellites and space vehicles, ships,
high-rise buildings. It leads also to cost savings in

transportation, storaage and installation.

¢ In conventional communication circuits, siagnals often
strav from one circuit to another, resulting in other

calls keing heard in the background. This crosstalk is

negligible with fiber optics even when numerous fibers
are cabled together. Greater security through almost to-

tal immunitv to wiretapping is a matter of much greater

importance to military services, banks, and computer net-
vorks than it is to the average citizen who is calling a
relative thousands of miles away. But for these groups,
communication securitv, that is, telephone or data pri-
vacy, is well worth anv increased cost. Unless a steel
cable is added to a fiber-optic cable for strength, a
fiber cable can be lail in an undetectable fashion. It
just cannot he found with metal detectors or electro-
magnetic flux measurement ecuipment as is the case with
wire nairs and coax. As the light in an optical fiber
does not radiate outside the cable, the only way to

eavesdreop is to couple a tap directly into the fiker. If




an eavesdropper vere smart enough to do this, he or she
could force some light {(and therefore the message) out,
but the loss would ke so great at the receiving end that
an alarm would ke sounded. When that happens, one can
measure the distance to the tap within a few inches by

using time-domain reflectometers.

Immunity to inductive interference. As dielectrics, rather

than metal, optical fibers do not act as antennacs to pick
up radio-frequency interference (RFI), electromagnetic
interference (EMI), or electromagnetic pulses (EMP). The
result is noise-free transmission. That is, fiber-optic
catles are immune to interference caused by lightning,
nearbyv electric motors, relays, and dozens of other elec-
trical noise generators which induce problems on copber
cables unless shielded and filtered. Carrying light
rather than electrical signals, fiber-optic cables ignore
these electrical disturbances. Thus, they can operate
readily in a noise electrical environment. They are par-
ticularly useful in nuclear environments because of their
immunity of EMP effects. Becaus: of their immunity to
electromagnetic fields, fiber-optic cables do not require
hulky metal shielding and can be run in the same cable

trays as power cabling if necessarv.

Greater safety is available with fiber optics because cnly

light, not electricity, is being conducted. Tthus, if a
fiber~-optic cable is damaged, there is no spark from a
short circuit. Consecuently, fiber-optic cables can be
routed through areas (such as chemical plants and coal
mines) with highly volatile gases without fear of causing
fire ur explosioii. In effect, as long as the fiber-optic
cable does n>t have a steel strenqgth member it provides

electrical isolation between the transmitter and the

receiver. If a cable is disrupted, there can be no short
circuit-loading reflections back to the terminal eauip-
ment. In addition, there is no shock hazard with fiber-
optic cakles. Fibers can be repaired in the field even

vhen the eauipment 1s turned on.




Secause fiker-ortic catles are made of glass or plastic, in

contrast to metal, thev have high tolerance to teperature

extremes as well as to licuids and corrosive gases.

A longer life span is predicted for fiber optics: 20 to

30 vears, compared to 12 to 15 years for conventional
cable. Glass, after all, does not corrode as metal does,
and does not change its performance characteristics pro-
vided that hydrogen permeation is prohikited by an in-

permeable jacket /Kuwazuru et al. 1984/.

Potential of delivering signals at a lower cost. Sand,

the basic ingredient of glass optical fibers, and plastic
are of course cheaper than corper. However, because of
the ultrapuritv needed and the relatively low volume of
production at present, individual fibers cost g 0.30 to

€ 1.50 a meter,compared with about @ 0.02 a meter for a
pair of copper wires /Bvlinsky 1980/. As fiber-optic
svstems become more common, the price is expected to

drop significantly. But for now, designers must closely

examine the cost-to-benefit ratio. In very short-haul arpli-

cations, it is difficult for fiber optics to compete
economically with copper wires. However, where the commu-
nication capacitv weould recuire coax rather than copper
wires, or where interference would recuire special
shielding for metallic wire, fiber links can be compe-~
titive even at todav's prices. Lifetime costs for a
fiber-optic svstem may be much more attractive and a
better basis for comparirg fiber cptics with wire pairs
or coax. Such costs include shipping, handling, and in-
stallation as well as manufacture. Before the cable is
installed, shipring and handling costs are about one-
fourth that the current metal cable and labor for in-
stallation is about one-half less. Still amnother cost
saver is that connectors used with copper cable are
usually gold-plated, whereas fiber optic connectors are

made from nvlon and nlastic. Because of low line losses,

line amnlifiers (rerecaters) are needed for fibe- optics.

fower




2. TECHNOLOGY TRENDS

In this charter we will discuss the trends in telecommuni-
cations systems as far as fiberoptics are concerned. General

trends to be observed are

e offer diversified communications services
e jinteqgrate services

e integrate components

e digitalize networks

e reduce cost of transmission

Starting from the present status of fiberoptics we will
focus on technologically possible develooments and imple-
mentations. Therefore we refer to work which is donz now

in numerous research laboratories around the world vointing
in the direction of applications in future communications
systems. For clarity's sake we catagorize the tasks for

communications systems as following (refer to Fig.2.1):

e point-to-point trarsmission of data

e multi-user - multiservice distribution of data

Depending on the intended area of use there are different
features of optical fibers which give an advantage of opti-

cal fibers cver conventional systems. In transmission systems

it is the low attenuation and the huge information cavacity
of optical fibers which makes them so attractive. For dis-

tribution systems the main advantage of optical fibers will

be cost, weiaght, immunity to electromaanetic in. 'rference,
and - so far broadband services have to be distributed - band-
width. In the following we will look in more detail on the
possible amplications indicated in Fig.2.1 and work out

the direction of future development,
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Fig,2.1: Classification of tasks in telecommunications
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2.1 Transmission svstems

Long-haul trunk lines serve traffic between continents
(terrestrial, submarine) islands, and cities {(internationally
or nationwide). The distance to be bridced ranges therefore
from tens of km up to thousands of km. From the standnoint
of svstem reliability and cost for maintenance and installa-

tion the main aim is to eliminate reveaters. At least, the

number of repeaters necessarv should be reduced to avoid
their operation in so-called "manholes". The second aim is

high-speed transmission in order tec fully exoploit the cara-

citv of an installed fiber. Thesec two requirements have led
to strong effort in the development cf hich-performance
sinagle-mode fibers in the wavelenath recion arourd 1.3 um
characterized by zero-dispersion and low attenuaticn. Table

2.1 summarizes repeater svacings typical of today /Wolf 1¢83/.

Tavle :.1: Presenct-dav Tepeater sgacings woll 1983/
optical LED iaserdinde
transmitter

repeater spacinag

limited by attenuation|bandwidth|attenuatior|bandwidth

qraded-index fiber a%= 850 nm (400 MEz . km)

2 3-12 km 12 =16 krm
bit rate -
. 8 s 11 km 10 =15 km
{Mbit,s)
314 R 5 km 10=-12 knm

graded-index fiher at 1300 nm (1300 "Hz.km)

1.5-6 25 = 4% ¥nm !
bit rate
12 ke - T
(Mbit/s) 34 = o 17730
140 & 7 km & 17 km

single=-mode fiber at 1300 nm (2C GHz.km)

1 - 40 W
bie rave 40 20 - 40 km

bit/s) [gge 16 - 30 km




As alreadv shown in Fiag.1.8 the absolute attenuation mini-

murt of silica fibers doned with Ge02 is located at 1.35 um

/Murata and Inagaki 1987/. Unfortunatelv the conventional

step—index SM-fiber exhibits rather hich disrersion at this

wavelenath of minimum loss. Therefcre, two strateqgies exist

for the exploitaticon of the 1.55 um region for high-soveed

transmission:

Use of the conventional fiber (with a disversion minimum

near 1.3 pm) at 1.55 um, but with a single-frequency

(= single lcngitudinal mode) laser the extremely spec-
tral width of which avoids pulse broadening. Promising
results have been reported for the cleaved-cavitv-coup-
led (C3) laser, the distributed feedback (DFB) laser
/Kurumada 1984/, and the GRECC laser, which gains sta-
bility by an external resonator /Hecht 1984/. A c3-laser
holds the record for repeaterless transmission over
161.5 km at a data rate of 420 Mbit/s /Kasner et al.
1983/. With the same laser 1 Gbit/s transmission over
120 km has been verformed /Linke 1984/.

Use of a conventional multimode laser in conjuncticn

with a dispersion-shifted fiber which is made broad-

band at 1.55 um by a special design of the core profile.
The key to controlling dispersion is to tailor the
lightguide structure (core diameter, refractive index
difference A) for a wavequide dispersion canceling the
material dispersion at one or more wavelengths. As
Fig.2.2 shows, it was possible, with a trianqular
graded-index profile shape fabricated in a MCVD pro-
cess, to shift the dispersion minimum to 1.53 um, where
a loss of 0.21 dB/km close to the estimated intrinsic
loss of 0,18 dB/km was measured /Cohen et al. 1983/,
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Some research work is done in the investication of mate-
rials cther than silica glass suited for extremely low-icss

transmissicn in the 2 - 5 um region. For fluoride-hased

clasces (ZrY4—BaF4—GdF3—AlF3) theoryv vredicts lesses of
0.001 dB/km at 3.5 um /Pearsall 1982/, which would make
rossiblc repeaterless transcoceanic cables. The cuestion is
whether manufacturing processes can be established which
ar¢ econemic and can reduce the actual losses cf some dBR/km
to the theoretical limit. Bevond that detectors and sources

have to be developed,

There is a strona trend to use SM-fihers in lcno-haz:l
svstems, Whereas SM-fiber production has now rather matured,
there remains work to bhe done in the field of snlicing

technoleogy and connactors to yvield routinelv the encouraging

results of laboratorv work, where fusion splice losses of
0.03 to 0.1 dB and connector losses < C.2 dB have been re-
ported. Flastomeric splicing technouloay is develoned as a
possible alternative to the fusien splice. Counling of the
laser outnut power into the SM-fiber gives also room for

improvement (now 5 to 6 dB loss).

A further trend noints toward improved receivers. DIN-

FET dectectors are being rapidly developed to increase their

sensitivity and to reduce their noise contribution.

Up to now simple on/off-keving in conjunction with direct
detection is used in optical communications systems. Coherent

detection schemes (heterodyne or homodyne detection) prrmise

an improvement in sensitivity of 120 to 14 dB, alrecady proven
in experiments /Malyon 1984, Shikada et al. 1984/. The answer
to the question whether the high technological effort with
sophisticated transmitters/receivers will justify some more
km rencater span is still pending. First field anplication

of coherent systems will probably be in submarine links.

More widespread use will denend on the development of low-
loss polarization-prescrvinag fibers or, even better, on the

eliminatinn of the need for such special fibers,



2.1.2 Medium-haul trunk lines

e Intercoffice links: These cystems connect two telerhone

central switching offices with a traffic ranging from
tens of telephone channels (4 kHz = 64 kbit/s each) to
many thousands. A lot of such links are recuired in a
telenhone network, For low-caracity operation, the
trend is tc reduce components and fiber cost in order

to compete with copper systems.

e CATV trunking: Commeon antenna TV or cable TV is the

distribution of TV signals to subscriber homes by
cable instead of by free-space radiation. The central
distribution points called "hubs" receive TV signals
from TV stations directlv or via the headend {(radio-
link terminal). Trunking between headend and hub or
between hub and hub by fibershas the advantage to ob-
viate the need for a repeater, which is to be found

every km in coaxial systems.

e Entrance links: Satellite ground stations and radio-

link terminals are often located in relatively uncon-
gested areas some km away from city centers. These are
stations where large volumes of traffic converge. Opti-
cal fiber links can relieve the RF spectrum congestion
wshich would arise if the connections to the city are
via radic links. Analog transmission of the frequency-
modulated 70 MHz intermediate frequency signal is
possible but is limited to a few km due to the high

signal-to-noise ratio rcauired,

® Feeder transmission line: It connects the central office

to remote switching units in the subscriber loop.

The loengths typical for the menticned anplications cover
the range from 4 to 30 km, distances which arc, at moderate
data rates of tywnical 34 Mbit/s,bridgeable with multimode

systems without the use of reoncaters. Systems worldwide

installed oncerating at 0,8% um as well as 1,3 um are nroving




cconony and reliability. Due to the low dispersion and

attenuation at 1.3 um the trend is to use LEDs, which do

not cause riodal noise, are cheaper and easier to operate,
and have practically unlimited lifetime ( >1O9 hours /Lee
1082/} . Whercas ur to now LEDs have been used onlv at mode-
rate data rates, recentlv develoned 1.3 um edge-emitter
tvpes have been emnloyed to demonstrate 560 Mbit/s trans-
mission over a 4.4 km long GI-fiber /Grothe et al. 1983/.
Successful 1.6 Gbit/s modulation of a 1.3 um LED has also

been aci>ieved /5uzuki et al. 1984/.

lany existing metropolitan ducts are alreadv now over-

crowded. Wavelength-division multiplexing (WDM) will be

the right tool to upgrade installed systems in order to

cope with the increasing demand for more bandwidth. The

alternative will be the installation of SM-fibers also

for medium-haul trunks to nrovide the reguired unreneatered
transmission at 140 Mbit/s or 560 Mbit/s. It is widely
anticipated that by-and-large the SM-fiber will penecetrate
intc this market segment during the next years, if SM-

fiber prices go down due to mass production.

For ultra-broadband WDM-applications the double-clad and
the quadruple-clad lightguide structures are under develop-
ment to provide low loss and to extend the near-zero c¢ispersion
region over a spectral range from 1.3 to 1.6 um (see Fig.2.3,p.23)
/Cohen et al. 1%83/. Apart from low dispersion broadband WDM

aprlication requires the elimination of the OH-peak at

1.39 um. The VAD process can provide this to keep the attenu-
ation below 0.5 dB/km between 1.2 and 1.75 um /Chida et al.
1982/.

In this class we find intrabuilding or intraplatform
links over some hundred meters for data transmission at

low to moderate rates {( <10 Mbit/s). The main task of these




links is the undisturbed transmission in severe environment,
which will be manaaged best bv ootical fibers. Various aonli-
cations for control and surveillance (CCTV) in industrial
and military systems benefit mainly from electrical isola-
tion &nd the freedom of electromagnetic interference of

optical fibers:

s Power plants

e Nuclear plants and laboratories

e Process control in chemical or explosive environment
e CAD/CAM

¢ Medical inspection

e Highwav and railrocad control (traffic signs)

e Data cxchange along high-voltage power arids :in
fibers attached to or incorvorated in power l:.nes

e On-board data transmission (communication, control,
monitorina) in vehicles.

The usual modulation format is PCM, but also analoqg trans-
mission is emploved for CCTV-surveillance tasks. In these
cases bandwidth is easilv conserved bv lovier frame-rates
or reduced line numbers. The key noint for more widespread
use of fiberoptics in such applications is economy. Cheap
active and vassive components, using bplastic materials to
as large an extent as possible,will set the trend in this
arca. Because of use of nlastics and high NA step-index
fibers visible and near-infrared wavelengths are and will

continue to be preferred.

2.2 Distribution systems

The distribution of a multiservice to a large number of
users or subscribers (multi-user - multiservice)is a scenario
of the future communications network. (It is an extension of
the distribution of a single service such as the nublic
telephone service.) The services to be distributed, and the

physical structures (networks), where they are now distri-

huted, are




e tolepnone in the subscriber loop

e data in the local area network (LAXN)

e video in the cable TV (CATY) network

From the technical point of view optical fibers, with
their inherent brcad bandwidth, can realize such distri-
buting svstems with increased flexibilitv and cawmability.
The economics of using fibers for these applications, how-

ever, have to be carefully checked in each amplication.

2.2.1 Subscriber loop = ISDN

The subscriber loop is the portion of the nublic tele-
rhone network that connects the subscriber's terminal sets
to the nearest switching center. As illustrated in Fig.2.4
this is a central office (CO) or a remote switching unit
(RSU) connected to the central office via a feeder (de-
centralized star type topcloagy). For the originallv intended
vurpose of the subscriber loop the transmission of analog
voice signals with a bandwidth of 4 kHz the twisted covper
pair has proven to be adeaquate, reliable, and cost effec-
tive. However, in addition to the basic telephone service,
there is an increasing demand for the delivery of a wide

variety of new services directlv to the home or office,

mainly stimulated bv rapid advantages in the fields of
electronic information nrocessing, storage and retrieval,
video recording, satellite communications, <nd microcom-
puters. Table 2.2 lists tvpical services being now under
consideration. The provision of most of these services

recquires the transmission c¢f broader-band signals (e.q.

30 MHz for a wide-screen high-definition TV channel with

1125 lines), signals of digital format, or signals requiring

a hicher level of performance. These challenges cannot be

met by the existing loop plant. This fact has led to major

interest in the extension of ontical fibers from the trunk




Tabkle 2.2: Services for the subscriber loon /Midwinter 19807,

ONT. WAY SELECTIVE OR TWC WAY OR MULTIWAY
delal 1 F
TYPE OF SERVICE TISTRIBUTIVE INTERACTIVE
Videc CATV confercnce
pav TV cormmunity relations
High-Cefinition TV video nhone
video libracy access interactive cducation

advertisements
information/librarw
educaticnal
surveillance

Digital data information - adjunct to audio or
Viewdata, Teletext video conference
electronic mail remote meterina or
using ASCII, etc control
electronic mail ~-djurct to cduca-
using facsimile tional or enter-
remote blackboard or tainmer’ video
display homebanking
electrovwriter teleshopping

home newspaper

remote library
access

de*a to home memory

business data

transfer
Telex
Audio audio information televhony
HiFi library access HiFi conference
broadcasting

network throuah the loon plant network to homes and business
premises as just one component in the development of a future

broadband "integrated services digital network" (ISDN). An

equivalent network now in Japan under development is called
"Information Network System" (INS). Only if some broadband
services are foreseen to be distributed in the local loop
together with the conventional telephone service, the full
tenefit of optical fibers in the subscriber loop will be

realized. First installations are exnected to be for business

customers,
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There exists a strong trend toward such fiberoptic broad-
bhand switched networks althouagh they are not vet well defined
up to now. National plans for the implementation of such net-
works, and also existing field trials snread all over the
world, differ widely, especially in the method apnlied to
with voice
In /Heijden 1983/ the

transmit a multiolicity of video channels alonqg
and data signals over a single fiber.
characteristic features of 26 trial networks are compared.
(SDM,

parallel), wavelength-division multiplexing (WDM),

Svace-division multiplexing two or four fibers in
fre-
auency-division multiplexing (FDM), and time-division
multiplexing (TDM) are possible and commonly used methods.

As Fig.2.5 shows WDM plays the important role for bidirec-

ticnal traffic over one fiber. The challenging task for the
TDM technique is the development of inexpensive VLSI digital
video encoders, which is more important than a drop in the

price of fibers. A typvical concept for a broadband services
subscriber loop as implemented in the BIGFON project of the
German Federal Post Office /Schenkel and Braun 1983/ is

presented ir Fig.2.6.

Table 2.3 shows the maximum loop lenaths achievable
with GI-rmultimode fibers for several choices of optical
ccmponents. For verv long loops, which are often en-

ccuntered in rural areas, single-mode fibers will be the

Table 2.3: Maximum fiberootic loop lenath /Chang 19380/

Operating | Power into Detector . Max, Toop Lenagth
Source . , L, Fiber Loss
Wavelength Fiber Sensitivity (xm)
Detector , (dB/km)
() (d4Bm) (dBm) bi-dir., uni-dir.
LED 3 - .9 -10 -27.9 4 2.0 2.0
PIN 1.1 - 1.6 -10 -27.9 2 1.9 5.4
faser G- L9 7 -29,2 4 . 74
APD 1.1 - 1.5 7 -293,2 2 13,2 11.2
Nt It is assumed that the connector loss is 2 A8 (1 nector
with 0.5 IB loss eacch), the splice losg i5 0.0 ABS7m and, o
the Li-directisnal loopn, the dingsertion 1oss of rhoe twn o=
lers s 0 dB. In all casen, an ovtial maragin ~f 3 WM 1s Gl lo-
cated, The fite  is assamed to be of graded-index tore,

Coqorrignt {C) 1dn TrEE




solution to avcid repeaters. Up to now it is not clear if
SM-fibers will finé general application in the subscriber
loop. From the present point of view there are only two
cases that require the niagh bandwidth of SM-Iibers. The
first is the introduction of high-definition TV with a
capacity demand of 280 to 700 Mbit/s, the second is the
implementation of a mere distributing network for TV
without a switching feature. The technical feasibil:‘-’
of such a system providing more pbrivacy has been demon-~
strated. 16 digital TV channels have been transmitted
over 21 km SM-fiber at 1.12 Gbit/s /Baack et al. 1983/.

An interesting discussion about future avplication of
sM-fibers is presently underway. It could turn out that
technical reaquirements alon2 are ncot+ prerequisite for
widespread SM-fiber use. As cost mav go down to the level
of high-quality GI-fibers soon, there is strong pressure
of parts of the fiberoptic industry to promote S!'-fibers.
Advantages of such a trend would rest in unification of
methods and components, and in laving the ground for
possible future expansion of services. This is partly

true also for LANs.

2.2.2 Local area necworks

The family of computer networks, industrial control

networks, airplane and ship buses, and other short (<10 km,

distance -nmulti-user links is called local area networks

(LAN) . Whereas most of these are still electrical networks

(e.g. the IEEE 802 "Ethernet" bus type network), fiber-
optic-based LANs are also startinog to appear. The reason
for the rising interest in optical networks can be found
in the advantages of fibers in comrarison to electrical
cables: noise immunity, freedom from gound loops, high
bandwidth and low weight. The higher bandwidth of optical

fibers allows serial data transmission in comparison to




varall:] transmission in electrical networks. The informa-
tion flow design criteria in optical networks do not differ
from those in electrical networks. The classical network
tonologies like T-bus (also called linear network), loop,
star and hybrids of all of them are also possible with
fibers, but their implementation is different from elec-
trical networks, This is a consequence from the lack or
direct fiber access. Instead, wmore sophisticated couplers

must be used for tappring.

As examples for the current trend we here present two
popular network topologies for fiber ontical implementa-
tions: the T-bus (Fig.2.7) and the star (Fig.2.8). Both
networks are capablie of exchanging information between

cach of the terminals.

Basically fiber optical T-bus networks can only be used
for a small number of users (tvpical 10 terminals) because
of the subseguent coupler losses, when the signal travels
along the fiber. The different dvnamic range requirements

of the receivers are also a problem.

The star network requires a higher amount of wiring, but
of fers a number of advantages. All receiver signal levels
would be identical if the fibers would have the same length.
Most important, it can accomodate more terminals because of
its lower losses. In a star network the power cdecibels only
decay as the logarithm of the number of terminals, whereas
in a T-bus network the dependence is linear. The number of
terminals can be increased by using lasers to launch a high
power into the fiber network. Recently, a 200-Mbit/s LAN
was demonstrated, where a constricted double-heterostructure,

large-optical cavity laser delivering over 10 mW of optical

power was used to drive 100 terminals in a hvbrid star

network /Hecht 1984/.
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Fiber netwo: ks are generally made with large core, large

numerical aper:ure step-index fibers cither low-performance

silica, multicomponent glass, PCS, or all-plastic fibers
and LEDs for r.cascons cf simplicity. The lower bandwidth of
these fibers i well suited to the required data rates,
which usuallv s a few Megahertz maximum, if only data and

voice and not video signals are to be transmitted.

2.2.2 Cable TV distribution

CATV svstens as introduced up to now in various nations
all over the world transmit simultaneously 12-30 TV channels
via a tree-type branching network. Coaxial cables operated
at the required bandwidth of 300 MHz distort severelyv the
analog signals so that repeaters have to be installed cvery
300 meters. Although the optical fiber itself is a broadband
transmission medium if only attenuation and bandwidth are
considered, the nonlinearities of the terminal devices,
particularly the sources, make it very difficult to use
analog transmission for many simultaneous video channels
on carriers. Penetration of this market segment by fiber-
ontics is expected to remain small. The alternative would
be wideband switched networks as described in the ISDN

cencept.




2.3 Summary

The challenges of today's general telecormunication trends
are met by fibercoptics throuah pursuit of vicorous R & D
with the aims and relevant activities summarized in Table
2.4,

Table 2.4: Summarv of trends

application areas
aims activities to benefit from
these developments

avoid repeaters sinagle-mode fiber long-haul links

1550 nm wavelength:
dispersion-shifted
fiper
single-frequency
laser

new materials for
2-5 um

lowv-noise PIN-FET
receivers

coherent detection

make optimun use ultrabroadband fiber medium-haul links
of installed fi oy .

£ %n talled fiber frequency-stabilized subscriber loon
D Y WwhM . *

laser

honefit from elec- | cheap passive and short-haul links
trical isolation, active comnponents LLANs |
EMI-freoedom, Lasers, LEDs, photo-

(
weldght, volume dicdes, counlers)
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3. CLASSIFICLTICH OF TIBFRS - FIBFP STANDAPD

s can le clescified according to the

- type of liacht proracation
- material of core and cladding
- dimensions of core and cladding

- transmission characteristics

Grouwning fibers by the wav the light pronagates in them,

two rrincipal kinds are distinguished:

- single-mode (or moncmode) filkers

- multimode fibers

Multimode fikers, according to the refraczive index profilc

of their cores, are cither

- step-index fihers or

- oaraded-index {ilers.

The parameter a (sece Chapter 1) constitutes the distinction
criterion. The range 1 <a <3 defines graded-index (GI) fibers,
the range a > 10 step-index (SI) fibers. In the intermediate
range (3<a<10) the fibers are sometimes classified as

"quasi-step—index" or sometimes just "step-index" (Fig. 3.1).

The term "polarization-mairtaining” also refers to a light-
propagation qualityv and designates a special ¥ind of single-
mode (SM) fiber. The overvhelming majority of present uses
of this fiber is, however, in sensors not in telecommuni-
cations. This could change in the future if coherent detecticn

systems should find wide-spread use.

The material of core and cladding may bhe class or plastic
and divides fibers into the {ollowing major cateqgories
(Tahle 3.1},
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Fic. 3.1: Normalized index profile vs. normalized distance, ¥,
from fiber center. Distinction between step-index
(a>10) and qgraded-index (1<0<3) fibers is made
according to a.
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Table 3.:1: Categories of rmultimode fi' 2rs by material of
core and cladding.

ccre cladding cateqory1

Al: graded index

glass Glass A2: step index
- (quasi sten index)
glass | plastic 3
plastic A4

1)

IEC Publication 793-1: Optical Fibres, Part 1: Generic Specification.
Reproduced by permission of the International Electrotechnical Commission,
which retains the copyright.

Single-mode fibers always have glass core and glass

cladding.

Among the useful glasses, fused silica (SiOz) in pure and
doped form ranks first in production of low-loss fibers. Cther
glass compounds, made e.g. by addition of Na20+CaO or Na20+8203,
lower the high process temperatures necessaryv for pure silica,
but usually result ir highe: optical loss of the fibers.

Glass composition and doping exert decisive influence on

fiber production.

Plastic materials suitable as cladding of glass fibers

(plastic coated silica, PSC fibers) include /Tanaka et al
1975, Grabraier et al 1977/ low-loss silicone resins and

fluoridized polvalkenes and polymethvlacrylates.

Plastic materials for all-plastic fibers sharec the re-

cuirement of (relatively) low optical loss with the men-
tiored cladding materials. However the choice is wider
hecause their index of refraction does not have to be

close to that of silica. It should Le kept in mind that

ontical loss, even for suitable materials, is very hiqgh

(1CO < 1000 dB/km; .




The dimensions of core and claddirg are closely related
to the trre of lighu propagation and to the fiber materials.
For instance, core diameters about seven time as large as
the light wavelenath are recuired f{~r single-mode fibers.
Larader cores are inevitably associated with multimode fibers. .
Plastic ccated silica fibers, to name another examnle, usu-
ally have large, uniform cores (= 200 um) and exhibit a

refractive-index step at the core/claddirc boundary.

The technical issues behind the problems of standardi-
zation can be summarized as /CCITT Vellcw Book/: The core
diameter should ke as large as possible to maximize sourcc
coupling, especiallv for LEDs, and to minimize splice loss.
large cores, however, are associated with higher material
cost ana higher microkending loss for a given cladding dia-
meter. Other parameters affected by core/cladding dimensicns
include mechanical strenagth, manufacturing difficulties
and, thus, cost . The tolerances on core diameter, concen-
tricity and non-circularity mainly effect jointing loss and

have to he traded off against manufacturing difficulties.

Table 3.2 compares existing international standards and

additional, or deviating, national standards.

Both IEC standard ané CCITT recommendation stress that

setting the 50/125 um standard does not preclude other,
future standardized dimensions of Al fibers. In fact, the
dimensions 85/125 um and 102/140 um have bkeen recently

propoced and are under consideration.

The second standard in effect to date concerns category
A3 fibers (plastic clad silica) /IEC Publ. 693/. Only the

core diameter is specified:

International standard (A3 fibers)

Nominal core diameter: 200 um




Table 3.2: Dimensional standards for graded-index iibers, category Al.

International standards Deviating natlional standards
1FC 6931)  cCITT 5.6512) || ANSI/EIA RS-458/USA | Japan®) ush
Nominal core diameter 50 um 50 um 50 um
Cere diameter deviation NS siﬁ%(sf3um) <t s um
Non-circularicty of core NS < 6 % NS
Nominal cladding diameter 125 um 125 um3) 125 um
Cladding diameter deviation NS $2.4% (s¥3um) <t 6 um
Non-cirvularity of cladding NS < 2% NS
Concentricity error NS < 6 & NS I
F—Egminal ccre diameter 100 um ) w
Core diameter deviation s ¥ 5 um N
Nominal c¢ladding diameter 140 um l
Cladding diameter deviation < ¥ 6 um
Diameter first protective coating 400 um {250/500 um
Diameter second protective coating 300 um

It is assumed that core and cladding are substantially circular in cross section.

Literature: IEC Publication 693, Geneva, 1980; CCITT Yellow Bock, 1981; CCITT COM XV-R39~-E (Amended
version of G.651), 1983; ANSI,/SIA R5-458, 1981.

" Applicable to telecommunication and similar equipment, explicitly excluding "public telecommuni-

cation networks".

2)

3)

Not actually a "Standard", but a “"Recommendation".

Nore: 1If one or more coatings, which do not have to be removed for fiber jointing, enclose the
rladding, the 125 pm value pertains to the dilameter of this (these) coating(s).
4)

Agreed to by Japanese manufacturers.
5)

France has recently adopted a standard on fibers and cables (NF C93-850, 1983, HOM) in agreement with
IEC 693 and further IEC documents, which are not yet internationally accepted as standards.

NS ... Not Specified




This starndard is also intended tc be non-exclusive. Common
cladding diarecters ovingwith the 200 um core are 400 um,

I8¢ 1, 33C pm and 300 um. Cther ccore cladding dimensional
combbinations of commerciallv available PPCS fikers are:

150,250 um, 200¢/33C um, 250/380 um, 250/580 um, 300/44C uym,
400/450 um, 400/500 ym, 420/550 um, 400/560 um, 400/600 um,
¢00/700 um, 600/750 um, %20/850 um, 1020/1100 um, 1000/1250 um.
Larcer core diameter is generallv associated with lower

optical loss and higher cost.

For categorv A2 {ibers (all glass, step-index) no standards

have heen cstablished vet. Manv manufacturers offer fikbers
with dimensions 50/125 um and 100/140 um, but more than 20
different combinations are commerciallv availakle. They ranTe
from 45/50 um to 800/1000 um. Thev include special hiagh NA
{ibers, very chear (high-loss! fibers, and the class compo-
sition varies widelv. Evidently, there are many different
uses for A2 fibers, a fact which makes standardization even

more difficult.

Plastic filLers (categorv A4), which are also not yet

standardized, are manufactured with core diameter ranging
from 100 um to 6000 um (6 mm!). The cladding dimension
exceeds the core dimension by only 10% or less. Available
plastic fibers share two characteristics: high numerical
aperture (MA >0.5) and high optical loss (100 to 1000dB/km) .
This reveals their standard use in short-haul transmission

systems, with LEDs as transmitter.

For single-mode fibers there exist no international

standards, but a cladding diameter of 125 um Y 3 um has

been pronosed in a CCITT draft recommendation /CCITT Study
Croup XV-Report R39/. Specifying a core diameter does not
make sense, rather the mode field diameter is the relevant
cuantity. For Gaussian light distribution, the mode field
diameter is the diameter at the 1/e points of the optical
amplitude distribution. For an operating wavelength of

A =1300 nm, parameter values of 9 um ¥ um and 10 um ¥ 7 um

have heen proposed.




Transmission characteristics derend creatlyv on the wave-

length used to convev the information. Three wavelength
regio=ns are ir use today, a forth one (A =1550 nm) will ke
opered as R&D on fibers and components progress. Table 3.3

gives an overview on these regions.

Table 3.3: Wavelencth regions for fiberoptics.

Wavelength region Major use Tvpical fibers

("window") i

around €30 nm short-haul plastic
data transmission

1)

around 850 nm general purpose graded-index glass, PCS,

step-index glass

around 1300 nmz) long-haul graded-index silica,
trunk lines single-mode silica

around 1550 nm3) long-haul high-grade silica
trunk lines (single-mode)

112)3) Sometimes referred to as "first", "second"”, "third

window", respectively.

Besides the wavelength region, the paramount transmission

criteria are:

- attenuation (in dB/km) and
- bandwidth (in MHz or MHz.km).

Mumer ical aperture may also ke used as a distinction cri-
terion, particulary in matching a fiber to a given optical

source. Dispersion is an alternate criterion to bandwidth.

A coarse classification of fibers accordinc to their

attenuation coincides with material, wavelength,and propa-

gation classifications (Fig.3.2). Within each cateqgory,

fibers with less attenuation are the more expensive ones.
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and 870 r and 130G nm) it is cuite common to specify

attenuation at cachk wavelenath differently.

is described in the previous chapter, kandwidth is not .
easilv syecified in ar unamkigous manner. As a quick reference,
coarse randwidth catecories are shown in Fig.3.3. There, the
Landwidth of a lenath of fiber of 1 km is taken that is due
to intermodal disrersion only. During manufacture, bandwidth
is not vet a well-controlled parameter and the spread :n
this narameter is hkich. Manufacturer have therefore resorted
to offering fihers in cateqories, for instance for graded-
index fibers, of 200 “Hz, 400 MHz, 600 Miz, 800 MHz,
100C Miiz and 1500 MHz. CCITT has adapted a similar philo-
sorhy but slightlv different limits of categories: 200,
$00, 800, 1000 MHz at 850 nm and 200, 5C0O, 80C, 1000,

1200 MHz at 130C nm /CCITT COM XV-R3¢-E/. Fach value is re-

fered to a 1 km long fiber.

Mumerical aperture values are tightly link.d to certain

fiber tvpes, alreadv cateqgorized bv other parameters.
Table 3.4 gives a ranage of tvpical NA fiqures, less usual

ficqures given in rarentbesis.

Table 3.4: Tvpical NA of various fibers.

IEC riber NA Tr Note
cateqory

single-mode 0.1 (0.12)

graded-index 0.2 (0.16~0.22)

50/125 um
Al
araded-index wyos . ‘ar"
100/140 pm 0.3 high NA fiber
A2,A3 step-index 0.2 - 0.5

A4 plastic lc.s - 0.66
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4. PRCDUCTICN OF OPTICAL FIBERS

4.7 General recuirements

Per formance of optical fibers depends largelyv on the
fiber production process and the materials used. Raw materials
should be as pure as possible to prevent light absorption and
scattering. Contamination during manufacture should be kart
as iow as possible to ensure a high-cuality end product. As
an example, a transi:ion metal concentration of as low as
1 part per million causes additional absorption loss of 1 dB/km
in silica. Even worse, the same Ol concentration causes
35-50 dB/km loss at 1.39 um wavelength!

Main criteria by which the quality of the produced fiber
will be judged are: s attenuation
e bandwidth

¢ mechanical strength.

A suitable production process must ensure compliance with
some minimum recuirements concerning these parameters. It must
be suited in principle for fulfillment of these recuirements,
and it must also be suited for repeated production of fibers
of a consistently high standard. Another cuesticn to be
ansvered is whether fiber parameters are uniform over fiber
length. In assessing the merits of a certain process it will
be important to see if and where exacting production condi-
tions can be relaxed without compromising qualitv (ease of

fabrication).

From a rurely economic point of view,

e vield and

¢ production speed

are important assessment criteria. Yield is to be understood

as the output of fiber of given technical parametlers as com-

pared to input raw materials. Therelore, some basic questions




should be acied about anv production process. Are there
critical process steps drastically reducing vield? Is ticht
control of process parameters essential for high yield? Is

a continuous production of fibers possible? Can large lencth
of high-cualitv fiber be produced? Is the length of fiber

that can be produced in one stretch limited? Are any limi-
tations in yield or production speed technological by nature,
i.e. can they reasonable be expected to be overcome by in-
tensified research efforts? Or are the limitations caused

by ar inherent process handicap?

A further important criterion of a production process
should be versatility. Is the machinery suited for the pro-
duction of a variety of optical fibers or just fcr one kind

of, possiblv limited or declining, application?

After oen overview over the various production processes
in the following section, each process will be described in
detail and assessed by answers to the above questions in

Sections 4.3 through 4.7.

Finally it should be noted that, before any actual fiber
production can start, a carefully balanced first design of
the desired fiber must come first. Such a design will
determine diameter, A, index profile, cut-off wavelength, ...
to fulfill given specifications of bandwidth, attenuation,
numerical aperture and microbending sensitivity (compare
Section 1.2). This design procedure is closely related to
the choice of basic material and dopants. Fiber design will
not be treated in this report. It must be kept in mind that

refining the design of a fiber to acli'eve high performance

is still by trial and error.




1.2 Qverview over rroduction processes

Basically, two paths can be followed to vroduce ontical

fibers (Fig.4.1):

e first preform fabrication, then fiber drawina

e direct drawing from the melt.

m

The "pretorm fabrication - then fiber drawing" approach

is today's most widely accepted one for the production of

e high-cuality silica fibers and

¢ plastic-clad silica fibkers.

Making preforms for high-qguality silica fibers (5102), a
gereral method called vapor-phase reaction, is used. (The
sol-gel process of preform making is not used in actual pro-
duction today, but is included in this study for its pcssible
potential of cheap mass preform production.) Vapor-phase de-
pcsition and oxidation methods have originated ir the semi-
conductor and glass industrv and are aovoplied in fiher ore-
form fabricaticn for reasons of achievable purity and clean-
liness. The major raw material for silica fibhers, silicon
tetrachloride (SiCl4), is liquid at room temperature. As the
vapor pressure of transition metal impurities which increase
the optical loss, are much lower than tnat of SiCl4, it can
be distilled by using it in its vapor phase. The central
portion of the preform desiqnated to form the future fiber
core or the adjacent lavers of the cladding, are coped to
increase or decrease the refractive index. Fiqure 4.2 shows
the variation of the refractive index of silica with various
amounts of common dopants. The effect of different profiles

on light guidance has been discussed in Chapter 1.

Pure silica requires high temperature to become liquid.
The addition of dopants, in particular germanate, borate
and ohosphates, reduces the melting point of the qglass
and increas—s its visconsity. Hard-glass fibher can there-

fore he said to he based on germanosilicate, borosiiicate
——————— e r— ’ ————D et . e A i it - .

and ans>hosilicato glass.
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Irrespective of the rreform fabrication method, fiber
drawing; is acaieved on drawing towers, at the top of which
the preform is heated to silica melting temperatures
{Section 4.4). When a refractive index rofile has been in-
corporated into the preform, this profile is preserved in
the drawing step. For protection against damage and conta-
mination, one or more primary coatings are applied to the
just-drawn fiber. !ost common coating materials are acrylates,
which becom. hard upon curing by ultraviolett light, and
silicone polymers, which are heat-treated after application

but stay more or less soft.

The methods relying an melting basic raw materials and

pulling the optical fiber directly from the melt are applied

to hoth glass and plastic fibers. For such glass fibers,
various oxides and carbonates are added to SiO2 to form a
nulti-component giass with lower melting temperature than pure
SiOz. Core and cladding melts are loaded into double crucibles
vwith two coaxial nozzles at the base, hence "double-crucible”
method. A number of major optical fiber manufacturers have
discontinued usir. this method. Plastic fibers are produced

by verv similar methods, but crucible material requirements
are not so demanding because of lower melting points of the
starting materials than glass. A modern variant of plastic
fiber production by this method is the "closed polymerization

and fiber drawing" method.

Before going into the detailed description of various
productior processes, three points should be noted. First,
there is no such thing as a single "standard" process. Of
each method, there are several variant procedures in use,
sometimes within the same plant of the same company. The
prescent status of a production nrocess depends on the
deqree of mastering the subtlcties of the process steps
v the manufacturer, his willinggness to inve:st in conti-

nious w.ovelopment of the process, the date of yurchase/

installation of existing parts of machineryv, the patent




situation, and, sometimes, on "company philosophy”™. Second,
every process 1is continually being improved by the user. Thus,
this report represents more or less a momentary picture of

the situation. The section of production trends will cive
quidel ines about the general direction of R & D in this field.
Third, because cf heavy commitment to R & D, many details of

some production processes are prorprietaryv or handled as trade

secrets.




4.3 Preform fabrication

The four major preform fabrication processes are based
on vapor-phase reaction or chemical vapor deposition (in
the general meaning of the term). Two are chemical vapor
deposition (CVD) processes in the narrow sense of the term,
i.e. modified CVD (}CVD) and plasma-activated CVD (PCVD) .
The remaining two, OVPO and VAD, are sometimes refered to
as "soot processes", as SiO2 soot is originally formed by
oxidation of 3i in a hydroxy flame burner. Silica is the
primary glass former, additicns are made to alter its re-

fractive index and to build a waveguide structure.

4:3.1_MCVD

This process was developed at Bell Laboratories /Mac
Cresney et al 1974 a and b/ and subsecucntly applied aid
improved by manv laboratories and factcries al! over the

world.

The process starts from a tube of fused silica which
ultimatelv becomes the outer cladding of the fiber. High-
arade silica tubes of dimensions 25 mm cuter
diameter, 1% mm inner diameter and 1000 mm length are
standard, but other dimsnsicns are in use. The OH content
of the - predominantly ucged - Heralux WG tubes of Heraeus,
Hanau, West Germany, is 150 ppm. {Tubes of other manufac-
turers mayv have lower OH content but also have incluasicns

or cther defects leading to hign less and low fiber strength.)

The *ube is then mounted in a glass working lathe,rotated
and neatel bv one or several oxyhvdrogen torches (Fig.4.3,.
A Tas stream consisting of a carrier gas (02 or inert, like
”2 or Ar) which picks ur balide vapors is fed into the tube and

rassed through it. Gas phase reacticn of halides and oxyqgen

in a zone heated from the outside bv the tecrch forms glass
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rarticles which are deposited downstream of the torch po-
sition. Sfince the torch is traversed in the direction of

the cas flow, the deposited layer is sintered immeliately
after deposition. Tvpically, 3C to 100 layers are deposited
bv as many passes of the torch. The composition of the layer
can be varied during each traversal by addition of dopants
to the gas stream. By appropriate deposition programs, both
graded-index and stepr-index vreforms can be fabricated.
Finally, the tube including the deposit is co¢llapsed into

a solid rod, the preform, again by outside heating to

silica softening temperature.

The gas feed system is a critical apparatus sub-system.
It mixes, controls, and monitors the flow of the high-purity
constituvents of the gas stream. Halides, liquid at room tem-
peratur like the most important silicon and germanium tetra-
chloride, SiCl4 and GeCl4,

which the carrier gas flows. Halides which are in vapor

are contained in bubblers throuagh

phase at room temperature, mainlv fluorides, are added to
the gas flow from pressurized gas cylinders. A gas-tight

swivel system feeds the gas to the rotating tube.

Modern apparatus operates under microcomputer control to
feed the required amounts of carrier gas and dopants, to
move the torch and to regulate tube temperature. This is true
for all CVD processes to be described. In modern plants each
MCVD apparatus is operated in its own enclosure, partly

transparent for visual control.

The effluent stream from the tube contains a mixture of
both solids and gases including 5102, Ge02, Cl2 and un-
reacted GeCl4. A wet scrubber in which water is added, the
acid solution neutralized, and solid particles filtered out
is ordinarily used. Recently, a recovery system for the

exnensive germanium was described /Bohrer et al 1983/.

/Nagel et al. 1982/1list the various process steps in
detail (Fig.4.4).
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Tube characterization: The tube is measured for overall

size, end-to-end variations, l'ow, ovality and siding.

Tube cleaning: The tube is usually subjected to a de-

greasing step and an acid etch to remove any debris or con-

taminants that could lead to bubbkles or impurities.

Tube set up: The tube is fastened in the precisely
aligned chucl.s of the lathe. Often the tubes have end

pieces ~ e.a. rejected material from previous fabrication
runs - which are melted onto it. A stress-free joint is
mandatory. Great care has to be taken that the tube runs
true which is important for the subsecuent high-temperature
steps. The connection to the gas feed system must be leak-
tight. Proper tube set up is a delicate work requiring skill

and experience.

Fire polish: This step consists of running the torch

across the tube length and heating the tube to almost 2000°C.
A pvrometer monitors tube temperature and serves as £ensor
for a flame control loop controling tube temperature to % 2 °c.
Fire polishing serves to remove any surface irregularities

and to shrink anv residual bubbles in the tube.

Deposition: The tube being set up, the deposition program

can be started. First, the tube must be heated up. Then, a

pure silica buffer laver of some 10- 15 um is deposited.

This laver prevents OH to leak from the substrate tube to
the center portion of the future fiber where it would cause

dramatic loss increase.

From a chemo-physical point of view, the process step
"deposition” actually includes several reactions and mechanisms
/Nagel et al. 1982/. They are described in some detail
because of their dominating influence of the future fiber.

The oxidation reaction

SiCl, +0, %= Si0

2+-2Cl2




commences between 1000° and 13000C, above 1500°C all SiCl4
is oxidized to Si02. GeCl4 only reacts partiallyv to form
GeO2 up to temperatures of about 1550°C. But at higher tem-
peratures, the high Cl2 pressure resulcting from SiCl4 oxi-
dation increasingly prevents GeO2 formation.

The problem is to find an outside-tube temperature con-
sistent with an inside-tube temperature distribution which
favors oxidation, depositicn and sintering. MCVD is typically
operated at outside temperatures >1500°C, the exact value

depending on the amount of dopants and their composition.

The incorporation of OHions into the preform is to be
avoided in this process stage by: (i) excess C12 present
which binds hydrogen present to HCl; (ii) careful purifi-
cation of starting chemicals; (iii) lowering O2 partial
pressure by using argon or helium as buffer gas or lower
excess O2 flow.

The deposition mechanism of particles in MCVD is called
thermophoresis: A suspended particle in a temperature
gradient experiences a net force in the direction of
decreasing temperature. Figure 4,5 (pace 72) shows
typical particle trajectories in MCVD. The deposition
efficiency € is given by eas0.8[1—(Te/Trxn)], where Te is
the equilibrium temperature at which the gas and tube wall
equilibrate dovwnstream of the hot zone and Trxn is the tem-
perature at which the chemical reaction to form particles
occurs. The value of Te is an important process parameter
which will depend strongly on torch traverse length, torch
traverse velocity, ambient temperature and tube wall

thickness.

Deposition cannot be arbitrarily raised by increasing

flow rate, because there might exist regions i the tube

center where Trxn is not reached. To avoid this situation

three counteractions have been proposed /Nagel et al. 1982/:




(i) use low flow raite; (ii) add He to the gas stream to in-
crecase thermal diffnsivity together with broad hot zones;

(iii) operate with high wall temperature. Control of Tc is
necessaryv tc ninimize deposition tapers. In anv case, an

entryv taper ncar the input of the tube cannot be avoided.

Its length is of the order of 15 cm, and can be minimized

hv the addition of He to the gas stream and water coolingof the

tube outside. The tarered section is scrap.

Consolidation: Since the derosited particles do not ex-

hibit a glassy texture yet, a consolidation step via viscous
sintering is necessarv. In MCVD, this step follows deposition
immediately by the torch sweeping along the tube. Bubbles in
the preform can be a result of incomplete consolidation (or
excessive deposition temperature), so optimization of
operating conditions is mandatory. Under certain conditions
/Walker et al. 1980/, addition of He and/or using a broader
hot zone are beneficial to proper consolidation. Usual tem-
perature is 1500 - 1800°C.

Collapse: The collapse phase takes up a considerable
v rtion of the entire preform fabrication process and serves
to maks a solid rod of about 1 cm diameter out of the ori-
ainal hollow tube. In MCVD, the consolidated preform can be
left in place and the collapse step may be performed (or
not) on the same lathe. Several passes of the burner, say
six, are standard for complete collapse. It is advantageous
to perform collapse under defined pressure /French and Tusker
197¢/ which the exit end of the tube sealed off, and heating
while traversing in the opposite direction of deposition.
Ms high temperature favors low viscosity, collapse is per-
formed at high temperatures (1900-—21OOOC). An upper tempe-
rature limit is set by fluiu flow of the heated rotating
tube and tube deformation. A problem inherent to MCVD is
2lso GeO volatization (Geoz-GeO(f)-+1/2 02) et the internal
surface of the collapsing preform. A central dip in the

index profil results which may or may not degqrade the band-

vidth of the futures fiker. Countermeasures include controlled




influx of GeCl, tc comrensate for GeC, burnoff /Akama.su

4 2
et al. 1977/. This hkecomes difficult when Ci, or S0C1l, is
mploved as drvirg agert to reduce OH content. Optimum

c~llapse conditions are to be found by experimentation.

Overcladding: In order to add cladding material of nct-

so-critical auality or to adjust core/claddinc ratio, a
silica tube can be slipped cver the collapsed preform and
melted onto it. This process also takes place on the rotating
lathe and the usual torcnh is the heat source. The advantage
offered lies in easier control of the deposition process for
thin-walled tubes. Evacuation of the space ketween rcd and
overcladding tube aids in better dimensional contrcl of the
overcladding step. Temperature is in the 1900 - 2100°C ranae
to melt the overcladding tube. Excessive material flow and

stress build-up must be avoided.

Preform characterization: The preform's dimensiors arec

taken and documented. The preform is checked for bubbles.
Careful handling is mandatory (workers wear gloves). The

preform is then stored in a clean place before drawina.

To enhance the deposition effic‘ency of MCVD, plasma-

enhanced MCVD has been proposed /Ja:ger et al. 1981/. The

steps "particle deposition" and "corsolidation” of Fig.4.4
are performed by separate heat sources. The other steps of
the diagram 4.4 are not changed, with the possible exception
of "chemical reaction”" and "nucleation and growth of par-
ticles". Figure 4.6 shows a schematic of RF plasma-enhanced
MCVD. The RF power of ~12 kW at 3 - 5 MHz is suppliasd to the
coil which heats up the oxygen plasma to ~1O40C. The plasma
is operated at atmospheric pressure. Flowing water cools the
surface of the substrate tube to prevent tube distortion.
The existing large temperature gradient provides a large

thermophoretic force for high deposition efficiency. Depo-

sition rates 'm to 5g/min have been achieved in the lahoratory
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Fig. 4.5: Particle trajectories in MCVD
/Nagel et al. 1982/, reproduced
with permission.
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Fig. 4.6: Schematic of the RF plasma-enhanced
MCVD process /Nagel et al. 1982/,
reproduced with permission.
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/Nagel et al. 1982/. Large inner diameter tubes (>40 mm)
have to be used as substrates to avoid close contact of
the plasma. Thick layers (~50 um) can be deposited. All

conventional MCVD dopants can be used.

4.3.2_PCVD

PCVD stands for plasma-activated chemical vapor depcsition.
This process was pioneered by Philips /Geittner et al. 1976/.
The principal process steps are shown in Fig.4.7. The steps
"tube characterization", "tube cleaning", "tube set-up”,
"fire-polish", and "collapse" are the same as described in
the previous section. The main difference (and advantage)
of PCVD as compared to MCVD 1s that a non-isothermal plasma
initiates a heterogeneous reaction on the inner wall of the
tube. No "soot" is formed, because the temperature of the
furnace in which the process occurs is too low. PCVD is a
"low-temperature" process. Deposition efficiency of SiO2 is
almost 100% and about 85% of Geoz.

Figure 4.8 shows a schematic of the process. A furnace
heats the rotatinag substrate tube to 1200°C. A microwave
resonator around the tube cransfers electromagnetic energy
of the order of 1 kW to the inside of the tube, where a low-
pressure (range 1 kPa to 4 kPa) non-isothermal plasma is

formed. A pump provides the necessary vacuum.

Deposition: Deposition of SiO2 and GeO2 occurs hetero-

geneously (i.e. only on the tube wall) upon initiation of
the plasma. The mi-rowave resonator sweeps passed the tube,
and very thin layers (~0.5 um) are deposited at each pass.
Several hundred layers are usual, permitting very close
profile control. Only the core (and a buffer layer) are
deposited for GI fibers. Ordinary deposition rate is

0.5 g/mia, maximum rates of 1.3 g/min have been oktained

/Koel 1983/. Deposition rates can be raised by increasing

microwave power.
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Outside vapor-phase oxidation was invented by Corning
GGlass VWorks /Keck et al. 1973/. Thiz company prefers to name
the process outside vapor deposition (OVD). The following
process steps are essential (Fig.4.9). Figure 4.10 shows
the schematic of the deposition and of the sintering (= con-
solidation) step. The essential difference to MCVD and PCVD
is the lateral outside deposition of glass particles. These
aglass particles (~0.1 um in average diameter, stick together
to form a porous preform around the center starting member.
After removal of this member, a sintering step transforms
this porous or soot preform to a transparent glassy preform,

from which the fiber is eventuallv drawn.

The OVPO process details are the least publicized. The
ensuing description is based on /Schultz 1980, Blankenship
and Deneka 1982, Morrow and Schultz 1984/ and a personal

visit to Corrning's research laboratorv.

Mandrel set-up: An A1203 ceramic or graphite rod of about

5 mm diameter serves as a mandrel or target rod; length is
up to ' m, but usually less in production runs. This rod is
held in a lathe.

Soot deposition: Silica soot particles are formed in the

flame of a methane/oxygen or hydrogen/oxygen burner by ther-
mally activated honogeneous oxidation. The burner has several
concentric outlets. The center nozzle is for the glass for-
ming vapors (SiC14, GeCl4, etc. - compare Section 4.3.1). An
adjacent nozzle is for an inert gas (e.g. Ar) preventing
premature reaction of the chlorides with the oxygen coming
through the outer nozzle along with the fuel gas (CH4, HZ)'
Fuel gas consumption is in the range -10 1/min.The stream
of hot glass soot emitted from the flame is directed to the
mandrel, some 15 cm awav. The ¢lass soot sticks to the man-

drel 1in a partially sintered state. The core and the cladding
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are built up layer by layer when the rotating rod is laterally
passed by the burner. Deposition rate is up to 5 g/min
(deposition efficiency ~50%). A large number of layers
(typically several hundred) permit tight control of index

profilevia vapor and deposition composition.

Soot preform/mandrel separation: The porous preform is

slipped off the reusaklemandrel by a proprietary method.

This might be a critical production step.

Consolidation and hydroxyl removal: The porous preform

is supported from one end and passed vertically through the
hot zone inside a refractory muffle furnace. Viscous sin-
tering is accomplished at hot-zone temperatures around
1500°C. The atmosphere consists of helium with a few percent
of chlorine gas. Helium ensures bubble-free transparent pre-

forms, Cl2 purges the glass from OH content by the reaction

2(si-OH) +Cl, = SiO—Si+2HCl+~1§ 0, .

This treatment reduces the hydroxvl level froi as high as
200 ppm to below O.1 ppm. Details of the consolifation/
hvdroxvl removal rrocedure are described in Section 4.3.4

foir the VAD process.

Collapse: The transparent preform obtaired oy the previous
step may be collapsed in another furnace at 1800f'22000C,
depending on glass componsition, to eliminat2 the central
hole. Alternatively, this step is omitted and the glass
blank with the central hole heatesd right away in the drawing
furnace, in which the fiber is drawn (compare Section 4.4).

&

(Preform characterization: as described in Section 4.3.1.)




1:3:4_VAD
In the processes described so far, glass layers are de-
posited in lateral direction. In the vapor-phase axial de-
position process, glass particles are deposited onto a ro-
tating vertical seed rod from below (Fig.4.11). As in the
OVPO process, glass particles of size 0.05 um to 0.2 um
are svnthesized in the flame of an oxy-hydrogen burner. In
this way a porous preform (soot preform) grows in axial
direction. It is gradually pulled up in accordance with
this growth so that the burner position remains unchanged.
The soot preform, which has an apparent density of
0.2-0.4 g/cm3, has to be consolidated to the transparent
actual preform for fiber drawing. The VAD process was de-
veloped by Ibaraki Electrical Communications Laboratory
(Nippon Telephone and Telegraph Public Corporation)
/Izawa et al. 1977/ and is used by the major Japanese fiber

producers (Sumitomo, Furukawa, Fujikura), at least partially.

The process steps for making preforms by the VAD technique

are sprown in Fig.d.12.

Seed rod set-up: The seed rod, usually made from silica is

clamped into the chuck of a vertically pulling machine. The
seed rod diameter matches the diameter of the future c¢onso-

lidated preform.

Soot deposition: The oxy-hydrogen burners have several con-
27 H2 and Sicl4, GeCl
and POCI4. An inert gas, Ar, flows between the O2 and H2

outlets to prevent damage of the burners. Typical gas con-

centric nozzles into which ave fed O 4

sumption per burner would be 7 1/min Cy 4 1/min H,, and

1 1/min Ar. For single-mode fiber production, two burners
are usual: one for cote, the other for «ladding deposition.
For graded-index fibers, one bihrner suffices, but several
burnars increase deposition speed. To make a desired refrac-

tive-index profile, it is necessary to carefully control the
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following parameters: nozzle structure, burner position,
flame temperature, nozzle-preform distance, raw material
vapor flow, H2/O2 ratio, shape of preform, surface tempera-
ture of preform. The last parameter, which is monitored by
a pyrometer, mainly determines the GeO2 concentration and
therefore the profile /Inada 1982/. By two-dimensional
mapping of the preform surface temperature (~SOO-9OOOC)
computer control of gas composition/flow rates and of pulling
speed permits fully automated soot preform production.
Closed-circuit TV and He-Ne-laser sensors aid in soot pro-
file and preform end determination, respectively. Tc pre-
clude preform ellipticity, the pulling apparatus has to run
true. Since not all the produced soot is actually deposited
on the preform, the surplus soot "fog" is mechanically re-
moved from the reaction vessel. Small evacuating pipes keep

vision ports free from soct precipitate.

Dehydration: Four sources of OH ion contamination have

been identified bv /Chida et al. 1982a/:; raw material impu-
rities like SiHCl3, SiH2C12,

contamination from the oxy-hydrogen flame (water molecule

and HCl, producing Si-OH; direct

absorption on 8102 particles); OH icn indiffusion from the
jacketing tube during elongation; same mechanism during
fiber drawing. Therefore, dehydration is a must. Figure 4.13
shows a muffle-type carbon resistance furnace in which both
dehydration and consolidation is performed. Dehydration is
accomplished by SOCl2 via the two reactions /Sudo et al.
1978/

SoCl, +H,0 ~ SOz-+2HCl

2 2

SOC12+Si—OH - 80, +HCl+8i-Cl

2
at temperatures of 900 - 1350°C. Total dehydration time for

several cvcles amounts to about 90 min. Slow dehydration at
T < 1150°C is prefered over the fast/high temperature alter-

native. At higher temperature the pores tend to close (start
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of consolidation) with concurrent trapping of OH impurities.
It is possible to reduce the OH content to well below

0.1 ppra, if ample SOCl2 is flowing. Gaseous Cl2 can replace
Q

pOClz.

Consolidation: The whitish soot preform turns into the

transparent preform by this process step. Shrinkage is to
about 1/8 of the original vclume. As indicated¢ in Fig.4.13,
dehydration and consolidation can be performed in the same
furnace. For consolidation, He and O2 gases are flushed into
the muffle along with a drying agent (Clz, SOCl:) and the

temperature is raised to ~1550°C.

Helium ensures bubble-free transparent preforms, O2 pre-
vents GeO2 vapcrization, and the drving agent provides a

nurifving atmosphere.

Note: The apparatus of Fig.4.13 suggests that soot depo-
sition, dehvdratior.,, and consolidation are performed continu-
ously in one machine. Though this is possible, a separation
of the porous-preform deposition step and the dehydration/
consolidation steps are commonplace in production. Reason
is the difficulty to match the deposition speed with conso-

lidation speed for high-quality fibers.

Elongation: The as-grown transparent preform whose outer

diameter is some 25 mm is elongated to an outer diameter of
approximately 10 mm. This step is necessary, together with
overcladding, to adjust the desired core/cladding dimensional
ratic. Graded index fiber preforms may consist only of the
core material, SM fibers have at least part of their cladding
deposited. Elongation is accomplished on a glass=-working
lathe, where the preform is subjected to an oxy-hydrogen
hurner. The burner moves in opposite direction to one of the

lathe's support which, in turn, travels at correspondingly
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hicher speed. Elongation calls for prior cooling, taking-out,
and installaticn of the transparent preform. As a process
sten it can be cmitted - which in fact it has been for the
fabricaticn of absolutely OH-free fibers - if the entire
cladding 1s synthesized simultaneousl:y with the core depo-

sition (no overcladding).

Overcladding: As described in Section 4.3.1. As mentioned,

overcladding is usual in the VAD preform fabrication process

for GI fibers.

Preform characterization: As described in Section 4.3.1.

4.3.5 _Production trends

In the production of hard-glass fiber preforms, which
make up the overwhelming share of today's fiber market,
several trends can be oliserved. These trends become evident

by patents issucdand by publications in scientific journals.

There are rigorous efforts underway to increase produc-

tivity which include:

e increase of deposition rates (combine high deposition
rate with large fiber barndwidth)

e increase of preform size (while maintaining high yield)

s increase of yield by improving or circumventing critical
process steps

e making preform fabrication a continuous process

e elimination or combination of production rate-limiting
steps (e.g. collapse)

e replacement of costly materials (high-quality silica
tubes and GeCl4, in first place)

e improvement of process control to consistently get high-

cuality fiber product




Other directions at which research is aimed pertain

to

s Replacement of P and B as dopants. Borcn induces loss
at longth wavelengths and P-OH groups have been iden-
tified as a culprit for gradual increase of attenuation
/Uchida et al. 1983/. Fluorine and A1203 are favorite
candidates for lowering or raising the refractive index,
respectively.

e Reduction of OH content ir general.

e Elimination of the 1.39 um OH peak (e.g. to facilitate
wavelength division multiplex fiberoptic systems).

¢ Further reduction of “iber attenuation at 1.55 um wave-
lenath for ultra-long range fiber systems.

e Development of entirely different methods of preform

production (e.g. sol-gel process, Section 4.3.7}.

The drawing speed of fiber from preforms is also a limiting
production factor. Trends and R & D efforts in this field

are discussed in Section 4.5.

It is interesting to note that work on direc* glass fiber
Crawing from the melt has beerdiscontinued in many major
laboratories. One reason is that long wavelength operation
of such fibers is hamnered by water and koron absorption.
The stringent requirements on purity of starting material
is also an impediment to large scale production of high-

cquality fibers.

First, the general advantages and drawbacks for each
process are listed. Then, an attempt is made to compare
productivity data. Because of their proprietary naturc, no

exact fiqures are available. Of varijous values given for one
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rrocess that ones that are actually achieved in production
(not champion values for laboratory quantities!) have to be
considered. The typical data of produced fibers are also

given.

MCVD

- inside tube deposition -~ little contamination
- partly porous deposition - partial OH removal possible
- flexible, versatile

- well-understonod, easy-to-model process

pusiberedbipb g aiagdy Sippas g eusianpumunay Lo gRE uulpus Pt

- discontinuous process

- requires high-grade silica substrate tube

- very low GeO2 deposition effi_iency (10 - 20%)

- length taper of index profile (addition of ;) as remedy
is not advisable, see Section 4.3.5)

- central dip of index profile

- preform size limited (fiker lenqgth)

~ silica tubes necessary

It is estimated that a total of 1500 - 2000 man years have
so far been invested into the development of MCVD. This
process is well documented. 1t has found widespread use all

over the world and is probably the easiest process to set up.

Depending on the quality requirements, from 10% up to 50%
of the preform are not used for fiber production due to the
length taper problem. High deposition rate versions of the
process are suitable for SM fibers only. This is particularly
true for the RF plasma-enhanced MCVD process, which is also

well suited for high NA fiber production.




PCVD

- low deposition temperature

- inside tube deposition -~ little contamination
- no length taper

- highest deposition efficiency

- relaxed temperature control (+5° at deposition)
- good dimensional control

- no heating through tube walls

Limitations/Problem areas

- e~ ————— s - —— —— —— ——————

- discontinuous process

- deposition rate limited (low-pressure process)
- hydrogen incorporation

- preform size limited (fiber length)

- silica tubes necessarv

Some 500 man,;cars have been invested in the development
of this process. Control of process parameters is claimed to

be easv.

CcVPpOo

- good profile control

- no collapsestep necessary, but added complexity in
drawing

~ tolerant to hydrogen contamination in starting materials

- no silica tubes needed

- qgood dimensional control (tolerances, little ovality,
and excentricity)

- high deposition rate possible

- larqgo. preforms possikle
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drawing with central hole requires control of atmospnere
built-in stress of preforms ({yield?)
high NA fibers

control of deposition complex

Investment in total manpower for development is estimated

between 600 - 800 manvaaurs.

A specific problem in fabricating multimode fibers in

using the OVPO pvccess is that of preform fracture due to

thermal snock.

VAD

continlious process possible

lowest OH level achieved

tolerant to hvdrogen contamination in starting materials
large nreforms possitle (100 km fiber ¢rawn)

no collapse step necessary

no silica tubes needed

high deposition rate possible

index profile ~ontrol difficult and critical
scot density fluctuations
roundness control

fluorine doping difficult

Approximately 1000 man years have been consu-ed by de-~

velopment of this process. For high-quality fibers, the

potential of a continuous process are presently not exploited




(serarate deposition and consolidation steps). Silica sub-
strate tubes are used presentlv for overcladding, but theiv
availakbilitv is not essential for the prccess. It requires

dehydraticn but vields low OH content fiber.

In anv CVD techniadue, transition metal ion impurities
are generally no proklem. Temperature ccntrol to approxi-
mately within fZOC is nec2ssarv for optimum results. Accurate
control of gas flow is al i2 common to all processes. Data
on vield decrement due to breakage of rnreforms. For the com-
parison of economics, simple comparison of depositicn rates
is not sufficient. Additional cladding of prefabricated tubes

reduces the total volume of deposited material necessary.
The flexibility to produce all kinds of fibers today in use

has been demonstrated for all processes. A possible excep-
tion are high NA fibers, which require a large cor: and

high GeGC, deposition efficiency. The influence of deposition
efficiencies on relative material cost contribution to f.ber
price is shown in Table 4.2 /Kcel 1983/. Concernina dopants,
fluorire incormoration has been demonstrated in all four
processes, but seems to be easier implemented et present

for MCVD and PCVD. Meny layered depcsition (OVPO, PCVD) is
advantageous for cood profile control and, hence, hiagn band-
width of GI fibers. MCVD seems to hav= the least potential

for furtner improvement of process control and productivity.

A glass preform fabrication method entirely different
from CVD is the scl-gel process /Susa et al. 1982, Satoh et
al. 1983/. It consists of the followiag steps: (i) hydrolysis
of metal alkoxides to make a gel containing water and a
solvent (methanol); e.q. tetra methoxysilane [Si(OCH3)4]:

vator @ rethanol in molar ratio 1:4: 4.5, cast into




Table 4.1:

Comparison of data affectinqg

productivity of CVD processes.

pevp'

MOVD VPO VAD
RF = MCVD (OVD)
Number o7 lavers HARE S Ta] 20 500 - 1000 ~1000 not applicablle
- 1 N o . , N . ,
Dercsition rates 0.% - 1 9/min ~3.h g/min 0.5 3/min 1 - 4 g/min 1 - 1 g/min

(U3 agsmin)

(5 a/min)

(1.3 a/min)

(L g/min)

Deposition efriciency Si0

a0 =70

SO,

almost 100.

50"

60O - 480 .

Depesitizn efficiency GeO |

10 - 20

8500

70 - v

; - . 3
im2 for making preforms

- - B
~7 h/1% xm vreform

~4 h/8 km preform

~6 h/10 km preform

Tyvpical rates in present-day production are given. Number

1y
laboratory.
Koel 1932

W) _ _ .
For 50125 um fibers

Nage! et al. (782

in parenthesis give champion values achieved in O

[



Table 4.2: Material cost of various fikers relative to
100% deposition of both SiO2 ard GeO2 for a
50 um/125 um GI fiber (NA=0.2) /Koel 1983/.

Efficiency of GI fiber SM tiber GI fiber
GeO, | SiOy 50/125 um 125 um 100/140 um
deposition NA =0.3

100% 100% 1C0 93 108
85% 100% 101 93 112
50% 100% ' 104 93 123
50% 50% 109 98 147
20% 50% 134 98 221
10% 50% 146 99 343




cylindrical glass containers; (ii) drying of the gel to form
a porous gel body (one week at 70°C); (iii) a chlorination
process to reduce the initiaily high (~1000 ppm} OH content;
(1v) sintering of the porous gel body (apparent density =

1.1 g/cm3) to produce a transparent glass preform.

The last step is preformed at only 1100°C under a He
atmosphere to form a pore-free glass. The main advantages
of this method are:

e low-temperature

e potential of mass production.

The process has been used so far in the laboratory
onlv.




4.4 Fiber drawing

The preforms fabricated by anv of the just-mentioned
processes are ncw drawn into the actual fibers. Prior to
Arawing, preforms should be etched or, better, fire-polithed
to eliminate surface effects that degrade fiber strength.
Several fire polichruns at 1700 - 1900°C are made with a
final one at lower temperature (1400°C) ror annewling. The
drawing process includes several separate operations, all
of which have to be carefully controlled /Blyler and DiMar-
cello 1980/.

¢ heating of the preform

¢ drawdown of the molten glass

e« monitoring and control of fiber diameter

e application of coating

e monitoring and control of coating thickness/concentricity
s solidification of coating

e fiber take-up.
Figure 4.14 shows a schematic of a fiber drawing tower,
with reference to which the apparatus and process steps will

be discussed.

Heat source: The heat source has to be capable of achieving

2200°C with 32°C temperature stabilization to melt the silica
fiber preforms. Temperature is monitored by a pyrometer whose
output is used to control furnace heaters. Two types of fur-
naces are presently in general use. Zirconia induction fur-
naces consist of ring - shaped RF susceptors driven by 4 MHz
RF power generators. No protective gas is needed, but the
furnace must be relat.vely tight at the preform input/fiber
output ports to provide a still atmosphere. The other type

of furnaces are graphite, directly-heated. Such furnaces

are cheaprr but the heater element must be changed periodi-
cally. The problem is not so much the price of this element,

but rather the need for temporar; apparatus shut-down. In any
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case construction must ensure that no particulate matter or
vapors from the furnace materials can adhere to the fiber.
Argon or nitrogen is usually flushed to prevent burn-off of

furnace materials.

Clean rocm conditions: Particles fusing to the fiber be-

fore coating dramatically decrease eventual fiber strength.
Some manufactires have found it beneficial for fiber yield

to provide a clean-room atmosphere to the pristing glass
fiber before it is coated (Class 100). The critical location
extends from just below the furnace (fiber temperature
~1600°C) to the (first) coating cup (fiber temperature 60 -
8o°c) . Depending on drawing speed this length where the
fiber is exposed to ambient air is from 0.3 to 4 m (drawing
speed 1 -5 m/sec, respectively) /Paek and Schroeder 1981/.
In general, the atmosphere in rooms where fibers are drawn

are clean-room Class 1000 or 10000.

Fiber diameter monitor: Fiber diameter is monitored by a

He-Ne laser forward scattering diameter measuring system
(resolution and accuracy: 0.1 -0.25 pm). A servo driven by
this monitor's signal ccntrols both the precision feed
mechanism of the preform and the take-up speed of the drawn
fiber. This part of the system provides dimensional control
of the fiber.

Coating: To protect the vulnerable glass fiber and to pre-
serve its inherent strength, a primary coating is applied
right after drawing. This step is described in detail in

the follewing Section.

Fiber take up: A presision-drive capstan (diameter of the

order of 30 cm) provides uniform and defined tension to pull
off the fiker. Typical values are 20- 50 g tension on the
bare fiber. An ootional dancer wheel serves to keep tension
constant. The fiber is then taken up on a metal or plastic

drum of approximately 20 -40 cm diameter.
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4.5 Coating

Two important fiber properties are influenced by the

coating and jacketing steps:

» fiber strength

e fiber loss (microbending)

Failure of glass fibers usually results from surface
flaws or stress concentration. Therefore, the fiber should
be coated as earlv as possible in the drawing stage.
Coatings also give additional strength to the fiber by taking

some of the applied st*ress.

Excess fiber loss is often associated with improper coa-
ting techniques /Blyler and DiMarcello 1980/. To avoid lumps and

voids in the coating and even uncoated sections,

e vigcosity of the liquid coating material has to be
optimized;

* geometry of the coating cup has to be optimized;

e materials free from particulate matter have to be
used;

e a particulate-free atmosphere during drawing has to be
maintained;

o premature curing of the coating material has to be

prevented.

Coating is the limiting factor to fiber drawing speed.

First, the fiber has to cool down to a certain temperature
before being ready to be coated. Second, the speed of the
fiber through the coating cup or die must be low enough to
ensure proper wetting. Third, the coating has to cure. In-
stead of applying the coating in one layer, several-layered
coatings, each separately cured, facilitate draiiatic increase
in drawing speed. The previously mentioned distance between

furnace and coating die determines the height of the drawing
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tower. Towers as high as 17 m have been built, but recent
developments go to smaller towers with the fiber being run
up and down over several rolls between multiple coating

steps.

Two different coating systems are in wide use. One uses
materials staying compliant after curing. This soft coating
buffers stress to keep microbending of the glass fiber low
("primary coating"). Pressurized dies have recently facili-
tated considerable coating and, hence, drawing speed in-
creasas /Chida et al. 1982c/.Primary coating is usually
applied in two layers: onz of modified, expensive silicone
immediately on the fiber, the other one of not-so-critical
silicone material. Poor akrasion resistance dictates addi-
tional application of a tough jacket, usually nylon ("tight
jacket"). This jacket, sometimes called "secondary coating"”,
tZghtly fits arcund the primary coating(s) and has a dia-
meter of 0.8 to 1.0 mm. The other system applies one or two
layers of acrylates. High-power UV lamps cure the acrylate(s)
on the just-drawn fiber. AT & T Bell Laboratories have achieved
drawing speeds of 12 m/s on an experimental drawing tower,
but lower speeds are standard. As glass is UV sensitive,
maximum usable UV power is limited. Such fiber are usually
protected against outward influence either by a hollow
plastic tube ("loose jacket") or they are directly placed in
slots of cylindrical plastic mempber of the optical cable
("slotted-core cable"”). Table 4.3 gives an overview of the
technical details of coating. Choice of either system seems
to be more a question of belief and tradition than of techni-
cal superiority. For details and consequences cn cabling pro-
cess see Chapter 5,




.

Takle 4.3: Comparison of coating systems /Koel 1983/, reproduced with permission.

Materials silicone rubber acrylate
(e.g. poly-dimethyl (e.g. urethane acrylate,
siloxane, poly- epoxy-acrylate polymers,
methyl-phenyl- methyl-butadien-acrylate)
siloxane)
Curing (usually) by heat by UV radiation
\
Speed of coating process 1-2mn/s (5 m/s)1) 1-5m/s (12 m/s)1 :
3
Diameter of coating 0.25-0.4 mm 0.25-0.5 mm }

1
') Numbers in parentheses are laboratory results.
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4.6 Plastic-clad silica fibers (PCS fibers)

PCS fibers are designed as SI fibers, i.e. the silica
core has uniform refractive index. The cladding is a rela-
tively lcw-loss polymer with a lower refractive index. This
index difference can be chosen large so that high NA fibers

result.

Starting material is a silica rod of desired purity which
determines the lcwer limiting loss value. Natural quartz is
a popular choice. Phosphorus or koron may be added to lower

the rod's melt.ing temperature.

A chemical etch and a fire polish remove impurity centers
at the future core/cladding interface. Then the fiber is

drawn as described in Section 4.4.

The cladding is preferably applied by the methods of
Section 4.5, which requires a curable liquid as cladding
material. It is usual to use two layers of cladding: a soft
first coating and a high-modulus second one. Hardeners
mixed with the liquid coating speed up the curing process
and fabrication of fiber. Exact composition of cladding
materials is proprietary, but the following systems have
been published /Grabmaier et al. 1977, Xaiser et al. 1975,
Tanaka et al. 1975/

¢ silicone resins (e.g. cross-linked polysilcxane)
e perlluoronated ethylene propylene (FEP)

e polymethacrylate (partially fluoridized)

e polyalkene (fluoridized)

The selection of a suitable cladding is guided by the

following considerations:

e low optical loss (of bulk material)
e availability in high purity form
e adhesion to silica
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e high strength of resulting fiber

e case of cladding procedure

Alternative methods of cladding include the extrusion of
a molten polymer in an extruder crosshead /Kaiser et al. 197 /.
This cladding procedure, however, seems to be more involved

ang more difficult to control.

It should be noted that raw materials from different manu-

facturers exhibit different optical loss.
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4.7 Drawing from the glass melt

For this fiber production method, a high-purity glass
melt has to be prepared. As described in great detail by
/Midwinter 1979/, the following steps and methods are in-
volved.

Glass forming pcwders (Sioz, B203, Geoz, .- Na2CO3,

K2C03, CaC03, BaCOB,

a2 crucible until they fuse and are agitated to form a homogerneous

...) which are premixed are heated in

mix. (Table 4.4 /Beales e+ al. 1980/ gives an impression of
popular glass systems.) The heat melting can be imparted
directly to the glass (e.g. by 5 MHz RF induction coil} or

to a highly purified crucible, either by direct electrical
heat or by BRF (~100 kHz), if the crucible is made from wnetal.
Platinum is a suitable metal for the latter kind, cheaper and
easier obtainabhle crucibles are made from silica. These can
only be used once because the glass constituencs partly

dissolve the silica.

After initial heating the melt has to be stirred for homo-
genization by a platinum or ceramic stirrer. Additives like
oxides of arsenic and antimony exert control of impurities

v redox processes.

Glass rods are pulled from this purified melt for storacge

and subsequent use.

Producing the actual fiber is done ky a double-crucible

apparatus (Fig.4.15). Two concentric crucibles with vertical
axes, preferably made from Pt end at their bottom in a cen-
tral circular nozzie.The inner nozzle, feeding the core melt,
is carefuliy aligned concentric within the outer nozzle and
positioned about 1 cm above, supplying the core material.

The core material exudes into the space below the outer
crucible nozzle, where it is surrounded by the cladding melt.
A filament of core cladding fiber is pulled from this lower

end tip.




Table 4.4: Composition and performance of SI fibers made by the double-crucible method

/Beales et al. 1980C/.

Core glass Cladding glass ﬁ;ﬁ;ﬁiﬁi} Loss (dB/km)
NazO—B2O3—SiO2 Na20—B203-Si02 0.18 3.4
Nazo—LiZO—CaO-SiO2 Na20—LiZO—CaO—SiO2 0.23 4.2
Na20—Ca0—SiO2 ' Na20—CaO-SiO2 0.26 5.2
P,05-Ga,0,-GeO, P205—Ga203—8102 0.3 8.5 I
TlZO—Na20—8203-Ge02—BaO—CaO—SiO2 NaZO—B203—SiO2 0.3 12 é
Na,0-Ba0-GeO,-B,0,-Si0, Na,0-B,0,-Si0, 0.32 7.2 '
NazO—BaO—GeOZ-B203—SiO2 Na2C—B203—S.‘1.O2 0.43 9.8
Na2O-BaO-Ge02—B203—SiO2 Na20-B203-SiO2 0.50 12
NaZO—BaO—Ge02-8203-SiO2 Na20-B203—SiO2 0.6 15
Na20—B203—Sioz—GeO2 - 0.53 20




Core fezd rod Cladding feed rod

Inner crucible \

Quter Cladding
glass

Drawn fiber
(1o takeup drum)

Fig. 4.15: Srhematic of fiber drawing apparatus
by the double-crucible method.

Reproduced with permission: G.Keiser, Optical Fiber Communications,
McGraw Hill, 1983.
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Advantages of this approach are the basic simplicity to
produce an optical fiber, that it is semicontinuous and
that low-melting-point glasses are used. The disadvantages
result from the fact that contamination is difficult to
control. The starting materials have to have already the
final degree of purity. Highly refractory and expensive
materials such as Pt have to be used. The gaseous atmosphere
surrounding the doukle crucible must be carefully controled.
Finally, index profiles have been obtained for fibers made
by the described process, but control of diffusion and of
uniformity along the fiber lenathare extremely difficult.

Work on the double crucible method has been discontinued
in most major laktoratories, but low-cost moderate-performance
fibers are mude in this way by several manufacturers. The

process seems advantageous for SI fibers with high NA.




4.8 Plastic fibers

The selection criteria of materials suitable for plastic
optical fiber production have been listed in Section 4.6.

Popular core/cladding combinations are /Keiser 1983, NTT 1983/:

core ciadding NA
polystyrene - PS poly-methyl-
n=1.60 methacrviate - DMMA 0.6
n=1.49
PMMA fluorinated alkyl-meth-
n=1.49 acrylate copolvmer 0.5
n=1.40

Fabrication steps include

e monomer distillation
¢ washing of polymerization vessel with distilled monomer
e polymerization of core material

e drawing

cladding with molten polymers

A state-of-the-art apparatus is shown schematically in
Fig.4.16 /NTT 1983/. The actual fiber drawing is by a
method similar to the double crucible process. The key to
obtain low-loss fibers (55 dB/km at selected wavelengths)
is the use of a complatery closed system, which is necessary
to avoid dust, oxygen and other contaminants to become in-
cluded in the fiber. Another important step toward lower loss
js partial deuterization of the PMMA used for the core
/Beasley et al. 1979/. Exact production details are not
available from the largest and, by his own claim, sole

larqe~scale producer (Mitsubishi Rayo) of PMMA fiber.
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5. PRODUCTION OF OPTICAL CABLES

This chapoter is concerned with the conversion c¢f the
fibers discussed in the previous chapter into practical
cables which can be handled in the same way as conventional
electrical transmission cables. But fibers cannot be handled
straight-forwardly like copper wires, since, compared with
metal, glass fibers differ considerably in the mechanical
properties. The typical properties of the glass material
and the small cross-sectional area of the individual fibers
are responsible for their suscentibility to breakage and
damage during the cabling and installation procedure. As
a result of the low optical losses which have keen achieved
in tre basic fibers, considerable attention has to be paid
to minimizing additional losses whichk might be introduced
during cable-making and installation or, after installation,

by environmnental and mechanical factors.

5.1 Mechanical fiber properties

Strencth and static fatigue are the two hasic mechanical

characteristics of glass optical fibers. Since the sight and
sound of shattering glass are quite familiar, one intuitively
suspects that glass is rot a very strong material. However,
the longitudinal breaking stress of pristine glass fibers is
comparable to that of metal wires. The cohesive bond strength
of the constituent atoms of a glass fiber governs its theo-
retical intrinsic strength. Maximum tensile strengths of

14 GPa have been observed in short-gauge-length glass fibers,
This is close to the 20 Gra tensile strength of steel wire.
In practice the cxistence of stress concentrations at sur-
face flaws or microcracks limits the median strength of long
glass fibers to tke 700 to 3500 MPa range. The difference
between glass and metal is that, under an applied stress,
glass will extend elastically up to its breaking strength,
whereas metals can be stretched plastically well beyond

their true elastic range. Copper wires, for example, can

)




be e¢longated plastically by more than 20 percent before they

fracture. For glass fibers elongations of only 0.5 to 1.0

percent are possible before fracture occurs.

In contrast to strengthwhich deals with instantaneous

failure under an applied load, static fatique relates to

the slow growth of preexisting flaws in the glass fiber
under humid conditions and tensile stress. This gradual
flaw growth causes the fiber to fail at a lower stress
level than that which could be reached under a strength
test. Tha primary cause is erosion by the presence of water
in the environment which reduces the strength of the sio,
bonds in the glass. The speed of the growth reaction is
increased when the fiber is put under stress. However,
based on experimental investigations, it is generally
believed (but not yet fully substantiated) that static
fatigue does not occur if the stress level is less than
approximately 20 percent of the maximum strenqgth in a

dry environment, such as a vacuum. Certain fiber materials
are more resistant to static fatique than others, with
fused silica being the most resistant of the glasses in
water. In general, coatings which are applied to the fiber

immediately during the manufacturing process afford a

good degree of protection against environmental corrosion.

Another important factor to consider is aynamic fatigue.

Wren an optical cable is bei-g installed in a duct, it
experiences repeated stress owing to surging effects. The
surging is caused by varying degrees of friction between
the optical cable and the duct or guiding tool in a man-
hcle on a curved route., Varying stresses also arise in
aerial cables that are set into transverse vibration by
wind /Keiser 1983/,




5.2 Fiber jacketing

Now we will turn to the problem of jacketina the fiber

in such a war" that the fiber is sufficiently protected to

be incerporated into cables, Desvite the nrimary coating,
which is applied immediately after the drawing crocess

and consists of one or two layers of silicone or UV curable
acrylate, the optical fiber is *oo fragile and vuinerable

to lamage by externallv-induced stress or hostile environ-
ments. For the packaging two philosophies have been deve-

loped:

e In the tight-fit jacketing approach a relative thick
secondary coating of plastic is applied over the
primary ccated fiber, its main purpose being to enhance
the tensile strength and to provide radial protec-
tion. The tensile effect is based on the principle of
load sharing between the fiber and the plastic coating.
Adequate mechanical protection is obtainable with
nominal coating diameters in the range 0.8-1 mm. A
number of high modulus plastics have been used for
secondary coatings, including amorphous polvethylene
terephtalate (polyester), polypropylene, and nylons
/Sandbhank 1980/, These can be applied by thermoplastic
extrusion using a small conventional wire insulating
line. The techniques of extrusion and for cooling the
extruded product in water have to be closely controlled
to avoid degradation of the optical transmission pro-
perties of the fiber due to stresses in the fiber caused
by thermal contraction or morphological changes in the
plastic. After cooling down a drum takes up the now
basically cabled fiber with defined tension. This
tension has to be matched to the expected shrinkage
of the jacketing material., An excess loss induced by
this jacketing method can be kept well below 0.1 dB/km
at A =1.3 um. For easy identification during installa-

tion and repair the jacket may be color-coded.




¢ The loose-tube approach has been developed as a means

of isolating the fiber from strain in the coating. In
loose structures, the optical fibers are incorporated
in the cables with a certain amount of slack and can
move freelv within limits. As a result, they are de-
coupled from tensile stresses during cable laying and
during temperature-driven cable stretching and shrink-
ing. As shown in Fig.5.1(a), each fiber is individually
protected by a small plastic tube (typical diameter

is 1.4 mm) filled with a water-blocking jelly. The
inner diameter of the tube is much larger than the

250 um-diameter of the primary-coated fiber. For the
lcose—-tube jacketing only UV curable acrylates can be
used since this material ensures lcw friction ot the
fiber inside the tube. Usually the coating is applied
as two separate layers with the second layer color-
coded. The fiber being somewhat longer than the tube
takes up the configquration of a long-pitch helix. In
the case of a change in the tube length by tension or
temperature the pitcn length changes. The percentage
of the excess fiber length has to be chosen very care-
fully. As Fig.5.2 demonstrates, losses due to micro-
bending occur already in the unstressed state, if the
fiber is too long and the helix pitch is tooshort. If
the fiber is too short, the 1lnss increases already at
weak cable strain. Figure 5.3 compares loss increase
Aa.,

E
as a function of tensile force F of a loose-tube cable

and strain of the cable and fiber, respectively,

with a tight-fit cable. It demonstrates the decoupling

of fiber from strength member for the loose tube,.

A higher fiber packing density than with only one
fiber contained in one tube can be recalized by strand-
ing up to ten primary-coated fibers and protecting them,
according to Fig.5.1(b), by an extruded loose-fit
plastic tube. This tube has typically an outer dia-
meter of 3 mm., The remaining space is filled with a

jelly.
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Fig.5.1: Cross section (scale 10:1) of the loose-tube
jacketing
(a) for a single fiber
(b) for a bundle of 10 fibers /Oestreich 1983/,
reproduced with permission.

dB/km
b,

Fig.5.2: Loss increase Aap of the fiber as a function of
the cable elongation g» for different amounts of
fiber slack
A: slack too less
B: slack normal

C: slack too much . .
/R¢ senberger 1982/, reproduced with permission.
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Fig.5.3: Loss increase Aag and strain of cable and fiber,
respectively, as a function of tensile force
(a) for a cable with lo>se-fit tubes
(b) for a cable with tight-fit jackets /Sutor 1983/,
reproduced with permission.




Both constructions, loose-tube and tight-fit jacketing,

have inherent advantages. The loose-tube construction offers

the lowest possible cable attenuation for a given fiber plus

a high level of isolation from external tensile forces. This means
more stable transmission characteristics under continuous
mechanical stress. The tight buffer construction permits

smaller, light-weight designs for a similar fiber con-
figuration and generally yields a moreflexible, crush re-
sistant cable. A trade-cff between these structures is shown

in Table 5.1.

Table 5.1: Trade-off between loose-fit and tight-fit jacketing-

Cable Structure
Cable Parameter
Loose Tube Tight Jacket
Bend Radius Larger Smaller
Diameter Largcr Smaller
Tensile Strength Higher Lower
Impact Resistance Lower Higher
Crush Resistance Lower Higher
Microbending Sensitivity Lower Higher
AttenuationChange .
At Low Temperatures Lower Higher
More
Splicing Sophisticated Easier
Equipment
Requirements On .
H
Jacketing Control Lower igher
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5.3 Cable design orinciples

To meet the reguirements set by the cable customers
(buyers) which converge in the wish to install fiberoptic
cables with the same equipment, installation technigues,
and precautions as those used in conventional wire ca'les,
special cable designs are necessary. They ensure that fiber
elongations are limited to 0.1 to 0.2 percent /Keiser 1983/.
The cable structures in which one fiber or even ;nore than
hundred fibers are incorporated will vary greatly, depend-

ing on whether the cable is

s pulled into underground or intrabuilding ducts,
e buried directly in the ground,

e installed on outdoor poles (aerial c:ble),

e fixed to high-voltage lines,

e laid on intrabuilding grids,

e submerged under kilometers of witer (submarine cable).

Different cable designs are required for each type of appli-

cation, but certain fundamental cable desiqgn principles will

applyv in every case.

—— . ————— o — e ——— ——— — -

One important mechanical property is the icaximum allow-

able axial load on the cable since this factor determines

the length of cable that can be reliably installed. Whereas
in copper cables the wires themselves are gencrally the
principal load-bearing members of the cable, in fiberoptic

cables special strength members have to be added to take

up the axial load. In principle all the cable components

add to it- tensile strength. However, with limitations
imposed on the strain by the optical fibers, it is normally
advantageous to include a component specifically .o increase
the effective tensile strength without unduly stiffening

the cable.
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Tensile strength is of special importance in long cables

(for example, cables installed in ducts) where the tension
required for pulling increases throughout the process as a
function of the coefficient of friction between the cable
sheath and adjacent surfaces. For straight ducts the tension
increases linearly with the length, but for curves in ducts
an additional exponential increase occurs which can sub-
stantially raise the pulling-in tension. A figure of merit
for tensile properties is provided by the ratio of the
tension at a standard strain to the weight per unit length:
this applies to individual components as well as to the

completed cable. Preferred features »f a strength member

are therefore:

e hiah VYouna's modulus,
s low weight per unit lenght,

e flexibility to minimize restriction of the bendinag
capability of the cable.

Other features that may be relevant include friction against
adjacent comnonents, transverse hardness, and stability of
properties over a range of temperatures including those

encountered during cable manufacture and in service.

High modulus materials are inherently stiff in the solid
form but flexibility can be improved by employing a stranded

or bunched assembly of units of smaller cross section, pre-

ferably with an outer coating of extruded plastic, helically
applied tame, or a Lraid. Such a coatina is particularly
necessary if the strength member comes into contact with
coated fibers since a resilient or smooth contact surface

is required to avoid optical losses due to microbending,

a phenomenon commonly observed in fibers subject to loca-

lized mechanical stress.
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Five main types of material have been proposed or em-
ployed for the construction of strength members on account
of their high Young's moduli: steel wires, plastic monofila-
ments, multiple textile fibers, glass fibers, and plastics
reinforced with glass or carbon fibers (FRP). Some signi-

ficant features of these materials are summarized below:

e Steel wires: These have been widely used in conventional

cables for armoring and longitudinal reinforcement.
Various grades are available with tensile strengths to
break ranging from 540 to nearly 3100 MPa. All have the
same Young's modulus (19.3 x104 MPa) and the choice is
guided by the preference for a high strain at yield
compatible with that of optical fibers. The main dis-
advantage of steel is its high specific gravity which

substantially adds to the cable weight,.

e Plastic monofilaments: This type of strenath member is

available commercially in several basic materials and
is of particular interest where low weiaghtor freedom
from metals are prime requirements for the cable, but
is not technically competitive with steel for cables

to be installed in long ducts (more than 500 m).

e Textile fibers: Commercial forms normally consist of

assemblies of many smell diameter fibers laid up in
twisted or parallel confiqgurations. Typical examples

in conventional cables are polyamides (nylcn) and
polyethylene terephthalate ("Terylene"”, "Dacron", etc.),
with elastic moduli which may be as high as 1.5 x1O4 MPa
for the individual fibers. Owing to the large number of
individual fibers they are resilient in a transverse
direction and are useful as cable fillers and binders

as well as providing improved tensile properties in

optical fiber cables. But they are more bulky than mono-

filaments of equivalent strength. An exceptional member




- 118 -

in this class which has been widely emploved in optical
cables is "Kevlar" (a trademark of Du Pont), an aromatic
polyamide. The individual fibers have the excc¢ptionally
high modulus (for an organic material) of up to 13 x104
MPa which, coupled with its specific gravity of 1.45,
gives it an effective strength-to-weight ritio nearly
four times that of steel. Commercial forms of Kevlar
suitable for cable reinforcement csnsist of composites
of large numbers of single filaments assembled by
twisting, stranding, plaiting and/or resin bond-

ing, and retain a high portion of the single fiber

modulus.

Glass fibers: For some applications the optical fibers

may supply sufficient tensile strength, but additional
nonactive fibers can be used, generally in a manner
similar to textile fibers, if higher strength is re-
quired. Elastic modulus is high, typically 9 >r1O4 MPa,
but the elongation to break may deteriorate to an un-
acceptably low value. Silica fibers are included under
this heading, and when protected by online plastic
ccating have superior properties and greater stability

compared to those of multicomponent glasses.,

Fiber reinforced plastics (FRP): Plastic materials are

combined with either glass or carbon fibers. These
reinforced materials have been successfully empioyed
in rigid and semirigid plastic or metal composites,
and have a modulus of up to 20 x1O4 MPa in single

filaments.

Table 5.2 contains relevant properties of these

materials.
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Table 5.2: Properties of strength member materials
/Xac 1982/.

Specific Young's Tensile Strainat| Normalized
Sravity Modulus, Strength, Rreak, Modulus-to- Expansion
Materials q,’ch MPa wpa L] Weight Ratio !Coefficient
Steel wire 7.86 19.3x10% | s-30x102 | 2-25 1.0 1.2x107°
Polyester moncfilament | 1.38 |1.4-1.6 x10%| 7-9x 10° 6-15 0.3 1.3x107"
Nylon yarn 1.14 Jo.4-0.8 x10*| s-1x 102 | 20-50 0.3 7.2%x107°
Terylene yarn 1.38  [1.2-1.5 x10% ! s5-7x10% | 15-30 0.3 1.4 x107°
Kevlar-49 fiper 1.45 11x 10° 30 x 102 2 1.5 1t xi07t
Xevlar-29 fiber 1. 44 6x 1ot 30 x 102 4 1.6 1.1 x1078
s-glass fiber 2.48 9x 10? 30 x 102 3 1.4 t.ax10°?

Besides the strength, the weight, and the elongation limit,
the = :xpansion coefficients and the cost of the strength
members are equally important. The strength, the weight,
and the elongation limit govern the cable size necessary

to meet the strength specification. The expansion coeffi-
cient influences the cable structural design since a hidh
expansion coefficient relative to “he fiber could cause
significant fiber distortion within the cable structure
over a temperature range while a low expansion coefficient

could help to prevent fiber distortion.

Another factor to consider is fiber brittleness. Since

glass fibers do not deform plastically, they have a low
tolerance for absorbking energyv from impact loads. Hence,
the outer cheath of an optical cable must be designed to
protect the glass fibers inside from impact forces. In
addition, the outer sheath should not crush when subjected
to side forces, and it should provide protection from
corrosive environmental elements. In undergrourd installa-
tions, a heavy-gauge-metal outer sleeve may also be re-

quired to protect against potential damage from burrowing

rodents.
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The nosition ot the strength members can be the center
of the cable (Fig.5.4a) or the strength members can be
placed around the :tibers (Fig.5.4b). Both systems have
specific advantages. A centrally located strength member
provides maximum flexibility, but if placed around the
fibers it may protect them from radial crushing forces.

A special design is necessary for self-cipportinag aerial
cables, which are installed on poles or additionally between
power transmission towers. Steel strands (Fig.5.5a) or, if

a non-metallic design is advantageous, FRP rods (Fig.5.5b)
are incorporated in the non-symmetric cable. The combina-
tion of strenqgth member and optical fiber cable can be
continuous over the complete cable lerngth, but sufficient
performance over a wider temperature range is given by a
cable type, in which the optical cabkle is bound with a
lashing wire or clamps to a messenger wire at certain

distances; however, at cost of ease of installment.

Similar to insulated copper wires the tiaght-fit jacketed
viper as well as the loose-fit tube con*aining one or
several fibers can be regarded as unit member for further
manufacturing in conventional cable stranding machines.

A large variety of structures arec possible, but should be
based on the principal considerations to designing a fiber

cable summarized as follows:

¢ Maximum strain allowed on the fibers during the cable
fabrication process, installation, and service. This
determines the minimum strength of the fiber to be
used in the cable structure and the amount of strength

member required.

¢ Maximum static and dynamic lateral forces exerted on

the fiber. This determines the packaging configuration

and the microbend tolerance limit of the fiber.
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Fig.5.4: Typical constructions used for optical fiber cables.
(a) Inner strength member
(b} Outer strength member.

2 ~ 6 core cable 7 ~ 12 core cable 8 mme FRP rod
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olyethviene connection
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Fig.5.5: Self-supporting aerial cables with steel wires (a)
or FRP rods (b) as strength members /Sumitcmo 1984/.
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¢ Adequate flexibility. This requires the fibers to be
laid in a helix. It is to be noted that fibers are
elastic and hence must be laid with uniform tension

in order to achieve lay uniformity.

e Temperature range and environment over which the cabvle
operates. This determines the type of materials to be
used, particularly in terms of their thermal expansion
coefficient and dimensional change with moisture con-
tent.

These design objectives lead to the following important
design directions:
- Avcid appreciable loading of fibers

- Isclate fibers from other cable components (long
mechanical coupling length)

- Keep fibers close to neutral axis or provide space
for them to move

- Design outer sheath to protect ( rainst external
environment

-~ Choose cable materials to minimize differential
thermal expansion of cable components

~ Unit-based cablie design - this eases handling and

splicing

Similarly, appropriate manufacturing directionscan be

identified:

~ Only use fibers with a specified minimum strengih

- Minimize fiber loads during cable manufacture




5.4 Optical cable designs

Many cable structures have been developed on both loose
and tight confiqurations. The simplest design are so-called
fiber cords containing one or two fibers intended for indoor
use connecting data terminals or measurement equipments. The
cable length is some meters. Usually both ends are provided
with connectors. Such cables are called "jumpers". For
strength purposes this tube is surrounded by strands of polv-
aramid yarn which, in turn, is encapsulated in a polyurethane

jacket. Fiqure 5.6 depicts such a design,

In the telecommunications industry larger cables con-
taining up to thousands of fibers are required. From the
lar je variety of published cable structures we will pick
out some examples representing the state of the art.
Three different basic cable structures can be distin-

guished:

- the stranded circular design
- the slotted-core design

- the rectangular array ribbon cable.

In the stranded circular design several basic fiber

units (loose tube containing one fiber, or tight-jacketed
fiber) are stranded around a central strength member. This
is illustrated in rig.5.7 for a six-fiber cable. The fiber
units are bound onto the strength member with paper or
plastic binding tape, and then surrounded by an outer
jacket. Metallic wires can be included within the cable
structure to power repeaters along the route or to act

as an engineering order wire for voice communication
during cable installation. In a similar manner tubes
containing not one but 10 fibers can be arranged around

a central strength member increasing the packing density.
Figure 5.8 shows such a construction of a 70 fiber cable.




@) SINGLE TYPE bb) MULTIPLE TYPE (2 ~ 4 CORES)

-OPTICAL FIBER

PRIMARY
COATING
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. POLYARAMIDE FIBER (33ON-0.3)mm
SHEATH (PVC or Palyester elastomer) N =2 ~ 4 (No. of fiber cores)

Fig.5.6: Optical fiber cord containing cne (a) or up to
four (b) optical fibers /Furukawa 1984/.
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Fig.>.7: Six-fiber cable based on the loose-fit tube con-
taining one fiber as depicted in Fig.5.1(a) /Cestreich
1983/, reproduced with permission.
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Fig.5.8: Cross section (a) and perspective view (b) of a
70-fiber optical cable based on the loose tube
containing 10 fibers /Oestreich 1983/, repro-
duced with permission.

b)
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A high-density cable demonstrating the design flexibility
using loose tubes is shown in Fig.5.9. Ten tubes each con-
taining ten fibers are wounded around a strength member.
These sub-cables are then arranged in two layers around a
central strength member yielding a cable containing 2000

fibers,

Where robustness is all important, or where continual
flexing, impacts and crushing may be expected, such as
with an under-carpet data dable, tight-buffered fibers
are stranded directly into cable form or placed helically
around a central strength member. Although this provides
increased resistance to impact and crush, the bonding of
the fiber to its tight jacket makes the fiber more tempera-
ture sensitive. Figure 5.10 shows a typical construction.
Figure 5.11(a) shows the cross section of a cable with
fibers supported by soft cushions, whereas the cable de-

picted in Fig.5.11(b) incorporates fully supported fibers.

The slotted-core cable is formed by extruding hot

plastic through specially-designed dies and around the
strength member. Helically wound slots (typically six

to twelve) are formed, where one or more coated fibers
run in the void of each slot. Similar to the loose-tube
design the fibers are decoupled from the strength member.
The slack of the fibers is provided by inserting the
fibersin the slots of the support element, which is held
under mechanical tension. After applyirg one or more
layers of plastic tape, the support element is detensioned
to release the slack of the fibers. A construction de-
veloped by Northern Telecom is shown in a perspective

view in Fig.5.12.

Besides the structures in vhich the fibers are arranged

symmetrically around a central strength member, rectanqular

ribbon array cables have been developed. In such a struc-

t re, as designed by the Bell Telephone Laborator c¢s, twelve
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coated fibers are embedded in a PE-tape. Twelve of these
ribbons are stacked together producing a fiber array. Then,
this stacked ribbon array is stranded together with strength
members and is sheathed. The resulting structure is shown

in Fig.5.13. The advantage of this design is the high packag-
ing density and the ease of connecting all 144 fibers simul-
taneously to another 144 ones with one connector. This struc-
+ure is successfully fabricated by Western Electric for

cabling multimode fibers.
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Fig.5.12: Perspective view of a slotted-core cable containing
six fibers in each slot /Northern Telecom 1984/,
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Fig.5.13: Stranded rectanqular array ribbon cable /Rosenberger
1982/, reproduced with permission.
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5.5 Cabling equipment

Jacketing machines for both loose~-tube and tight jacketing

are essentially extrusion machines. The fiber(s) is (are) fed
through a cross-head which is supplied with soft plastic
(e.g. nylon at 192°¢) by an extrusion screw conveyer. A

light vacuum keeps the meniscus of the molten plastic suffi-
ciently small. A vertical or horizontal length gives oppor-
tunity for the jacket to cool before the jacketed fiber(s)

is wound on a spool. For loose tubing, the jacketing machine

has to provide the jelly for filling also.

Though there are special cable stranding machines for

fibers available, the techniques and equipment do not differ
from ordinary machinery used in conventional cabling of
metallic wires quite some time. Smaller cabling companies
have successfully adapted conventional basket cabling machi-
nery for the cabling cf optical fibers. Special attention has
to be paid to apply a uniform tension of the fibers to be
stranded. Most of the larger cabling companies rely upon
self-desic~d stranding machines and extrusion heads which
they sometimes offer on the market. For instance, Siemens has
developed a stranding machine, based on the "SZ-stranding
principle"” where the spools containing the fibers are not
arranged in a rotating basket, but where the fibers are loosely
laid on light-weight 1-m diameter aluminium plates. With this
machine very uniform tension is applied to the fibers, and,

in principle, a nearly continuous cabling process is possible.

The big advantage is the reduction of rotating mass.
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5.6 Splices and connectors

In the world of copper conductors, splicing can be as
simple as twisting two wires together and soldering them.
Splicing optical fibers, however, 1is a much more compii-
cated task. Special training, practice, and equipment to-
gether with patience a.d good cocordination are necessary
before the technician can make acceptable splices. Proper
splicing is difficult for two principle reasons: (1) the
hairlike optical fikers are so fine they are hard to
handle, and (2) the two fibers must be precisely aligned
to keep losses to an acceptable level. Many different
fiber-splicing techniques have arisen during the evolution
of optical fiber technology. The most wide-spread used

one is the fusion splice. Fusion splices are made by

thermally bonding together prepared fiber ends, as pic-
tured in Fig.5.14. In this method the fiber ends are first
prealigned and butted together. This is done either in a
grooved fiber holder or under a microscope with micro-
manipulators. The butt joint is then heated with an elec-
tric arc so that the fiber ends are momentarily melted
and, hence, bonded together. This technique can produce
very low splice losses(< C,1dB for identical fibers). How-
ever, care must Le exercised in this technique, since
surface damage due to handling, surface defect growth
created during heating, and residual stresses induced

near the joint as a result of changes in chemical compo-
sition arisinc from the material melting can produce a
weak splice, Electric arc fusion splicing equipment is

now available from several manufacturers. The units are
portable and self-sustained which is important to make

splices in the field.

A technique applied to splicing multiple fibers formed

in a ribbon is the V-aroove alignment technique shown in

Fig.5.15. The prepared fiber ends are first butted together

with an adhesive or are held in place by means of a cover
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Fig.5.14: Steps in making a fusion splice. Telefunken
electronic GmbH, Heilbronn, West Germany,
reproduced with permission.
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Fig.5.15: Ribbon caktle splicing using the V-groove
alignment technicue /Gloge et al. 1979/,
reproduced with permission.
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plate. The V-shaped channel c¢an be either a grooved sili-
con, plastic, ceramic, or metal substrate. The splice loss
in this method depends strongly on the fiber size (outside
dimensions anc core diameter variations) and eccentricity
(the position of the core relative to the center of the
fiber).

Whereas splicing techniques are used to joint optical
fibers/cables during installation or in the case of
repair , there are some applications for removable connec-
tions. A wide variety of optical fiber connectors based
on different principles of operation has evolved. Two types
of connectors based on butt-end coupling and on ball-lens

coupling, respectively, are shown in Fig.5.16.

EfJ SUTDE AND ]lm(uAliD

COATED |

a FTT F_I§FR_ - 5mm FIBER |
e 7T
-~ FIBER

b BALL LENS

Fiq.5.16: Optical fiber connectors based on the butt-end
coupling scheme (a) and on the ball-lens coupling
scheme (b) /Kersten 1983/, reproduced with
permission.
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6. TESTING AND QUALITY CONTROL

Fiber optics is one of the world's fastest developing
technologies and the test enuipment/methods are undergoing
an equally rapid development. Also, there are still unre-
sc¢1lved technical problems associated with transmission
measurement methods, such as mode conditions of launched
light with multimode fibers, temporal fluctuations of laun-
ching conditions in SM fibers, the condition of the fiber
end, or the unpredictability of bandwidth of concatenated
pieces of fiper. Still, some standard test methods for fibers
have evolved and international standardization is impending,
expecially for GI fibers /IEC 1982 - 46CO, 8, 9, 10, 11;

EIA RS - 455/.

6.1 Fiber testing

It would be desirable to test only selected specimens of
the fibers produced. Inevitable variaticns of the production
process, however, preclude this economical procedure and
every meter of fiber produced must be thoroughly tested.
Also, non-destructive methods for routine characterization
of preform parameters have not found widepread use. This
raises a serious problem: Not before i{iiat almost all value
has already been added to the fiber, it can be decided
whether or not the product is useful. The requirements of
buyvers of optical fiber are demanding and the testing of
more and more parameters is asked for. For the producer,
every additional test reduces his yield due to incvitable
rejections. There is not very much of a market for low

quality fibers.

The reference /Marcuse 1981/ describes optical fiber
measurements in detail, /Lovely 1984/ discusses still unsettled
problems of defining fibers by a few quick measurements.
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The fiber being drawn, the following parameters require

testing:

e strength

e attenuation

e bandwidth (= baseband response)

e numerical aperture

e size

e concentricity

e cut-off wavelength (SM fibers only)

e polarization characteristics (SM fibers only)

Two categories of tests pertain to fiber strength. Both
are performed in recognition of the fact that the strength
of a given length of fiber depends on the depth of the
deepest flaw in this length.

First, every fiber has to undergo a screening test where

the drawn fiber is wrapped - under defined tension - from
one reel to another. This test detects and eliminates cracks
and other physical defects simply by rupture. It has to be
kept in mind that the coating of the fiber may assist in
carrying the pulling load.

Second, tensile failure point of a selected number of

fibers is determined as a measure of statistical quality
control. The fiber under test is cut into pieces (0.5-50m
length) which are pulled in standardized apperatus until
breakage /EIA RS-355-4 1981/ and the tensile strength of
breaking force reported. As reported by e.g. /Blyler and
DiMarcello1980/, the cumulative failure probability of the
fiber pieces, plotted in a so-called Weibull-plot (Fig.6.1),
gives important .nformation on possible shortcomings in

the drawing or coating process.
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Fig. 6.1: Typical plot of percentage of failure of short
lengths of fiber subjected to tensile strength
test ("Weibull-plot") ,3lyler and DiMarcello
1980/. Also shown is the influence of non-optimum
production conditions (Note: this is a plot for
high-strength fiber; actual production runs show
lower overall strength). Reproduced with permission.
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€.1.2 Atienuation

Optical attenuation is a parameter of interest for any
fiker. It is measured at the wavelength or in the wavelength
region for which the fiber is intended. Because of today's
low fiber loss a measurement uncertainty of 0.1 dB is desired.
For consistent measurement results, the conditions of laun-
ching light at the fiber input have to be well definded.
Standard "equilibrium mode launching conditions" /IEC 46CO11
1982/ provide a power distribution of field patters at the
fiber output which is substantially independent of the length
of fiber. They are brought about by a special lens system

or fiber launching systems (dummy fiber, mode scrambler).

Three reference methods are recommended by /IEC 46CO11
1982/

e cut back
e insertion loss

e backscattering.

The schematic of the cut-back method is shown in Fig.6.2.
The lamp as a light source may be replaced by a laser or an
LED diode if only narrow wavelength loss is to be measured.
The detector is a large area detector with spectral response
compatible with the source. Chopping of the light serves
to increase the signal-to-noise ratio of the measurement.
First, the fiber is set in the measurement set-up and the
output power recorded (P1). Then, with launching conditions
unchanged, the fiber is cut back at approximately 2 m for
the launching point and the output power of this length
(P2) recorded. Attenuation is calculated from a= 10 log10
(P1/P2). The method has to be performed carefully for re-
producible results.

In the insertion-loss method, the optical source and de-

tector are connected via a short length of fiber for initial

calibration {liaght power P1). Then, the object under test is
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inserted and light power P2 recorded. Fiber attenuation is
calculated as in the cut-back method, but it is necessary
te correct for the connection losses. Sources and detectors

are as spe~ified above.

The backscattering method utilizes light pulses which are

reflected by Rayleigh scattering in the fiber. The schematic
is shown in Fig.6.3. Reflected light power and nulse transit
time are plotted in a diagram which permits attenuation to

be calculated between two locations on the fiber (Fig.6.4).
Another name for this method is Optical Time Domain Reflecto-
metrv. OTDR apparatus is commercially available in self-con-
tained form for 850 nm and 1300 nm. Due to low reflected
signal levels and low dynamic range, it is customary to use

a high power light source (laser) in connection with signal
processing of the detected signal. Despite low dynamic range
and other shortcomings, this method is popular because (i) the
“iber has to be accessed from one end only; (ii) it also
measurcsoptical continuity (possisle physical defects like
bubbles or inclusions and their location); (iii) it gives a
measure of fiber length when the group index of the fiber

is known /IEC 46C09 1982/.

6.1.3_Bandwidth

The bandwidth (baseband response) of a certain length of
fiber may be measured either in time domain or in frequency
domain. The results of either method can be transformed
into each other by a computer. The frequency domain measure-
ment is more common, but it also requires sophisticated

equipment, both optical and RF electronic.

Figure 6.5 shows a schematic of the frequency response
test set-up. It is essential that the test wavelength is
close to fiber's nominal operating wavelength. The optical

wave is modulated by the swept baseband frequency. Under the
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b Length

Fig. 6.4: Plot of typical OTDR test result
/IEC 46(CO) 11 1982/. Attenuation can
be calculated from a =5 1g (Pn/Pg).

(a)

(b)
(c)
(&)
(e)

IEC Publication 793-1:
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Optical Fibres, Part 1: Generic Specification.

Reproduced by permission of the International Electrotechnical Commission,
which retains the copyright.
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assumption that the fiber's baseband response is that of a
Gaussian low-pass filter, the frequency at which amplitude
response is 6 dB (electrical) below its DC value is called
"bandwidth". (Owing to the conversion mechanism from optical
to elecirical signals and vice versa, 6 dB in electrical
signals correspond to 3 dB at optical signal level.) It is

given for fiber lengths of 1 km.

The spectrum analyzer plus tracking generator (replaceable
by a network analyzer) and the control computer are costly
pieces of equipment but are commercially available. The wide-
band electrical-to-optical and optical-to-electrical signal
converters are even more specialized and are only beginning

t> become availawle outside the laboratory.

The IEC Document 46CO8 ists a number of possible test
methods together with the fiber characteristics covered
(Table 6.1). It should be understood that this table encom-
passes all catagories of fibers, but not all tests are appli-

cable to any one fiber category.

The most versatile test method is the near field light

distribution (Fig.6.6, page 145). Pn incoherent white light source

illuminates, via suitable input optics, one fiber end
immersed in an index matching fiucid. The output light from
the other end is either viewed directly via a microscope or
photographed or, more sophisticatedly, analyzed by a video
analvzer or a small-area scanning detector. The latter case
operates customarily with magnifying output optics (as
shown in Fig.6.6). The refractive index profile can be de-

termined and hence core dimensions.

Not for exact determination of dimensions, but as a test
of compliance with dimensional specifications, the four-

concentric-circle method is useful for outgoing inspection.




S

Table 6.1: Miscellaneous test methods for dimensions and numerical aperture /IEC46E (70)8/.

Test method Test Characteristics coverd
by test method

IEC XXC-6 - Refracted ray - Refractive index profile
IEC XXC-7 - Near field light distribution - Max. theoretical numerical
IEC XXC-8 - Reflected ray aperture

IEC XXA-5 - Light interference

IEC XXC-12 - Far field light distribution - Effective core size

- Effective numerical aperture
- Light acceptance angle

IEC XXC-7 - Near field light distribution - Effective core size

IEC XXA-1 - Refractive index profile - Diameter of core |
- Diameter of cladding
- Non circularities

- Concentricity errors

- bl

IEC XXA-2 - Near field light distribution - Diameter oif core

{imaging) - Diameter of cladding

- Diameter of primary coating
- Diameter of buffer

- Non circularities

- Concentricity errors

IEC XXA-3 - Four concentric circles - Diameter of core
- Diameter of cladding
- Non circularities
- Concentricity errors

JEC XXA-4 - Mechanical - Diameter of primary coating
- Diameter of buffer

- Non circularities

- Concentricity errors

IEC Publication 793-1: Optical Fibres, Part 1: Generic Specification.
Reproduced by permission of the International Electrotechnical Commission,
which retains the copyright.
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Apparatus is just as described; only a mask with four coa-
centric circles, demarcating the lower and upper tclerances
of core and cladding respectively, is inserted in the optical

measuring system (Fig.6.7).

For the effective numerical averture determinaticn the

far field light distribution has to be recorded (Fig.6.8, page 145).

The detector accepts light only from a small solid angle.
For the measurement procedure, it is moved along a spherical
surface centered around the fiber end. When the fiber input
end is fully illuminated, extrapolation of the optical field

distribution vields a precise measure of NA.

The actual core size,the numerical aperture, and the
exact refractive index profile of SM fibers are difficult
to measure routinelv. Therefore it is customary to specify
and to measure the mode field diameter instead /CCITT 1981/.

The measurement is performed, in principle, as the described
near field distribution method. Alternative, more simplea
methods include the "transverse off-set” method /Streckert 1980/
by which two SM fiber ends are moved across one another. In-
crements are in 0.1 um steps and the transmitted light is

recorded as a function of relative position.

A parameter defining the useful wavelength region of an

SM fiber is the cut-off wavelength kc of the first higher

order mode (designated LP11). For its determination a spec-
trally tunable light source is required. The simplest cri-
terion by which to determine cut-off wavelength is bending
loss: The fiber is wound around mandrels of 20 and 30 mm
diameter and the respective spectral response measured
/Deserno and Schicketanz 1983/. Alternate methods include
comparison of normalized spectral attenuation of SM and
multimode fibers /Corning 110 1984/,
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Fig. 6.7: Four-concentric-circle mask to check
compliance of fiber cross section with
specification (D... nominal cladding
diameter, d... nominal core diameter;
AD, Ad.. cladding/core tolerance)
Acceptable tolerance area is shaded.
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Fig. 6.8: Schematic of far-field method.
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Mode field diameter and cut-off wavelength combined de-
fine an "equivalent step index" (ESI), by simple computation
/Matsumura et al. 1980/. The ESI concept makes the trans-
mission properties of SM fibers predictable, independent

of the knowledge of the actual index profile.

In measuring SM fibers, the polarization of the light
has to be heeded. The fiber itself has polarization pro-
perties: the beat length between orthogonal, nearly dege-
nerate modes {(which a "single" mode fiber does support)
can be measured in an attenuation set-up with polarizer and

analyzer.

Bandwidth is characterized by dispersion measurements,
involving picosecond lascr techrniques. For instance, the
time delay of a light pulse sent through the fiber for many
different wavelengths mav be used /Corning 111 1984/. Not
every piece of fiber is tested, but statistical performance
predictions based on actual measurement are customary.
Bending of the fiber - which leads to selected radiation -
identifies higher order modes present when used concurrently
with the impulse response bandwidth determination. It is im-
portant for quality control of SM fiber production. Some
small manufacturers do without bandwidth measurement of

their SM fibers, however.

Altogether is the test instrumentation for SM fikers, in
connection with their superior bandwidth and attenuation
performance, more sophisticated than that for multimode .
fibers /Deserno and Schicketanz 1983/. The test methods for
attenuation can be likewise applied to both types of fibers,
with more technical effort on the detector side for SM fibers.
No universal test methods have been established for SM fibers
so far and testing of SM fibers requires very well equipped
optical and electronic laboratories. Fiber manufacturers
that have invested heavily in man-power for devising test
methods and apparatus are prepared to sell or license their

know-how in the field of testing and measurement.
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Two different methods prevail which are alternatively
applied.

First, one test platform is equipped with the measurement
instruments needed to fully characterize a fiber. One person

at this platform performs several tests consecutively.

Second, a line of test platforms is set-up, one station
containing instruments for a single test only. The fiber
spool ishanded down the line after each test has been taken.

If automated, the second approach requires less skilled

workers but their work is duller than in the first approach.
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6.2 Cuality control (0OC)

The importance of NC is evident. It should be repeated
and stressed at this point that there exists virtuaily no
market for low-quality fibers. One large company even throws
away fibers out of specification after a while,if it becomes

evident that no customer for this fiber can be found.

0OC measures are to be taken

e before,
e during, and
e at the end

of the production process.

As has been mentioned previously, clean-room conditions
are beneficial for a high-strength high-auality fiber. Pre-
form fabrication, storage, and handling as well as fiber
drawing should be performed in a controlled dust-free
atmosphere. As a first step towards QC, areas for these pro-
duction steps should be designed and built with clean-room
facilities (doors, windows, air condition,...), say Class
10,000. Within these general areas, special work places
can then be raised to Class 100 by special clean-room booths

if so desired.

Mext, incoming raw materials are inspected. It has turned

out sufficient to check (or have checked by an independent
laboratory) the purity of delivered high-purity chemicals

in rather long intervals: First, whenever material of a new
supplier is used, further, if an explicable problems with
the fiber quality arise. A periodic checl would be advisable

but is not carried out in all fiber-producing companies.

For processes requiring substrate tubes, a very important

measure of initial OC is the check of the tubes for unifor-

mity of wall thickness and other parameters as described in

Section 4. .1,




- 140 -

During production of preforms, microcomputer control of

gas composition, temperature, mass flow, burner traveling
speed and the like is a good approach toward consistently
high qualityv. For every fiber design, there exist (prcprie-
tary) "recipes" which are stored in a master computer.
Though modeling of the various processes becomes more and
more accurate (MCVD is best modelled at present), these re-
cipes are still found largely by trial and error. Interesting
enough, variations from nominally identical production

units may exist; even the output from one lathe can vary in
quality. Nevertheless, computer control is an important QC

tool.

A likewise general but effective measure to control and

improve quality is an in-house R & D group. The secret of

success of leading fiber companies is a large number of
people in this area. For (X, their contribution is a basic
and deep understanding of the phvsics and chemistry of the
production process. Whenever quality problems arise, they
should be able to locate and eliminate the reasons of short-
coming. R & D people usually develop the above-menticned

recipes.

The preforms for GI fibers may ke inspected for proper
index profile by the method of /Presby and Marcuse 1979/
(Fig.6.9) . As a OC measure this can eliminate faulty preforms
before they are subjected to the drawing process. Preform

testing is not generally done, however.

The most important step in QC is the final fiber testing,

as described in Section 6.1. What really counts are the spe-
cifications of the fiber. Testing is becoming more and more
elaborate, and the number of parameters measured increases.
Fiber producers view this development with concecn because
every additional parameter measured will inevitably decrease
vield. It is, of course, a reflection of the buyers' rising

quality standards and again stresses the importance of QC in

fiber production.
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Fig.6.9: Arrangement for GI fiber preform testing.




6.3 Cable testing

After fabrication each cable has to be tested to ensure
tight control of quality. The optical characteristics of
the cable, especially the attenuation at the design wave-
lenath, are evaluated using the same measurement techniques
as those described for fibers. These measurements are re-
quired to be carried out while the cable is subjected to
the conditions called for by the specifications. The mecha-
nical tests are concerned with survivability of fiber when
the cable is subjected to stresses at various temperatures
and humidities. These mechanical/environmental tests are
generally based on standard test procedures used in the
copper cable industry. To standardize the test subjects and
the test procedures the IEC has worked out a draft listing
up recommended tests: (IEC 4¢E, CO 12, 13; 1982), which 1is

presented in Tables 6.1 and 6.2:

Table 6.1: Mechanical characteristics

Test number |Subject of test Characteristics covered
by test method
IEC XXE- 1 - Tensile strength - Mechanical strength
- 2 - Abrasion
-3 - Crush
- 4 - Impact
-5 - Radial Pressure
IEC XXE~- 6 - Bend - Ease of handling
-7 - Torsion
- 8 - Vibkration
-9 - Flexing
-10 - Fiber constraint in cable
-1 ~ Bend under tension
-17 -~ Snatch
-13 - Kink




Table 6.2: Environmental characteristics

Test method |Subject of test Characteristics covered
by test method
IEC XXF-1 - High temperature - Climatic performance
- Low temperature
-2 - Temperature cycling
-3 ~ Humidity
IEC XXF-4 - Contamination - Chemical resistance
IEC 68 Test J |- Mould growth - Biological resistance
IEC 331 - Fire resistance - Resistance to fire
IEC 332 - Propagation of fire
IEC XXF-5 — Smoke emission
IEC XXF-6 ~ Internal static pressure| - Pressure sensitivity
-7 - External static pressure
IEC XXF-8 - Water pnenetration - Resistance to water-
penetration
IEC 189-1 - Cold bend - Flexibility at low
temperature
IEC XXF-9 - Freezing - Freezing resistance
IEC XXF-10 - UV radiation - Solar radiation
resistance
IEC XXF-11 - Nuclear radiation - Resistance to nuclear
radiation

Some of these tests are still under consideration and not yet
fully specified. For the more important test subjects we will
explain in more detail either the specified test procedures

or procedures already commonlv used.

e Mechanical evaluation

- Tensile-strength test: The cable under test is wound

in several layers around two drums as shown in Fig.6.1C,
The cable is strained to a specified value and the

additional loss of 8 fibers is measured simultaneously.

With such a configuration a cable length of 132 m can
be tested /Sutor 1983/, A short light pulse is injected
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Fig.6.10:Computer~controlled tensile-strength test for
optical cables.
Aa;is the loss increase, € the cable elongation,
and F ist the tensile force,
/Sutor 1983/, reproduced with permission.
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into one fiber, and the delay time is compared with
that of the unstressed cable. So the fiber elongaticn
can be evaluated as a function of the cable tension
yielding a diagram like that of Fig.6.11, where fiber
strain and additional loss is monitored as a function

of cable strain or tensile force, respectively.

Bend test: The cable is fixed between two clamps with

a specified radius and is bent alternatinaly by an
angle of i90 degree (see Fig.6.12). The test parameters
are bending radius and tensicn weight devending on the
cable diameter. The number of bending cycles until

breakage is recorded.

Crush resistance: To test the resistance of the cable

against a punctual radial force the cable is pressed
between twc flat plano-parallel metal plates whereas
the additional loss is measured. The crush resistance
depends primarily on the construction of the sheath,

the fiber jacketing and the filling jellv.

Twist test: Samples of the cable to be tested are sub-
jected to twist cycles of 360 degree over 10 cm gauge

length, until the cable breaks.

Impact resistance: This test is performed by dropping

a 1-cm radius spherical impact tool (hammer) onto the

cable. The impact energy can be varied by the weight

of the hammer and the dropping height. The test cri-

terion is the number of impacts until fiber breakage :

(not sheath damage).

Hydrostatic pressure resistance: Special cables like

submarine cables are tested in high-pressure chambers
to evaluate the loss performance under high hydro-

static pressure.

Vibration test: To find out the influence of winds,

aerial cables are exposed to vibrations, and the loss

increase due to this stress is measured.




Fig.6.11: Fiber elongation er and loss increase Aag as
function of the cable tensile force F and the
cable elongation €c typical for a 10-fiber

loose-tube cable /Rosenberger 1982/, reproduced
with permission.

. . +
Fig.6.12: Bend test equipment: the fiber is bent -90 degree

around two clamps with specified radius /Sutor
1983/, reproduced with permission.
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¢ Environmental evaluation

- Temperature cvcling test: Loss measurements are per-

formed at the cable exposed to temperature (-55°¢C
to +85°C) and humidityv cycles in a climate chamber.
These measurements are aimed at revealing the limits

where the specifications are exceeded,

- Moisture resistance: The loss increase after moisture

cycling, immersing in 98% huwidity at SOOC, is measured.

- Fungus testing: Funqus test in accordance with Proce-
dure 1, Method 508 of MIL-Std-810 3 is an example.

- Resistance to axial water penetration: A piece of a

jelly-filled cable is hung up with the upper open end
exposed to water pressure. After a couple of hours

the lower end is checked for water traces.

Cable testing is aimed at demonstrating the following:

1. Attenuation and dispersion: The cabling process has a

negligible or controllable adverse effect on fiber

attenuation and dispersion over the temperature range.

2. Tensile test: The cable has safely withstood tensile

loading of the designed value.

3. Impact test: The cable has safely withstood designed

impact loading at a single point on the cable.

4, Environmental tests: The cable has performed in a satis-

factory manner at high and low temperature extremes

and under conditions of vibration and moisture.




7. REQUIREMENTS

Optical fiber production has few but highly specific and
out-of-the-ordinary requirements. Optical cable production,
on the other hand, differs little from conventional cable
production and has even relaxed reguirements. First, basic
prerequisites for fiber production will be discussed, then
a detailed account of raw materials, semiproducts, energy
coasumption, labor force, storage requirements, waste dis-
posal, transportation facilities will be given with reference

to a (fictitious) standard production facility.

7.1 Requirements for fiber production

Fiber production shares a specific basic requirement
with modern semiconductor industry, i.e. ample supply of

highly pure gases and other chemicals. To a lesser degree

than in the semiconductor industry, familiarity with clezan-

room conditions is necessary. Chemical engineers are know-

ledgeable about setting up and supervising fiber production,
as examplified by the term "chemical vapor deposition”. For

the design of fibers and their testing, communication and

optical engineers are the proper specialists. General know-

ledge in the fields of elactronic control engineering, com-
puter-assisted automation of fabrication processes, is alsc
recuired if dependence an outward specialists should not
become critical. Repair capability of electric/electronic

machinery should also be available.

—— - ——— — o —— — - ————— ——— —— — ————— -

It is generally agreed that a production unit with an
annual capacity of at least 100,000 km fiber is presently

the limit of production maving full use of economv of




scale. To hecome more specific in defining the production
requirements, a reference production facility will now be
described. The underlying assumptions for the data as

summarized in Table 7.1 are:

¢ day-round three shift production

* seven days a week production

¢ no outage time of machinery

* factory in operation 350 days/vear

e all preforms used for fiber production
» yield of fiber from preforms 100%

* no jacketing or cabling included

If any one of these assuaptions is not fulfilled, the

capacity of the production facility is reduced accordingly.

Whereas the reference process (MCVD) has some special
recuirements which might differ from other processes of
preform production, these difference are minor in view of

the -equired chemicals, energy, labor force, etc.

The essential pieces of machinery of a fiber production

facility of the type described in the previous section are:

* gas feed/distribution system

e glass-working lathes

e fiber drawing towers

e optical/electronic test equipment

®* computers for process control

The installation of distribution systems for both pure

gases and burner gases require careful design.

Fxact mass flow control of -he pure gases to the inside

of the substrate tubes is crucial for the production process.

The feoed system must e gas-tight and non-contaminating and




Table 7.1:

Capacity

Work shifts:
Work days:

Preforms fabricated:

Numker of preform
production units:
Fiber drawing speed:

Number of drawing
towers required:

Fiber drawn from
cne preform:

Fiber

Type
Dimensions

Numerical aperture

Process

Type
Deposition rate Si02:
Major dopant

Deposition

efficiency Si:

Deposition

efficiency Ge:

Percentage of length
of preform used for
fiber drawing:

Core:

Claddino:
(no overcladding)

Reference fiber procduction

facility

3/dav

7/week
350/year ~ 1000 work shifts/year
1/shift and

product unit

6 6000 preforms/year
130/min

2

17 km 100,000 km fiber/vyear

graded index, silica
50 um core/125 um cladding

0.2

MCVD
0.6 g/min

GeO2

60 %

20 %

70 %
deposited

substrate tube 25 mm OD,
1200 mm length

19 mm ID,
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must provide exact mixing ratios and automatic switch-over
when a cylinder/container becomes empty. Minute amounts of
dopants must be reliably delivered to the carrier gas stream.
Each production unit (lathe) will have its individual pure

gase feed system. -

The burner gases are distributed from central storage .
tanks to each production unit. Because of the flammability
of hydrogen and the combustion-supporting property of oxygen,
automatic safequards against leakage, flow interruption,
kreakage of pipes must be incorporated in the distribution
system. The oxy-hydrogen burners surround the substrate
tubes along approximately one-third of their perimeter. Six

flames are usual.

The glassworking lathes are the central parts of production
units for the fiber preforms. Required length between cen-
ters is of the order of 1.5 m, inner chuck jaw diameter of
a maximum 10 cm is sufficient. Turning speed is uncritical,
but an automatic feed of a separate carriage for the oxy-

hydrogen burners is mandatory.

Modern CVD lathes are covered by hoods with large vision
ports. An exhaust system channels solid particles, unreacted
chemicals and reaction products to a wet scrubbing system.
Besides conventional {ilters, a water supply and a neutra-

lization station is required.

All CVD preform production processes require lathes,
except VAD. There, a vertical turning axis equipment is
used instead (see Section 4.3.4.). The price of one pro- -
duction unit for VAD, however, is identical to the price of
other CVD production units.

All preform/fiber manufacturers visited in the course of

this study prefered to develop and design their production

units themselves. The designs are then handed over to
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established producers of machinery and process equipment,
who put together the equipment from mainly purchased sub-
units. Some fiber manufactures even implement their equip-

ment designs by comparable procedures in-house.

A storage chamber with clean-room atmosphere takes up

the preforms prior to drawing.

Fiber drawing towers can be purchased "ready-to-use", but
again in-house designs (or at least modifications) are
standard. As described in Section 4.4 a glass-melting
furnace, a precision feed system of the preform, a fiber
thickness monitor, a coating die, a coating curing furnace,
a mechanical fiber take-up system and a process computer

constitute the drawing tower's main parts.

The testing of the drawn fibers involves sophisticated
and expensive optical and electronic test enuipment. The

required apparatus is described in detail in Chapter 6.

The process computers for the control of gas feed svstem,
the lathes, drawing towers and testing procedures make up
for a considerable portion of the necessary ecuipment. Be-
sides the central processing unijits, numerous sophisticated
sensors {e.g. pyrometers for tube, preform temperature,
lasers for thickness monitors,mass flow meters, ...) are
essential for proper process control. The results of the
final tests are entered into a central computer via work

stations, one connected with every test platform.

Besides the machinery, several small but specialized
pieces of equipment are required for fiber production. They
include measuring equipment for tube straightness, wall

thickness and uniformity; precision scales; cleaning vessels

for the tubes, glass-blowing utensils for tube set-up.
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The reaquirements for pure gases and chemicals is the
most stringent and the most critical for optical fiber
production. For the preparation of one preform as described R
the following approximate amounts of gases and chemicals

are required (Table 7.2).

Table 7.2
Chemical Purity Amount

Hydrogen H21) technical 6,000 1 NTPZ)
Oxygen 0, technical 3,000 1 NTP
Oxygen O2 99,999 % 2,250 1 NTP
Silicon
tetrachloride SiCl4 99,999 % 500 g
Germanium
tetrachloride GeCl4 99,999 % 90 g
Argon Ar 99,999 % 150 1  NTP
Helium He 99,999 % 150 1 NTP
Acrylates special 21
(coating) purpose

1 May be replaced by methane(CH&

2) NTP: amount of gas at 20°C and atmospheric pressure

Minor amounts of ultra-pure dopants like P0C13, fluorides,
BC13,
if different fibers are to be produced. For consolidation,
or SOC1

2 2
chemicals for cleaning and degreasing of substrate tubes

etc. will also be reaquired. They will become necessary -

ultra-pure Cl will te necessary. Several pure

are reaquired.
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The purity of the critical constituents (SiCl4, BeC14,
0,, He, Ar) should be as high as commercially available.
This is sometimes higher than given in Takle 7.2. Especially
the H, and water vapor content has to be extremely low. Some
gas suppliers specifically manufacture pure gases for the
fiber optic industry. Usually the standard purity grades

for CVD processes in the semiconductor industry are suited
for optical fiber production. In outside processes (GVPO,
VAD) , the tolerance to contaminantslike SiHCl3 (in SiCl4)

is higher but the purity requirement for the essen-

tial gases is not generally relaxed.

The exhaust from the preform production unit is toxic
and contains large amounts of chlorine. A scrubbing system,
filtering solid particle and neutralizing the aciditvy,
is essential. Per preform fabricated, an estimated 200 g of
solid waste has to be safely taken care of, leading to 200 kg
solid toxic waste per year. Proposals have keen made to re-
cycle the germanium from the exhaus*, but this process is

not yet standard /Bohrer et al. 1983/.

In the scrubbing system, a lve neutralizes the acidity
of the exhaust from the lathe. Any puritv/composition will

suffice.

The cleaning liquids can be returned to supplier for
re-use after purification.

Exhaust from the burner gases is non-toxic and uncritical;

it can be released into the atmosphere.
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Cooling water is required in the deposition/consolidation
step. It should be free from solid particles and reasonably
pure so that it neither attacks the glass tube nor the plum-

bing pipes. Only tens of liters per minute are required.

- — . ——————— ———————————————— — ———— o — s - - ———————

Although there is considerable controversy about the class
of clean-room conditions required, there exists general
agreement that cleanliness promotes eventual fiber quality.
Newly opened factories evidently have more stringent clean-
liness rules in force. Rooms containing the preform production
units are more tolerant to dust and moisture than the fiber
drawing rooms. It is advisable to scparate these rooms, as

well as those for optical/electrical testing.

Preform production can be performed in rooms of Class
10,000 or worse. The glass-working lathes are contained ir

air-tight boxes, anyway.

Fiber drawing rooms should be of Class 1,000 to 10,000.
In the case of the pristine glass fiber being protected by
a tubular sleeve, the latter value will be amply sufficient.
Within this sleeve, Class 100 clean-room conditions should

prevail for best results in fiber strength and yield.

The rooms for optical/electrical testing of the fibers
should be climatized for the convenience of the people
working there, as is true for the other two types of rooms

described. Exessive moisture (260% relative humidity) would,

of course, be undesirable for the f£ibers also, even if it is
already coated. Produced fiber should therefcre be stored in

a dry, dust-freec environment.




Summing up, an air-condition system with control of tem-
perature, humidity and dust particles is required for the

factory.

Electrical power consumption *s moderate, but electricity
must be available permanently. If outages from the public
mains are anticipated, an on-plant emergency power supply,
e.g. by diesel powered generators, must be provided. Based
on the data of Table 7.3 a nominal electrical power supply
of approximately 1500 kW will suffice. Electricity will be
consumed, a three-shift work day stipulated, more or less

evently distributed over a 24 hour period.

Table 7.3: ®lectrical power consumption.

Preform production unit 5 kW
6 production units 30 kW
Drawing tower 170 kW
2 drawing towers 200 kW
Optical test station 2 kW
6 test platforms 12 kW
|}
Illumination 50 RV
Climatization/clean~rooms 1000 kW (peak)
Gas/water pumps 20 kW
Miscellaneous 200 kW
Total ~1500 kW

7.1.9 Labor force

The requirrements on lakor force for optical fiber production,

concerning as well number as qualification, are suprisingly

low. This is true for actual, well-running production; in the
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initial starting-up phase highly cualified specialists are
needed. Also, it should be noted that we have implicitely

‘ assumed that no R & D activities are going on in parallel
to production. This question and its implications will be
touched in more detail in Chapters 6 and 9 ., In
the following we shall consider two alternatives: a fully
automated process under microprocessor control and a partly-

automated process under manual contrcl.

Fully-automated ccmputer-controlled fabrication process:

A work shift would consist of a minimum of

2 semi-skilled workers operating 3 lathes each

1 semi-skilled worker operating 2 drawings towers

1 skilled workers for tube set-up, drawing procedure
start up

1 technician as supervisor, trouble shooter (or skilled
worker)

1 unskilled worker (transport,...)

1 semi-skilled worker for screening test

For a three-shift working day and one crew a reserve for
personnel illness, leave,and other absence, this gives a
subtotal of 28 persons
on payroll.

For optical/electrical testing, the number of persons re-
cuired is crucially depending on the quality already achieved

in production of fibers. Typically,

10 people of semi-skilled status and
4 highly skilled technicians

will be able to do the job of testing the output of the
production branch. (Currently, fiber producers employ
optical and electronic engineers to design and devise
efficient and valid test methods!)

14 persons
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In addition, craftsmen 1like electricians, plumbers, glass-
blowers, further managers, accountants, typing clerks will
ke needed. At least one chemical,electronic (control),optical,

and communications engineer each should also belong to the

staff. Their task would be to garantuee essentially uninter-
rupted production of high-quality end products. The entire

number of this "support" personnel is estimated to one half

of the prcduction people, i.e.at least 21 _persons

Estimate of total employees 63 persons

Semi-automated production process:

This alternative would, in general, involve more people and
such of higher qualification in exchange for less sophisti-
cated and cheaper machinery. In regions, where technically

well trained people are comparatively cheap to be hired and
the creation of jobs has high priority this way of producing
fibers could be considered. It must be kept in mind, though,
that a possible saving in machine investment would only be

marginal.

At the most, as manv neople as enumerated in the

fully-automated scheme could be kept busy.

Training of workers is usually done on the job. Senior
workers train their younger or new colleagues ("snow-ball
system”). In USA and Japan, a majority of the semi-skilled
workers are high school graduates.

The stated numbers of required personnel is for production
only. In every company visited there are also people in-
volved in at least process development if not basic research.

These staff, highly qualified, are not included in the above

counts.
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The toughest storage requirement is presented by the pure
gases. Not only are large amounts needed but some of the

gases are toxic and some are inflammable.

SiCl4 and GeCl4 are liquids that come in specially sealed

cylinders, at pressures near atmospheric.

The ultrapure gases He, Ar, O, are kept in compressed
state in pressurized cvlinders at about 1O7Pa (100 bar).
Oxygen supports immediate combustion of almost any substance
and is particularly incompatibe with hydrocarbons. It should

be therefore kept outside the factory in a safe place.

The gases feeding the burners for heating the silica
tubes are hydrogen and oxygen. llydrogen is highly flammable
in air, in almost any mixing ratio. Storage outside to plant
buildings is mandatory. The two burner gases can also be
stored under pressure around 107 Pa, in suitable pressure
vessels. A sophisticated feed system with leak detectors
and energency cut-off valves distribute the gases to
the different burners and lathe and should safeguard against

catastrophic damage in the case of eauipment malfunction.

The silica substrate tubes should also be carefully stored,
in a drv and clean place and a manner that precludes breakage
and deformation. The finished product, the optical fiber,is
wound on spools (diameter 20 - 50 cm and comparable height) and
stored until sold. One spool carries between 1 and 10 km
of fiber. They must also be stored in dry and clean

places.

To give a specific picture of the storage requirements
assume that the material for one month's production of the

referency production facility should be permanently available

(Table 7.4). Minor amounts are not listed.




Table 7.4:
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or 8,500 fiber kilcmeters.

Major storage recuirement for the production

Item Amount Volume Remarks
o . 3
Silica tubes 500 pieces 21lm
6 3 7
Burner gases: H, 3x10 1 NTP |30 m  (at 10 Pa)| pressure vessel
O2 1,5x lO6 1 NTP | 15 m3 (at 107 Pa)| pressure vessel
6 3 7
Pure gases: 0o, i,1x10 1 NTP |11 m  (at 10 Pa)
Ar 7,5% 10 1 nTP o
4 negligible
He 7,5x 10 1 NTP srecial cvlinders
SiCl4 250 kg
GeCl4 45 kg
Spocls with 3,000 300 m3 average 3 km

produced fiber

fiber/spool

For the delivery of raw materials and the shipping of the

fiber, a production plant should be easily accessible. How-

ever,

modest masses have to be transported.

ventional telecommunication copper wires,

problem is small. For instance,

this reaguirement is not too stringent because only
In contrast to con-
the transport

the fiber output of a three-

shift work day weighs less than 40 kg. Lightweight spools

{styrofoam)

The volume to be transported

7.4)

factory,

(10 m*
has to be calculated with. On the input end of the

help keeping the transported mass low.

per day, see Table

it should be kept in mind that vans with pressurized

gas vessels are heavy and bulky. For them, access to the
factory must be provided.
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7.2 Requirements for plastic fiber production

The requirements for the production of plastic fibers
overlap to a high degree with the requirements of the
chemical industry for making polymers of styrene and
'ethyl-methaacrylate. Reference /Bartholomé 1980/ gives

tailed descriptions of machinery and raw material re-
Jquirements. As mentioned earlier, fibers are drawn by a
double crucible method from the vessels containing the
polymer. The core polymer makes up for almost the complete

fiber mass. Approximately 1 kg of polymer yields 1 km of

plastic fiber with 1 mm diameter.




7.3 Requirements for optical cable production in a re-

ference 5,000 km/year production facility

Machinery:

Central parts of the machinery are
- cablestranding machines
- fiber jacketing machines

- test equipment.

For this reference facility, production of a standardized

10-fiber optical cable is assumed. The size of the production

capacity is chosen to absorb 50,000 km fiber/year, the esti-
mated output of the adjacent fiber production unit (Section
7.1). This places the capacity around 5,000 km optical
cable/year.

Quick calculations show that one stranding machine and

two fiber jacketing devices, each running 2 shifts/day have

enough capacity to perform the task. Additional machinery
is needed for cable testing. This includes one bend test
machine, one machine to test tensile strength, climate hox,
splicers. Optoelectronic test equipment will be supplied by
the fiber production facility, if necessary. Some trans-
portation devices are also needed.

Materials: The strandard optical cable is assumed to

have the following specifications:

strength member Kevliar 49, 2.7 mm diameter

fiber 10 (125/50) graded index fibers
jacketing tight nylon jacket

sheath paper

cable jacket PVC or PE

The optical cable is filled with petrolate-jelly to
inhibit water migration.




Table 7.4: Materials 1

fiber cable
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n 10-fiber standard optical

) . 3
material volume g/cm
(cm3/m cable)

Kevlar 49 3.46 1.45
PVC 33.0 1.34
or
PE 33.0
Nylon 7.8 0.93
Petrolate jelly L 5.00 1.40

These materials allow
~7 mm diameter, ~65 kg
100 kp, oreratinc temp

requirements of many t

Labor: Production regquire
1 dayshift. The manpow

are in det~il:

- fiber Jjacketing 1

the production of a cable with
/km weight, tensile strength
erature SSOCC, which meets the

elecommunication applications.

s 2 dayshifts, cable testing

er requirements of one dayshift

semiskilled per jacketing machine
= 2 semiskilled

- cakle stranding 2 semiskilled
- transportation 2 unskilled
- supervision 1 skilled
cable production/shift 7 workers
- cable testing 2 skilled
semiskiZled

- productinn scheduling,

trouble shooting

scrvice & repair 1 skilled

| highly skilled

10 workers




faking allowances for a 50% reserve personrel this
gives a total of 30 jobs for 1 highly skilled,
6 skilled, 17 semiskilled, € unskilled worker.

Enerqgy:
stranding machine 50 kW
jacketing machines 30 kW each 60 kW

climate bhox, testing machinery,

illumination, transport,

miscellaneous 800 kW
~1000 kW
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8. CAPITAL INVESTMENT

8.1 Introduction

The study group collected, during its travel activities,
data on investment requirements, raw materials, fiber prices,
and labor costs. The general task of this data collection
activity was Lo derive estimates of investment requirements
and cost factors for a fiber production facility with nomi-
nal capacity of 100,000 fiber kilometer per year. The results
and implications of these investigations are presented below.
In the following data with an asterisk indicate results of
our investigations, unstarred data are estimates. All amounts

are given in US dollars.

8.2 Capital investment for a 100,000 km/year fiber production
facility

The visited production facilities were of different sizes,
those of comparable capacity use a factory hall of approxi-
mately 4,000 m2 size and 5 m maximum height.Additionally
500 m2 space for storage of silica tukes, gases, other
chemicals, deliverable fiber is needed (Table 7.4). The
factory hall should be airconditioned.

Additionally, an administration building is needed. This
building is shared with an optical cable production facility
and supplies the following services:

- office space for executives and other administrative
personnel

- rooms for production personnel (wardrobes, bathroom,
recreation)

- computer center

Depending on the climate of the ~ountry all the~=2

rooms or only parts should be climatized.




Table 8.1: Investment in buildings -

factory hall 4000 m® 280 g/m° 1,120,000 US #
storage space 500 m2 280 s/m2 140,000 US 8
administration bldg. 500 m> 840 $/m° (50%)) 210,000 US §
furniture, equipment (50%)1) 55,000 US @

2

1,525,000 US

Chapter 7 described the necessary machinery for a
100,000 km/year fiber productiocn plant. Calculations in

-

Chapter 7 are based on technically minimal requirements. This

means service times and machine outage times are excluded
from consideration. To give a reasonable estimate for pro-
duction and investment costs, these factors must be taken
into account. It seems therefore rzasonable to add two MCVD
preform production units and one drawing tower as reserve

capacity to the figures of Section 7.1.2.

The other factors of capital investment are: the electro-
nically controlled gas supply system for the preform pro-
duction units, electrical installations for prefecrm pro-
duction units, drawing towers, scrabbers, climatization,
test stations, electronic equipment, tube testing squipment,

air conditioning, clean rooms.

Clean room conditions with the following specifications
are assumed. The factory is completely climatized to guarantee
clean room conditions of class 10,000. Glass working lathes
are contained in airtight boxes, the critical parts of the
drawing towers are protected by tubular sleeves with class

100 clean room conditions inside.

N Shared with cable production facility
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The computer control ecuipment is assumed to consist of
two medium sized computers to guarantee availability of
99%, terminals, tape stations, disk drives, communication

networks for computer controlled production.

Investment cost estimated for machinery and equipment are

summarized in Table 8.2.

A short note concerning investment requirements of other
processes seems necessary. With regards to all machinery
and ecuipment except the preform production units, there is
no siqnificant difference. OVD or VAD processes require
differently equipped glass working lathes, the Philips
process uses a basically different energy supply system.
Since there are no price data directly available for these
preform production units, a precise calculation is not
possible but it seems to be a sound assumption that prices
will not differ significantly from the prices of Table 8.2.

This is definitelv true for VAD machines.




Table 8.2: Investment in machinery and eguipment.

1)

1)

Preform production:

8 MCVD glass working lathes
500,000 US g each

8 airtight boxes, 15,000 US g each
Gas distribution system

Scrubbing tower

Fiber drawing:

3 drawing towers (including furnacc and
computer control) 500,000 US g each

3 tubular sleeve,clean rooms 15,000 US @ each

General:
Climatization, clean rooms
electrical installations

electronic egquipment

Miscellancous (12%)



4,000,000
120,000
200,000

280,000

1,500,000

45,000

1,000,000
80,000

1,100,000

1,000,000

Uus

Us

Us

us

Us

us

us

M W ®W W

9,325,000

- Ll
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8.3 Capital investment for anoptical cable productio.
facility

It is assumed that this cable production facility should
produce optical cables, using up all the output of the
optical fiber production facilitv. As shown in Chapter 9
this means that approximately 5C,000 km fiber per vear can
be expected as available input. For this purpose the following

machinery and buildings are required.

Assuming the production of the ten-fiber cable 5,000 lm

of cable must be produced annually. (Note that it is a sim-
rlification of real life assuming that only one type of

cable is produced.) Stranding machines typically operate at
a speed of 1 km cable/hour, so approximately 5,000 machine

hours are required. This can be done with one stranding

machine, running 2 dayshifts throughout the year (300 work

davs) and some 15 weekend shifts.

The second major part of reguired machinery are jacketing
machines. A current value of the speed of fiber jacketing is
2 m/sec (= 7,200m/h). Jacketing of 50,000 km fiber/year takes
therefore approximately 7,000 h, so that two jacketing

machines seem appropriate.
For testing the following equipment must be provided:

- bend test machine
- tensile strength test machine

- climate box.

Since conventional stranding machines are long and bulky,

the building must be approximately 70 mx 20 m.

To store the production of one month and raw materials
including fiber, strength members etc. ample storage capacity
is required. Climatization is not required, severe climate

factors excepted.
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These considerations, together with estimated ard polled
prices,lead to the capital investment estimates of Table 8.3,
if this facility is to be newly Lbuilt, and if the administra-

tion building is shared with the fiber production unit.

Some remarks are in order to interpret these figures
correctly. The analysis assumes that the entire facility must
be erected from nil. Since optical cable production basi-
cally requires the same machinery, with some mincr adaptions,
as conventional cabling, dramatic reductions in Znvestment
costs are possible, if an existing cable production plant is
adapted for optical cable production. Estimates for these
adjustment costs as given by firms visited, converge around
500,000 US g. It should be noted, though, that completely
new erection offers the option to buy most modern cabling
equipment, tailored specifically to the needs of optical
cables.




L .

Table 8.3: Capital investment for a 5.000 km/y fiberoptic cable production facility.

1) Buildings:

factory hall 70 mx 20 mx 5 m, 280 US S/m2 392,000 US 8
storage space 200 mz, 280 US S/m2 56,000 US 2
administration building, furniture equipment (50%) 266,000 US 8
714,000 US g 714,000 US &

2) Machinery & eguipment:

1 stranding machine 390,000 US g
2 fiber jacketing machines 28,000 US g each 56,000 US @ L
1 bend test machine 28,000 US g 3
1 tensile strength test machine 110,000 US & !
2 splicers 30,000 US g each 60,000 US 2
1 climate box 167,000 US g
811,000 US g
Miscellaneous (10%) 80,000 US &
total machinerv & equipment 891,000 US & 891,000 US &

Total investment (building plus machinery & equipment) 1,605,000 US 8




¢, ECONOMICS OF PRODUCTION

9.1 Fiber production

This chapter presents a detailed cost calculation for
fiber production in a nominal 10C,000 km/year production
facility using the MCVD process for preform prcduction. The

following assumptions underly the analysis:

- production of a graded index fiber (5C u/125 u.core/
cladding diameter)

- prices for silica tubes, gases, pure gases and other
chemicales are taken from current observaticns in
industrialized countries

- wage level and structure of wages are as follows:

a) production: four qualifications cf workers are

distinguished: unskilled u=.¢€)
semiskilled (u=.8)
skilled (L=1.C)
engineer/
technician (L=1.5)

The factor u describes the wages of the respective
group of workers relative to the wage of a
"skilled" worker. These ratios are taken from

experiences in developed countries.

b) administrative overhead:
In addition to the four groups already characte-
rized there is the group of managers and their
assistants. These persons are assumed to earn the
following annual salaries.
1) president 80,000 US §
2) heads of departments 40,000 US g

3) assistants of
managers u=1.8

The administrative personcl is shared with an

adjacent optical cable produciion facility. Assistants
of managers are assumed to he highly qualified tech-
nicians, optical or electronic engineers, chemical

onaincers.,
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c) weekend shifts, nights shifts:
Wages in weekend shifts are 2.5 times the wages
of regular day shift wages, the corresponding
factor for night shifts is 2.0.

d) For the hourly pre-tax day shift a wage rate of
10 US ¢ is assumed for skilled workers.

e) A factor of 1.5 is introduced for the relation of
actual labor costs to wages paid to woirkers, to
allow for social security contributions of the

employer and other wage Lv-costs.

- machine outages are assumed not to consume more than
10% of the total production capacity in each production
step

- the yield of preform production is 70%

- the yield of fiber drawing is 90%

Actual fiber output will therefore be 50,000 km of salable

fiber per year. Other assumptions are introduced when

necessarv. Expenses and revenue are calculated using these
assumption. The effects of any change of assumptions can
easily be tracked and calculated using the scheme developed
in this chapter.

- —— . 3 — — —— - — o —————— " — - ) o " - — - - — - ——

Starting from Table 9.1. Profit/Loss statement, the
following sections give a detailed account of revenue and
cost factors for different steps of productions and of

expenses for overhead, depreciation, service costs etc.
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Table 9.1: Annual Profit/Loss Statement of a 100,000 km/year
fiber producticn firm (all fiqures in US 3).

Het_Sales 15,000,000
Cost of Sales 6,190,000
Preform production 3,376,000
material 1,971,000
energy 22,000
labor 1,383,000
Fiber drawing 994,000
material 695,000
energy 98,000
labor 201,000
Quality testing 507,000
enerqgy 3,000
labor 504,000
Royalties (5% of net sales) 750,000
Miscellaneous 563,000
Gross margin_on_sales 8,810,000
Expenses 2,098,000
Depreciation 1,003,000
buildings 71,000
machinery 932,000
Climatization, clean rooms 163,000
Service costs (machinery) 467,000
Overhead personnel (50%) 465, 000

Earnings from operation 6,712,000




2.1.2 Net sales

The revenue and cost calculations are based on the speci-
fications of Chapter 7.1.2, Tabie 7.1. Starting with 6,000
rreforms/vear and 103 production outages one arrives at
5,400 preforms/vear. Only °03% of the preforms ar»
assumed to be further processable, be it because of the length
taner (3ection 4.3.1), be it because of breakage Or non-con-
formity to quality standards. Lossed due to drawing machine
outages (-103) and low-grade quality {-30%) during fiber

drawing reduces this fiqure to ~ 50,000 km/vear of salakle

bPiqh =wualite fiber.

aa]

To ralculate net sales the current world market price of

Q.3 US g/m is taken.

The overall vield of approximately 50% is very sensitive
to production conditions. If one succeeds to lower the losses
Jdue to inferior fiber quality by 10 percentage points another
3,000 km fiber could ke sold, which would raise net sales by
2,400,000 1S 8.

9.1.3 Cost_of sales

Cost of sales consist of the costs of those inputs that
vary with the scale of production (variable costs): material
inputs, labcr, enerqy, royalties etc. In fiber production

cost of sales can be imputed to five different sources:

- preform production

fiber drawing

aquality testing

- royalties

miscellancous

Preform production, *rcording to Table 7.2 the cost of

choemicals for profora production are calcoulated as follows
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Table 9.2: Cost calculation for one preform (graded index

fiber) .
Chemical | Purity Amount Price Cost
(US g/Preform)

*
H, techn. 6,000 1 12.67 g /10,000 1 7.60 ¢

*
O2 techn. 17,000 1 7.78 g /10,000 1 5.45 8

*
02 99.999% | 2,250 1 |322.22 ¢/ 10,000 1 72.50 @

*

SiCl4 99.999% 500 g 9.00 g / kg 4.50 g
GeCl4 99.999% 90 g 800.20 g / kg* 72.00 @

*
Ar 99.999% 150 1 72.22 /10,000 1 1.08 @

*
He 99.999% 150 1 166-67 ¢/ 10,000 1 2.50 g
Total 165.63 @

This table covers the major ingredients except some pure

chemicals used a domants in negliacable quantities, auxiliary

materials, and a high-grade silica tube. The most important

and probably the only supplier of very high-auality pure
%

silica tubes is Heraeus. Prices range from 80 - 200 US 3 per

tube depending an quantity ordered,size,and specification.

A price of 200 g/tube is assumed in the following. The

material costs per preform are therefore about 365 . The

annual costs follow straightforward.

These calculations give a clear picture of material cost

structure. The dominant ractors are GeCl4.

tube and pure oxygen,

the pure silica

It is of interest to compare these estimates for a graded

index fiber with an estimate for a single mode fiber. In

this case GeCl, would be used in much smaller cquantities,

e.q. as low as 23 of the graded index case. This would reduce

the cost figqure/preform by approximately 65 g/preform to

00 8, which is little more than 80% of the graded index cost.
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Because of tighter tolerances and smaller core sizes involved
the overall yield of SM f 'ber will, however, be smaller than
for GI fibers. Compare also Table 4.2 for reiative material
cost of vaiious fibers.

Labor cost:

According to Section 7.1.9 the following personnel is
required for preform production

technician as supervisor

semiskilled workers operating the glass workers lathes
semiskilled worker for tube characterization, screening
skilled worker for tube set up

- e e N =

unskilled worker

Table 9.3: Wages in preform production (all fiqures in US g).

wage/h wage/h wage/h

dayshift nightshift sunday
technician 15 30 37.5
skilled 10 20 25
semiskilled 8 16 20
unskilled 6 12 15

Using the assump:ions on wage level, wage structure
(Table 9.3), non-wage labor costs, reserve personnel, the wage
bill for preform production carn easily be ralculated.

The basis of the calculation is cost of one dayshift:

1 technician g x 15 8 = 120 8
1 skilled 8 x 10 g = 80 g
3 semiskilled 3 x8x88 = 192 8
1 unskilled 8 x 6 & = 48 ¢

Total 440 &
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Direct labor costsof one night shift and of one sunday
shift are 880 § and 1100 § accordingly.

The total labor cost can now be calculated by the simple
formula (350 days = 50 sundays + 300 annual working days,
24 hours = 2 dayshifts + 1 nightshift)

2 x 300 x cost of one dayshift
1 x 300 x cost of one nightshift
+ 3 x 50 x cost of one sundayshift

sum x 1.33 (reserve personnel) x 1.5 (non wage labor cost)

which gives labor cost for preform production as 1,383,000 ¢

Energy consumption is only a small cost factor in preform

production. It is calculated from the energy consumption
figures of Table 7.3 and an electrical energy price of .055 g/
kWh.

Fiber drawing: The main cost factors in fiber drawing are

the costs of the chemicals (acrylates) for coating, labor,
electrical energy in descending order of impcrtance.

According to the estimates of Table 7.2, 1.3 kg of acrylate
are neelded for coating the fiber from one preform (0.25 mm
diameter). Assuming a price of 110 US g/kg, coating costs/
preform are 143 g, If 90% of produced preforms (4860 preforms)
are processed,approximately 695,000 US g must be spent on
acrylates.

The ectimates for energy costs are derived from Table 7.3
using the same price/kWh.

Labor costs calculations use the same schedule as in pre-
form fabrication. For fiber drawing only one additional
semiskilled worker/shift is needed. This worker costs
64 g/day-shift, 128 $/night shift, 160 $/sunday shift.
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For annual wage cost for fiber drawing we therefore get

201,000 US §.

Quality testing: Quality testing is a very laborintensive

production step. The following assumptions are made for the

cost calculations.

Time required for testing varies substantiaily between
firms. A careful testing of one spool (2 - 5 ki fiber) seems
to reaquire 40 - 60 min. Since there are six test stations
available, the output of ‘wo shifts’preform production and
fiber drawing can easily be processed during one shift. So
nc night, no sundav shifts and no personnel reserve care
necesszry if two day shifts are made. One day shift consists
of 5 semiskilled and 2 highly skilled workers. So the total
wage bill for testing is 504,000 US g.

Energy cost is almost negligable, due to very low energy

consumption of the testing equipment.

Rovalties: Since optical fiber production dependscrucially
on licenses from leading firms it was necessary to include
this factor. Five jpercent of the fiber selling price is
assumed to be a reasonable figure, but not meant as a
requlation of seller and buyer.

Miscellaneous: There are a fow minor cost factors which

have been neglected so far. A lump sum of 10% of the other
costs of sales is assumed to cover this factor. It includes
some pure chemicals,chemicals for tube cleaning etc.

The category "expenses” covers cost factors that do not
vary with the scale of production (at least not with minor
changes), the so-called fixed cost. In case of fiber production




they include depreciation, service costs, perscnnel over-
b p

head, climatization/clean room.

- depreciation: consists of two positions.

Depreciation of buildings (depreciation factor 0.05)
Depreciation of machinery and equipment {depreciation
factor 0.10). Depreciation is linear, so that buldings

are assumed to be utilized 20 years, machinery 10 vears.

- clean room conditions, climatization: The airconditioning

system including the special installations for the
clean rooms are assumed to consume 350 kW on an
average, with peak load 1000 kW. This results in
annual electrical power cost for this purpose of
163,000 US g.

- service cost: a monthly service cost allowance of 0.7%

of machinery prices is assumed for the MCVD lathes
and the drawing towers. Other service costs are in-

cluded in the position”miscellaneous”.

- overhead personnel cost:
The administrative staff (shared with the adjacent
cable production unit) is assumed to consist of

1 president of the company
3 directors + 3 assistants
3 highly skilled and

3 semiskilled employees.

In addition the maintenance of both factories (fiber
and cable) requires 3 skilled workers (craftsmen)

and 5 unskilled workers (janitore, cleaning per-
sonnel) , Under the assumpticns of Section 9.1.3 and

the assumption of one dayshift for this personnel

the wage bill of the cverhead personrel is 930,000 US g
per year. Fifty procent of this figure is to ke

carried by fiber production.
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It is an interesting exercise to calculate average
variable costs (AVC), average fixed costs (AFC), average
total costs (ATC), marginal costs from Table 9.1. The cal-
culations are straightforward and the results are presented
in Table 9.4 below. The definition of marginal costs in this
case is: cost change per produced unit/change of production
scale.

Table 9.4. Cost measures of fiber production (in US g).

* * ' * *

production vC AVC FC AFC ATC MC
scale
) 2

14,300 km 1,415,000 §0.0989 0.1468 | 0.2457 ﬁo.0989

2,829,000 . 0.172
28,600 km _ 2,098,000 0.0734 1723 >001539
43,000 km 5,045,000 | 0,1173 0.0488 } 0.1661 No. 1493

o T

50,000 km 7,013,000 | ©.1238 0.0420 | 0.1658

*
) in US g per meter

Production scales are chosen to resemble the production scale
changes for additional day , night ,and sunday shifts. The
ATC figures show strong economies of scale, rising AVC are
more than compensated by falling AFPC. The high value of
marginal costs between 28,600 and 43,000 km/year results
from a necessary second shift of the testing people. Over the
whole range of sensible output scales,ATC are covered by the
assume.l fiber price of 0.3 g/m.
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The results of Sections 3.2 and 9.1.1 can be used to get
an impression of rentability and its determining factors. To
establish the results for the reference production facility

standard present value calculations are used.

To arive at reasonable results some additional assumptions
are necessary

~ on the length of the gestation period of investment,
i.e. time necessary to build the factory, install the
machines, train the workers ana get high quality pro-
duction running

- profit taxes

- the rate of interest

For the calculations it is assumed that the construction
of the factory, installations of machinery and equipment
takes one year, and that to train workers and to get high
quality production running on maximum scale takes another
year. In these twc years no income from fiber production is
to be expected, but the cost of these activities have to be
carried. Afterwards full scale production is assumed for
another 9 years, which is consistent with 10% linear depre-
ciation of machinery. No scrap value for the machinery is
specified.

A proportional profit tax with a tax rate of 50% and a
yearly rate of interest of 10% are assumed. In this case
the calculations follow the following scheme:

.
)

C = investment expenditure - cost of starting production (1+x)" '+
10
+ 3 (expected net income from operations x (1-t)) (1+ r) "L
i=2

t ... tax Tate (9.1)

1 ... rate of interest
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Investment expenditure , 10,550,000 US @
Cost of starting production ... FC+1/2 VvC=5,193,000 US @

The expected net income from operations is taken from the
position "earning from operations” of the profit/loss state-
ment, with the following qualifications:to avoid double
counting,depreciation is added to the "earnings from ope-
rations". Afterwards tax is deducted. The relevant figure,

taken as constant over the period in question is therefore
7,715,000 {1 -t) US 8 per year.

Equaticn {92.1) then reads as

¢ o—io, 50,00 US 8 - 75,000 US @+ L, 122,000 US € = 3,352,00C US @

This example shows, that interest rates, taxes, yield,and
costs of starting production play a crucial role for the
profitability of fiber production. A lower tax rate on
profits, shorter and cheaper installations periodcs and
lower rates of interest contribute heavily to the profita-
bility of fiber production. Assume,in contrast to the exampie

above,a tax privilege for this reference enterprise of, say, a
25% profit tax rate.

In this case the figures change drastically to
C = -10, 50,000 US & - 1,/20,000 US 8 + 25,133,000 US g = 12,413,000 US &

This means that the present value of net income from
operations minus tne present value of the costs of getting
production started exceeds the investrnent expenditure by

12.% mill US g,or that after 6 years of operation the plant
has financed itself.

Similar examples can be calculated for different assump-
tions over yields and interest rates. These examples make
clear that minor revisions of assumptions concerning wage

costs, required personal, consumption and orices of chemicals
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do not influence the profitability of such an enterprise to
the same extent as a simple tax privilege or rising produc-
tion yields do. In the light of thes~ results it does not
make too much sense, do discuss different material and
enerqy requirements of different preform production pro-
cesses or different fibers, if yield estimates are not
reliable and/or tax conditions are not known. Furthermore
these results suggest that even investment expenditure is

not the most* important factor for pro-itability.




- 194 -

9.2 Cable production

There is a list of obstacles for calculations comparable

to those of the last few sections of this paper:

- no generally accepted standards and specifications for
optical fiber cables

- cable firms produce customer designed optical cables
upon order

- therefore there is no anonymous world market existent,

no signif.cant production on inventories.

On the level of a single enterprise, one cannot reasonably
calculate profit/loss statements for the productioa of a
standard optical cable, assuming full scale production,
because there is simply no market for such an item in the
quantities »roduced. The typical picture is on the contrary,,
production of a considerable number specifically customer de-
signed cable typbes in relativelv small quantities. This implies
long interruptions of production to adjust mechines, and to
get the machines running. At least this is the picture the
study group formed during its visits at many optical cable
producers. All these arguments indicate that there is not
much in an attempt to estimate revenue fiqures for our re-
ference cable production facility.

On the other hand, it is vell possible to estimate
material costs of the cable described in Section 7.3, so
that a major part of the variable costs can be calculated.
As indicated above, labor costs, AFC depend on tine scale of
cable production for which no reasonable assumptions can b~
specified. Material costs are summarized in 7able 9.5.
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Table 9.5: Material costs of a 10 fiber cable (US g/m) -

material g/cm3 $/unit quantity cost/m
Kevlar 49 1.45 82.5*$/kg 3.5 cm3 0.42 g/m
Petrolate jelly 4.0 cm3 ~0.05 g/m
Nylon 1.40 | 9.5"8/xg| 7.8 em> | 0.10 g/m
pVC 1.34 |4.45°8/kg | 33.0 cm®> | 0.20 g/m
Optical fiber 0.30 8/m 10 fibers 3.00 g/m
Total 3.77 g/m

As these ficures clearly indicate, m~terial costs are
dominated by fiber costs. Price compa.isons between cabled
fiber and fiber show ratios 22, prices of cabled fiber de-
pending crucially on the number of fibers in the cable, which
confirms the result above. The difference between material
cost and selling prices covers considerable adjustment costs
of the machinery, wages, overhead, ond profit. The profit-
ability of a cabling enterprise depends strongly on the
existence of coodmill and a considerable market. Both
factors contribute to larger lot sizes in production and
help to keep machine adjustment less frequent and

adjustment costs low.

Owing to all these arguments no rentability calculations
are presented. Calculations of that kind must be performed
for an actual enterprise under its market conditions.
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9.3 R& D 1in fiber and ontic cable production

Nothing has been said ahout R & D in this chapter, im-
plicity assuming both production facilities tc be factories
merely executing production plans. Since fiberoptics and
the connected production techniques are still developbing
very rapidly, R & D is an absolute necessity to avoid pro-
duct inflexibility and quick obsolescence of machinery and
product line. Both factors lead to the ruin of an enterprise
in very short time. Some of the visited prominent nroducers
of fibers and cables hold R & D staffs up to 25% of their
total employment. Since most of these people are highly
qualified, an even larger percentage cf the wage Lkill flows

into R & D.

It is immediately clear from the ficures in Table 9.1
that AFC will be decisively higher than in the example given,
indicating that production must use all available caracity

to secure profitability in the short run.
Althouagh R & D cannot he seen as an insurance against

unfavorable future developments, but it will strengthen the

competitive position of the enterprise.

9.4 Installation: time and cost

As shown in Section 9.3 the gestation period of invest-
ment is a crucial factor for profitable production, On the
other hand there is ample experience which indicates that
installation time and cost are significantly higher in DCs.
A central effort in our investigations therefore was the
clarification of this issue. Unfortunately there was no
success on this point. Most firms denied answering the re-
levant questions or made installation costs and time depen-

dent on bargainirng over concrete contracts.
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10. POTENTIAL SUPPLIERS OF EQUIPMENT AND TECHNOLOGY

In the course of this study it became evident that prac-
tically all the equipment, raw materials, and semiproducts
required to manufacture optical fibers and cables are avail-
abie on the open market. Potential suppliers of equipment
and materials - other than those considered as usual ccmmo-
dities — are listed in the sequel. Additionally a list of
companies which are, from our personal knowledge, in prin-
ciple interested to grant licences and to transfer/sell

technology is added.

These lists have been compiled with great care, but com-
pleteness cannot, of course, be claimed. Listings are in
alphabetical order by common company name; the companies'
addresses (head office or division responsible for fiber

optics) are to be found in Appendix A.




Raw materials

Pure gases and chemicals

Coating materials

Plastics for cabling

Filling materials (jelly)

Semiproducts
Quartz tubes

Alumina mandrels

Preforms

Primary-coated fibers

Kevlar 49 strength members

198 -

Airco Industrial Gases
Arache Chemicals
Eagle - Picher Ind.
Omiya Chem.
Shin-etsu Chen.
Stauffer Chemical
Synthatron

Ventron
Wacker-Chemitronic
Dynamit Nobel
DeSoto

DuPont

Toshiba Ceramics

BASF
Hoechst

BP Chemicals
Dussek Campbel

FOI

General Electrics
Heraeus-Amersil

Heraeus

Thermal Americal Fused Quartz

Speceram

Lightwave Technologies
Pilkington Fibre Optic Technologies

all fiber manufacturers

DuPont



Machinery

Lathes and deposition

systems

Gas distribution and mass
flow control

Drawing towers and furnaces

Coating and jacketing

machines

Stranding machines

Clean rooms

Fiber thickness monitors

Splicing machines

Canrad Hanovia

Ferro Technique
Heathway Machinery

KDK Fiberoptics

Litton Engineering Labs.
Norrsken

SpecTran

Wale Apparatus

Tylan

Ar tcor

Astro Industries
Denton Associates
Heathway Machinery
Lepel

Formsprag - Webster
Killion Extruders
Reel-0O-Matic Systems
RMT Srl

AFA Industries
Maillefer
Rosendahl

Frisch

Flow Laboratories
Seier Helmuth

Beta Instrument

Fujikura
Furukawa
Siemens/Siecor
Sieverts
Sumitomo




Test equipment

Optical benches and mounts

Micropositioners

Attenuation meters

Time domain reflectometers
Bandwidth testers

Fiker diameter measurement

liewport
Klinger Scientific

Ando Electric
Anritsu Electric
Fotec

Hamamatsu
Hewlett-Packard
Ni Electric
Photodyne
"hoton Kinetics
Nuante
Siemens/Siecor
Tau-Tron
Tektronix

York Technology

Anritsu Electric
Beta Instr.

Photon Kinetics
Vickers Instruments

York Technology




Technoloay

Hard-clad silica fikers

Compound glass fibers

Plastic-clad silica fibers

Plastic/plastic fibers

Sol-gel preforms

American Fiber Optics
Cabloptic

CLTO

Corning

FOI

3EC Optical Fibres
Lightwave Technologies
NKF Kabel BV
Morthern Telecom
Phalo/0SD

Philips

SEL

STL

SpecTran

Valtec

Western Electric
York Techn.

BICC

Nippon Sheet Glass
Showa Electric Wire & Cable
SpecTran

EOTec
rilkington

'fitsubishi-Rayon

NTT - Ibaraki Electrical Comm.Lab.

pjilkington

Hitachi




cahle technology

Belden

Berkenhoff & Drebes
BICC

Cabloptic

Ericsson

FOI

Fujikura
Furukawa

NKF

Northern Telecom
Optec Daiichi Denko
Philips
Filkington

SEL
Siemens/Siecor
Sumi tomo

valtec

Western Electric
WKM




11. FIBEROPTICS MARKETS: CHARACTERISTICS AND TRENDS

11.1 Objects and applications

To Ggive an impression of current status and trends of
fiberoptics markets in seems necessary to give a brief over-
view of the most important products and give examples for
their present applications. These products are fiber, cabled
fiber, connectors and couplers, receivers, transmitters,

splicing, and test equipment.

One distinguishes usually four markets, although fiber-
optic systems use all listed components:

fiber/cable market: fiber/cabled fiber in many
different qualities and specifications

connector market: connectors and couplers of various
types.
- transmitter/receiver market: LEDs, laser diodes,
pin-diodes, vinFETs, APDs
- equipment market: splicers, test equipment etc.

Table 11.1 gives a schematic overview over the most
important application fields in connection with fiberoptics
markets and adds some examples of important installations/
projects.

Long-haul telecommunication fiberoptic systems dominantly
use single-mode fiber, splices, laser diodes and pinTETs
or APDs. Bit rates of 280 Mbps (TAT-8 Project, Channel-Cross
Marseille-Ajaccio) or even higher (North-Eastern Corridor,
F-400 M route in Japan) can be achieved with these system
configurations; long wavelength transmission at
1,300 nm or 1,500 nm is standard.

Fiberoptics applications for central office interconnects
are numerous throughout the industrial world and, up to the
recent past, were dominated by multimode fiber, LED - pin (FET)




Table 11.1: Fiberoptics: Applicaticons

Application Preferred fiber type Major fiber joints Sources & detectors Important installations/
projects
Long-haul sindle mode splices laser; pinFET (APD) F-400 M routc,
telecommunications TAT-8, North-Eastern
Corridor, Western corridor
Marseille-Ajaccio,
Channel-Cross
Central office graded index splices LED; pinFET Numerous applications in
interconnect single mode LED (Laser); many countries including
pin diode us, GB, Japan, FRG, France,
India, Argentina, Hong-Kone;
growing importance of
single mode fiber, long
wavelength transmission
Short distance graded or step -index; connectors LED; pin-FET LAN in New York City,
(broadband services (silica and other glass) or diode Sapporo Subway Control
in subscriber loops, LAN)
Very short distance step-index connectors LED; pin diode numerous differcnt

(intra-building, factory,
ship, airplane, process
control, computer links)

(silica/silica, glass/glass,
PCS, plastic/plastic)

applications
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svstem configurations operating at short wavelength arouna
850 nm. Recent develcopments in the US show a growing im-
portance of single mode fiber together with longer wave-
length /Hardwick, 1983/. In fact the first single mode
central office interconnects are already in operation
{Norwich-Sydney, N.Y:/Fiber, Laser News, Febr.3,1984, p.61).
Investigations of the study group in Japan revealed a marked
trend to SM-fiber for this kind of installation as well as

for long haul trunks.

As regards the US, fiberoptic links for central office
interconnects are cstandard, in other industrialized coun-
tries they are on the way of becoming usual. From some de-
veloping countries applications are also reported (e.g.
India/KMI Fiberoptic Market Intelligence, Oct.1983/, Egypt,

Argentina).

In short-distance applications one observes a rapid pene-
tration of the market by fiberoptics. Rpplications range
from subscriber loops /Frintrup 1983/, CATV/Samra 1983/, to
subway and railway control systems /OITDA 1983/ etc. There
is a strong tendency to braodband services: TV, voice, data,
facsimile transmitted by the same system. It is contended,
that this tendency will also have effects on system design
in long distance communication, to allow all these services
to be operated through the long-distance telecommunication
network, which reinforces the use of highly efficient light

waveraides there, too.

Very short distance applications show an even more diver-
sified spectrum in used material as well as in applications.
Here PCS and PP fibers come in and may have a market in this
area. Applications range from computer links, factory con-
trol to aircraft, ship, and building control systems.




11.2 Demand side

This chapter deals with the structure of the demand side
of fiberoptics markets and tries to answer the following

questions:

e Who are the most important demanders?
e How do they behave?
e Are there different patterns in different countries?

One can say that roughly 60% of fiber and cable markets
is in telecommunication, the rest is divided into military,
computer interconnect, video and other uses in descending
order of importance. This ranking is found in the most im-
portant national markets of ‘he US /Kessler 1983/ and of
Japan /CITDA 1983/. Similar structures prevail in the in-

dustrialized world.

The demand side of the national telecommunication markets
is best characterized by the term monopsonistic demand, i.e.

one single very powerful demander dominates the demand side.
This powerful position is usually taken by the national
telecommunication administrations, where they exist.

In the US and in the UK the situation has slightly
changed. In the US the Bell system (AT&T) has played very
much the role of a national teleccmmunication authority.
After the divestiture of 1.1.1984 patterns have changed.
There is now emerging an open market for telecommunication
services and some of the most interesting projects in
fiberoptics are installed by competitors of AT&T. The most
important example in the long haul segment is MCI's fiber-
optic Northeast corridor project. A similar development can
be observed in the UK wherc a limited opening of the tele-
communication markets can be observed, and where Mercury
is establishing itself as a competitor of British Telcom.
Again more competition is introduced to the US telecommuni-
cation markets on the regional and local level by the




opening of i‘hese markets to everyone who can cope with the

technical standards. In April 1984, the Japanese cabinet
decidedto lift the monopoly of NTT (Nippon Telephone and
Telegraph Public Corporation) and to open "in principle”

the national telecommunications market.

Continental European markets are still closed and
probably will stay closed. DCs and COMECON countries show
the same pattern: national telephone companies or adminis-
trations are the scle suppliersof telecommunication services
and, as a consequence, the sole (potential or actual) de-
manders of fiberoptics for telecommunication purposes in

these countries.

Traditionally, international projects like the TAT pro-
jects or the Channel-cross project are proposed by a con-
sortium of national telephone companies and private in-
vestors, who explore the available alternatives for reali-
zation and put the chosen one into action.

One important strategy of many national telephone ad-
ministrations is to rely as much as possible on domestic
sources of supply to foster a high degree of national value
added. This strategy has not been changed fundamentally in
the fiberoptics markets. National telephone companies pre-
fer domestic fibers and cables, if possible. There are
cases, where this strategy has led to the development of
new fiberoptic industries or branches of these industries.
This strategy is even adapted with international projects
as the TAT-8 fiberoptic link betwen US and Europe. AT&T
will command over 37% of the total capacity of the link and
received with 250 mill US g the largest portion of the
335,4 mill US 8 contract. British Telcom (15.5% of the
capacity) chose Standard Telephones and Cable, a British
affiliate of ITT as their contract partner for the delivery
of fiberoptics of 52 mill US § worth. The same happened in
France, where the French National Telecommunications Rese-
arch Center participated in. the Re&D efforts of the leading




French firms (CIT-Alcatel, Les Cables de Lyon) to create a

national submarine fiberoptic system. This system will, in
1985, connect Ajaccic (Corsica) with Marseille, technical
parameters being very close to TAT-8 requirements. In Japan,
the three major cable manufacturers team their effort with
the Electrical Communication Laboratories of NTT in optical
fiber/cable R&D, either jointly (Ocean Cable Co., Ltd.)

or bilaterally.

Beyond these general patterns, demand behavior of national
telephone administrations differ widely. Some buy complete
svstems, whereas others prefer to design their systems them-
selves and buy only the system components, depending on the

status of domestic iidustry.

The next most important market is the military market.
It accounts for almost 20% of the whole market volume and
offers very important stimula for national suppliers of
fiberoptics. By its very nature military markets are na-

tional markets and use to be closed for foreign competitors.

The remaining part of the markets consists of a variety
of demanders, though, up to the present, pilot installations
have dominated the behavior of demanders.
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11.3 Supply side

The fiberoptics industry shows a considerable and still
growing number of suppliers in all market segments. Since
the US markets amount to more than 50% of the international
fiberoptics markets it pavs to have a close look on them
before turning to the situations in other count:iies. In the
US very interesting picture emerges: all main fiberoptics
markets (fiber/cable, connectors, receivers/transmitters)
are highly concentrated and interconnected via vertically

integrated producers.

The most important suppliers of the US market in 1983
and 1984 and their market shares are given in Table 11.2.
/Hardwick 1983/.

In both reported years more than 90% of cabled fiber
shipments were supplied by only five companies, Western
Electric dominating the market with more than 50% market
share. The role of Western Elecutric is somewhat changing
since the divestiture of the AT&T system. Until the recent
past Western Electric shipped almost every meter of fiber/
cable to the Bell system, a situation that will definitely
change. Western Electric is going to engage in the markets
outside the Bell system and even in the international
markets via AT&T International. Since Western Electric is
a very large low-cost producer, all other suppliers must
compete with Western Electric in the near future.

Table 11.3 gives a brief account of the degree of ver-
tical integration among fiber/cable suppliers throughout
the world. It shows that the majority of firms that produce
fiber/cable are in fact vertically integrated. Only 18 out
of 93 suppliers make/sell just one item (fiber or cable),
all the others engage in other segments of the fiberoptics
markets. All major suppliers (excluding Corning Glass Works)

are active in more than one market. Corning is a special

— s ———————




Table 11.2: The most important suppliers of the US
market in 1983 and 1984 /Hardwick 1983/.

1983 1984
Western Electric $ 80 Mill g 120 Mill
Siecor g 25 Mill g 45 Mill
Valtec g 10 Mill g 15 Mill
Northern Telecom g 5 Mill g 30 Mill
Anaconda g 5 Mill g 10 Milil
Others g 10 Mill ¢ 20 Mill
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case, its joint venture with Siemens (Siecor) represents

Corning in the other sectors of the market. A large group
of firms have an unclear production/selling pattern, i.e.
they do not reqularly supply fiber/cable and other compo-

nents.

Table 11.3: Vertical integration among fiber/cable
suppliers.

Firm makes/sells Number
fiber only

cable only 12
cable/fiber 20
fiber/other components 3

cable/other components

fiber/cable/
other components 14

unclear production/
selling program 30

Besides the US and Canada (Northern Telecom) there are at
least seven countries with considerable production capacity
in the fiber/cable market: Japan, Great Britain, FRG, France,
Sweden, Netherlands, Italy.

In Japan fiberoptic industry cooperates in the Optoelec-
tronic Industry and Technology Development Association in-
cluding NEC, Hitachi, Fuijitsu, Toshiba, Matsushita, Mitsu-
bishi, Oki, Furukawa, Fu-iikura, Sumitomo, Nippon Sheet Glass
as its founders. Japaner . suppliers mainly sell on fiber-
optic markets in Japan, but undertake strong and successful
sales efforts in DCs also (Argentine, India, Singapore,...).

Similar situations, although with institutionally different
arrangements, can be found in France, where CNET (Centre
National d'Etudes des Telecommunications) coordinates and
propagates national fiberoptics efforts. In Germany, where
the so called "Kabelkartell” including Siemens, Standard
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El-.irik Lorenz, Philips, AEG, Kabelmetall has put its
hands on fiber/cable markets. This situation has recently
been successfully challenged by Wacker Chemie, a large

supplier of chemicals to the semiconductor industry.

The transmitter/receiver market for fiberoptics accounts
only for a minor portion of the market for semiconductor
devices as lasers, photodiodes, LEDs. In many cases suppliers
of complete fiberoptics systems do not produce these devices
themselves, in other LEDs can be put to different usecs'and
it is very difficult to estimate the market structure of
semiconductor devices used in fiberoptics. The leading US
manufacturers are RCA, ITT, Western Electric, Lasertron,
General Optronics, the leading Japanese firms are NEC,
Fujitsu, Hitachi; Northern Telecom Siemens, CIT/Alcatel,
Plessey must be noted as important suppliers outside US and

Japan.

Table 11.4: Vertical inteyration among suppliers of
transmitters/receivers and connectors.

Number

receivers/transmitters only 24
receivers/transmitters/fiber/cable 7
receivers/transmitters/other components 14
receivers/transmitters/fiber/cable/

other components 33
connectors only 25
connectors/fiber/cable 12
connectors/other components 10
connectors/fiber/cable/other components 16

Table 11.4 shows the degree of vertical integration of
transmitter/receiver on connector suppliers. The picture
in these two markets is somewhat different. The transmitter/
receiver market is dominated by suppliers of systems (33),
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the connector market shows a larger number of firms (25) who
specialize in the connector production, the leading firms

not being engaged in all fiberoptics markets.

The reasons for the high degree of vertical integration
lie in the behavior of some national telecommunication
- administrations to demand systems or major part: of systems
and in the interest of suppliers. Development of readily
usable systems simply makes it easier 'z sell fiberoptics,
since many actral or potential users of fiberoptics are not
at all in the position to design and assemble fiberoptic

based communication systems themselves at reasonable cost.

Another point to note is the existence of a large number
of market niches for specialized producers. Especially in
the LAN and very short distance segment of the market many
highly specialized fiberoptic systems are supplied. This

market characteristic gives new entrants profitable chances.

I1f one combines behavioral patterns and institutional
facts of demand and supply sides in fiberoptics markets
a very interesting pattern emerges. In all countries using
fiberoptics on a broader scale in telecommunic-tions there
exist strong ties between both sides of the markets. The
principal demanders of fiberoptic systems and components
usually contract with a limited number of suppliers. These
suppliers are sometimes affiliated to the demander (AT&T -
Western Electric) or cooperate through official, institu-
tional channels (GDR, France, Japan) so that in fact market
entrance is severely restricted in several countries. Only
in short and very short distance applications an open
market exists.

Finally, a list of potential entrants to and drop-outs from
the fiberoptic markets is added. This list of recent entrants
includes IBM, Kodak, Olympus and N.V. Philips (Valtec take-
over), to name the most important ones. The list of drop-
outs is headed by Times Fiber/Fiber-Laser News, Feb.3,1984/
that almost liquidated its fiberoptics activities.
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11.4 Prices in fiber/cable markets

As usual in high technology markets, prices are expected
to go down with a higher penetration rate of the technology.
This is brought about by economies of scale in the produc-
tion sphere and by a falling fraction of R&D costs. This is
exactly what has been happening in the fiber/cable markets.
An excellent example can be found in the decline of Corning
prices over the last years, which came down from 3.0 US g
in 1977 to approximately 0.3 US § per meter of a GI fiber
{atteruation: 5 dB/km, 1977; 1.5 dB/km, 1983). This example
is shown in Fig.11.1.

Table 11.5 compares 1983 and 1982 fiber prices for
different types of fiber for various applications. Unfortu-
nately single mode fiber prices are usually not published,
only the graded/step-index fiber prices could adequately be
covered by these fiqures. The official prices for low-volume
produced fibers remained constant whereas prices for high
performance GI-and SM fibers came down appr=ciably in the
very recent pass. This is a consequence of world-wide expan-
sion of production capacity. Most notably, the ratio of SM
to GI fiber prices, which traditionally has been cround 3,
is approaching values around unity.

It must be stressed that Table 11.5 gives only an indi-
cation of the many different prices. Especially GI and SM
fibers come in vastly different quality as concerns bandwidth,
attenuation, etc. - prices range accordingly up to factor of

4 within one category, say GI.

It is harder to survey cable prices in the same manner as
fiber prices. There exists a broad variety of cable specifi-
cations as regards fiber specifications, number of fibers
used, weight, tensile strength, jacketing etc. Futhermore
cables are in most cases not publicly available, so nothing
can be said directly about the cable price development. A
compar ison betweenfiber and cable prices of the same supplier
for indoor cables shows ratios between 3 and 4 between cable
and fiber prices and much higher ratios for outdoor cables.
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Fig. 11.1: Corning fiber prices 1977-1983
/Kessler 1983/.




Taktle 11.%: Fiber prices in early 1982 and 1983,
Material Attenuation core cladding Band Pricae/m tyre
diameter width (in US &)
(MHz x km) 1943 1982
. ) .
$1lica 1 dB/1,300 nm 8.2 W 125 u 6 O single
made
silica 1.5 dB/1,300 nm 50 W 125 W 4C0 0.3] 0,39 graded
index
silica 4 dB/820 nm 133 4 <00 W 20 1.00 1.00 step
index
silica 4.5 dB/820 nm 200 1 300 4 20 1.50 1.50 step
index
alass/glass 15 dB 100 W 150 W 10 0.60 0.60 step
index
silica/silicone 15 4B/850 nm 200 1 400 U 40 0.60 0.60 step
(PCS? index
plastic/acrylic 1,200 dB/675 nm 117 u 1280 4 - 0.013 0.013 step
index

Source: lLaser Focus'Guide 1982,

*

1983,

The same fiber fro: the same suppliers costs | US g/m per Dec. 1983!
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11.5 Market volume projections

It seems convenient to have some figures on already in-
stalled fiber km an? the perceptions of tne study group on
market development before proceeding to market projections.
Until Dec. 1984 approximately 830 000 fiber km will be in-
stalled or on the books in industrialized countries, the
US with 650 000 topping the list. Almost 50% of these in-
stallations occured or will occur in 1983/1984, US again
leading /Schiissler 1983/. Our investigations at European,
Japanese, US fiber/cable manufacturers confirm this picture.
Many of these producers believe in strcng growth of the
market in this decade, steepest slope expected for 1988.

Market volume projections for fiberoptics markets are
based on valuation and estimate, i.e. they are not really
founded on sufficient data and therefore cannot use refined
statistical methods. This can be seen from the widely dif-
fering estimates of market volumes collected in the recent
past by /Kessler 1983/. Our judgement ir based on the KMI-
market volume projection 1983 /KMI 1983/, and some general
considerations on the development of world markets of the

communication sector.

The volume of investment in communication throughout the
world was around 60 billion US g in 1980, with a negligible
share of fiberoptics. The expected annual growth rate for
the 1980's is about 4.5%, so that at the end of the decade
approximately 93 billion US g will be spent on communication
investments. The most important technologies competing with
fiberoptics are terrestrial microwave tramnsmission, satellites,
and traditional copper/coaxial cables. Most experts contend
that fiberoptics will drive conventional copper/coaxial
cables out of the market by the 2ond of the century. The
estimates of the expected split of the long-haul communi-
cation market between microwave/satellite and fiberoptics
range between 60 : 40 and 50 : 50. The essence of these
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general considerations is a much higher growth rate for
fiberoptics than for the market as a whc e. So the annual
growth rate for fiberoptics reported by KMI /Kessler 1983/

of 35% seems not to exaggerate tihe growth of fiberoptics world
markets in the 1980's. Japanese producers project their own
annual expansion rate at up to 80%/year.

Kessler's findings are based on a careful collection of
data on fiberoptics installations and projects. They fit well
into the picture drawn by Gnostic Concepts' 1982 projection
of worldwide fiberoptic markets /Technology Review May-June
1982/, who predict a somewhat slower expansion.

Table 11.6: World markets for fiberoptics: 1980-1990
(in million US 8).

Year KMI 1983 Gnostic Concepts
1982

1981 177 -

1982 327 335

1986 1 429 1 330

1989 3 044 -

1990 - ‘ 2 826

This predictions can be broken down in several ways. One
is to find out national shares. Here we see a predominance
* the US markets with about 50% of the world market.

The other way is to look for the volume of the market
segments listed above. Fiber/cable markets now account for
the large bulk of theworld markets with approximately 65%,
and its share will grow slowly to 75% in the mid 80's. There
are two reasons for this increase: (1) increased repeater
spacing, which relates to a move to long wavelength trans-
mission, increased use of laser diodes, and single-mode
fiber; (2) expected price stability of fiber/cable relative
to semiconductor devices and other components.
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Connectors/couplers will keep a market share of approxi-
mately 5% and the market share of transmitters/receivers will
fall from 30% to 21%.

11.6 Markets for DCs

Demand structures and supply/demand interconnections in
developed countries constitute severe entry barries for the
penetration of the fiber/cable markets in industrialized
countries by producers in DCs. Major exceptions are produc-
tion facilities in DCs owned by established firms and/or
joint ventures. The second market for DCs are the domestic
markets, hitherto small and of no great importance. If a
DC gets fiber and cable production started in the near
future the commercial success of this venture depends heavily
on domestic telecommunication as primary market /Muraba et
2.. 1983/. After some time spent on experimentation and
system development other DCs could serve as markets. Com-
petition with established firms comes in at this step of
development. If further participation in the world market is
desired some kind of arrangement with established firms seems

absolutely necessary (see Section 13.5.3).
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12. POSITION OF DEVELOPING COUNTRIES

The central issue of this chapter is the discussion of
advantages and disadvantages of DCs in optical fiber and
cable producticn. Nonetheless the chapter will start with a
short note on DCs as demanders of fiberoptics. The position
of most DCs is characterized by severe deficiencies in their
telecommunication system. It is typically restricted to
urban areas, operates only on a very small scale and places
severe restrictions not only on economic developments. It
is clearly understandable that many DCs make strong efforts
to get rid of these obstacles to economic and social de-
velopment. As a consequence our investigations at the most
prominent optical fiber producers in the US, Japan, Europe
and our literature studies show up with a list of Latin
American (Argentina, Brazil) and Middle and Far East coun-
tries (China, Hong-Kong, India, Indonesia, Iraq, Saudi-Arabia,
Korea, Singapur, Sri Lanka) which already received or
expect shipments of optical fiber, cables and other equip-
ment from developed countries. This list, by no means com-
plete, contains only relatively rich or technologically
advanced countries of the third world. This indicates
that only the most advanced DCs seem to be capable to in-
stall, operate and maintain fiberoptic systemsfor tele-
communication purposes. Therefore this narrow subset of
DCs will be the most important demanders in the interna-
tional fiberoptics market in the near future. This reduces
the range of DCs to become possible entrants to the fiber-
optics market in the next five years to a very exclusive
circle.
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12.1 Fiber rroduction and DCs

Chapters 7, 8 give a detailed account of material and
energy inputs, manpower requirements, general production
conditions, capital investrent for a 100,000 km/year fiber
production facility. The following sections discuss the ad-
vantages and disadvantages of optical fiber production in

DCs wusing this production facility.

As one can readily see from Table 7.2, fiber production
is not restricted to special location due to some special
natural resources. Most of the material inputs can be pro-
duced everywhere and those which cannot be produced every-
where (pure silica tubes, germanium) must be imported from
abroad in the same way as already existent fiber producers
do. If at all, there is only a small transportation cost
disadvantage for DCs. The real problems for DCs come
a) from the fact that very high and special quality
standards for these inputs must be met,and b) from econcmic
considerations concerning the cost of raw material inputs.
Fiber production requires substantial amounts of H,, 02 in
technical purity, O2 in very high purity as well as other
chemicals in very high purity and minor amounts. Efficient
fiber production can only be maintained if these inputs
are continuouslyavailable. Two systems to assure continuous

supply seem viable.

One alternative would be to rely on domestic chemical
industry, which holds sufficient stocks of the required
chemicals in the required qualities. This system puts the
storage costs on the chemical industries, but makes the
fiber production facility dependent on the willingness and
ability of the chemical industry to deliver the required
amounts steadily.
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The other system is to hold sufficient stocks of the

nece;sary chemicals and reorder
ventory strategy. In this case,
carries the inventory costs but
dent from unreliable sources of

In both cases DCs are worse

them according to some in-
the fiber production firm

is somewhat more indepen-

supply.

off than highly industri-~

alized countries. The main reasons for this disadvantage
are economies of scale in chemical industry and higher
transportation costs if there is no domestic chemical
industry. As already earlier noted, optical fiber production
uses very similar chemicals as the semiconductor industry.
Developed countries with considerable capacities in semi-
conductor manufacturing can exploit the gain of economies
of scale in the production of the required chemicals. Since
it is very unlikely that DCs command over substantial
capacities in this specialized branch of chemical industries
these advantages are not readily accessible for DCs. It is
therefore concluded that material costs will be higher in
DCs than in industrialized countries.

Electrical energy again must be countinuously supplied
to quarantee efficient production and safety in the pro-
that there are not dis-

compared with industri-

duction facility. One can assume
tinctive disadvantages in the DCs

alized countries in this respect.

The minimum manpower requirements for a 100,000 km
fiber/year production facility can be summarized by the
following figures

highly skilled technicians 8

skilled workers 4
semiskilled workers 26
unskilled workers 9
craftsmen 3
administrative 13
others

63




There can be no doubt that in the case of a threshold

country like Brazil it is perfectly possible to recruit the

required personnel. But one has to expect at least the
following problems: higher training costs due to longer
training times required, higher fluctuation costs, lower
productivity. In developed ccuntries, especially in highly
industrialized regions qualificaticn requirements do not
play a significant role for training costs. Newly hired
workers usually command over various skills, which can

easily be developed to the skills required.

Training costs, though important for the profitability
of a firm,are low compared with a situation of a generally
low level of education and skills. Fluctuations of the
personnel constitutes a severe problem, if a vacancy due
to a quit cannot be filled in reasonable time. The special
labor market conditions in many DCs, with high unemploy-
ment rates for completely unskilled workers and heavy
shortages of trained personnel, makes this problem very
likely. That a low level of education and skills reducer
productivity is a agenerally accepted fact.

These problems became more important if one considers
DCs which have not yet reached the level of threshold
countries. In many DCs it will simply not be possible to
recruit the necessary number of skilled and semiskilled
workers to start and maintain production.

These advantages are counteracted by the comparably low
levels of wages and wage by-costs in the DCs. Since the
wage bill does only account for 30% of average cost of
fiber production, low wages and wage by-costs are only of
limited importance for a capital intensive production as
fiber production in fact is.
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Fiberoptics is a new branch of modern telecommunication
industry and is now penetrating industrialized countries.
Technological knowledge, patents etc. arz in the hands of
a few companies. Therefore it is crystal clear that any
effort directed towards optical fiber production must rely
on a complete technology transfer or at least on very in-
tensive technological cooperation with one of the leading

firms in the markets.

That means that technological knowledge and machinery
(including robotics, electronics) and detailed information
on processes and their control must be imported from in-
dustrialized countries. This is the main disadvantage of
DCs. They completely depend on their partners in indus-
trialized countries to get optical fiber production started

anl keep it running.

The considerations of Chapters 7 - 9 assume a standard
size production facility, disregaraing the continuous needs
for R & D in this field. By now, it should be clear that
building up a production facility is little more than a
first step towards a self-sustained technological and in-
dustrial development. The concrete disadvantages of DCs

under such an arrangement would be:

- higher production costs (royalties: 5-7% of gross
revenue)

- technological inflexibility

- high dependency on licenser or international companies
owning the facility

- reduced domestic value added and tax revenues.

Cost calculations change profoundly, if one includes
R & D. In the short run, this raises overhead costs with
only minor effects on production. In the long run many po-

sitive ef fects can Lo expected:
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development of own machinery and equipment

better production schedules

- smaller dependency on licensers

specialization on special fiber designs

higher yield

All these factors may help to bring down production cost
and to reduce the competitive distance to established pro-

ducers in the long run.

————————— — T —t——— . — — T T T —— ——— — — — - T T o ———

Optical fiber production requires special conditions in
the factory. These are clean room conditions for fiber
drawing and/or preform production, electronically controlled,
highly automated gas supplies, climatization, special waste
treatment. DCs with adequate industrial experience are not
expected to have severe disadvantages in this respect, some
countries may be in the position to provide adequate buil-
dings or even partially the necessary equipment from domestic

sources.

Somewhat different is the situation with regards to market
conditions. Despite some installations in some DCs there is
not yet a substantial domestic market for fiberoptics in
these countries. The great bulk of produced optical fiber
is deployed in industrialized countries. Many leading opti-
cal fiber producers recently expanded their production
capacity to meet demand requirement in the near future. If
DCs want to participate in the dynamic development of the
fiberoptic markets even in their own countries strong effects
must be made to be present as suppliers in time. These
efforts migqht be contracted by at least two factors. Domestic
markets in DCs tend to be small, so that fiber must be
sold on the international markets. Due to the behavior of
national telecommunication authorities or their private
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counterparts these markets are almost closed. Therefore it
appears to be very tough to penetrate these markets without

the assistance of an international company.

The advantages of domestic suppliers are connected with
the familiarity with the general conditions in the tele-
communications sector of their country, language, coope-
ration with national telecommunication authorities etc. Close
cooperation with national telecommunication authorities,
universities, national and international companies may pro-
vide a nucleus for a national industry as well as the
necessary international connections to sell these products
not only on domestic markets. The most advanced countries
are Brazil, where strong efforts for a national optical
fiber production are ongoing since 1974, and Korea, where
technology transfer is currently taking place.
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12.2 Optical cable production in DCs

Optical cable production uses basically the same equip-
ment as conventional copper cable production. Investment
costs to adapt production facilities for optical cable pro-
duction are quite low, so that conventional cable factories
can be used for optical cable production. Such factories
exist in a considerable number of DCs, in some cases owned
by international companies like Sumitomo's facilities in
Brasil and Venezuela.

This disadvantages of labor market conditions in DCs
and technology deficits do not count that much as in optical
fiber production, since at least parts of the techn.logy are
already used in DCs.

In all other respects conditions for cable production
are not exceedingly adverse in the most advanced DCs.
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12.3 Conclusions

The arguments of the preceeding sections can be summarized
as follows. It seems in fact to be possible to produce opti-
cal fiber in the most advanced DCs in near future. But one

must be aware of the disadvantages with respect to

- supply of highly pure chemicals

- reliable and well trained personnel

- higher training costs

- general production conditions

- participation in international markets
-~ technological and economic dependency

- size of domestic market

which are by no means outweighted by other factors. Special
attention must be paid to the conditions of the necessary
technology transfer to avoid the usual unfavorable pheno-

mena.

DCs with little industrial experience cannot meet the
requirements for successful optical fiber production, ex-
cept the case of a complete technology transfer, including
manpower and supply of chemicals.

This amounts to invite the construction of a production
facility of an established company built up and run under
complete domination of this company.

Optical cable production uses equipment very similar to
conveniional copper cable production and can be put forward
at any existing cable factory under reasonable cost.
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13. RECOMMENDATIONS

13.1 General considerations

The following recommendations pertain to the central issue
of the present study: How can a developing country enter the
international fiber/cable market in the most profitable and
easiest way? Two aspects will be considered: the purely

commercial point-of-view and the socio-cultural implications.

As a starting point, two well-known facts about DC's
should be kept in mind:

Developing countries are a highly heterogeneous group.
Besides countries on the verge of industrialization ("thres-
hold countries") there are many countries still strugglino
for development of basic telecom services for their pecple
("least developed countries”). Evidently, their strategies
and positions toward how and whether to introduce fiber

optic production will be vastly different.

Several DC are confronted with a "dual economy"
situation. Simple rural lifestyles sharply contrast areas
of most advanced technology-oriented social patterns.

Several facts about fibercptic business - which have
been partly discussed in previous chapters - will now be

put forward as theses.
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13.2 Theses about optical fiber/cable production

1.

Optical fiber production (OFP) is a rapidly
developing high-technology business.

OFP is capital investment oriented.

Developing countries have little specific advantages
for OFP over industrialized countries. Labor cost is
only a minor factor, the raw materials required are

few, but highly refined.

Within DCs , optical fibers have yet to establish
their position as a viable transmission medium, in
competition with satellites, terrestrial microwave

and conva2ntional cable.

The market for high-quality fibers is vigorously
expanding, low-quality fibers are avaible in surplus
quantities.

A production facility for OFP should have a capacity
of the order of 100,000 fiber kilometers per year to
take advantage of economics of scale. Smaller units
may not be price-competitive internationally unless

specialty fibers are produced.

World wide installed OFP capacity is estimated bet-
ween 2,000,000 and 2,500,000 fiber kilometers pzr °
year, which is more than present annual sales.

Companies offering optical fiber systems have compe-
titive advantages over companies offering only fibers
and/or cables.

Setting up an OFP from laying the cornerstone will take
about two years until high-quality fibers with high yield

can be produced.




10.

11.

12.

13.

14.
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Comparing fiber production processes, highest value
added can be achieved with high-quality silica fibers,
produced by the"preform - then drawing"processes.

Consistently high quality silica fibers can only be
produced by highly automated, computer-controlled
machinery.

A minimum of 500 manyears have been invested in R & D
of today's major production processes.

The distribution of value added between fiber and
cable is approximately 50:50 (including installation
instrumentation/equipment on the cable side).

In the field of plastic fibers, there is a single
major supplier world-wide that is determined to keep
his monopoly. However, even with high market pene-
tration plastic fibers will make up for only a small

portion of the telecommunications market, because

the lengths involved are rather short.
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13.3 Approaches to acquire technology

Table 13.1 shows the principal approaches toward &cqui-
sition of a novel technology by a DC. Refering to OFP,
independent development would mean that the DC involved

develops its own technology from scratch, with no or little

outside help. Buying patent licenses means the permission

to use patents obtained at low cost from the patent assignee.
The bulk of problems in setting up the production would rest
with the DT in this scheme. Buying a technology package is

understnod as a scheme in which a foreign company sets up
a production unit in a DC, initializes production, and then
turns over ownership and responsibility to a locally owned

and controled firm. Joint venture in the sense of this

study describes a situation in wich a DC-owned company,
being in possession of some relevant technological know-how
shares ownership, risk,and profit with a foreign company,
which contributes specific fiber optic technology. Import
of a complete production plant shall be understood as the

construction of a completely new fiber/cable production
unit in a DC by a foreign firm, e.g. a multinational com-
pany (MNC), retaining control over production and profits.




Table 13.1: Approaches to acquire technoloqgy.

Contribution of DC Ownership Profit Risk for DC
A Independent development very high domestic if any, very high
domestic
B Buying patent licenses high domestic if any, high
domestic
C Buying technology package med ium domestic if any, moderate
domestic to high
D Joint-venture med ium domestic/ domestic/ moderate
foreign foreign
E Import of complete plant low foreign mainly low

foreign

- gt -~
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13.*' Recommendations and implications

Carefully weighing the findings of this study we recommend
the following strategies for a DC wishing to enter fiber

production:

~ threshold countries: joint venture, approach D

- least developed countries: import of plant, approach E

{conditional recommendation)

Joint venture

This approach requires local existence of relevant know-
how. It could be provided by glass-making, chemical, cable,
or semiconductor industry. Also, a foreign company granting
fiher technology is needed. Economically, this approach
seems viable. A problem to be solved by bargaining is to make
the enterprise profitable and attractive for the fiber tech-
nology investor. This could be achieved e.g. by (temporary)
tax privileges, real estate grants, or creation of domestic
markets in combination with a telecom policy "buy domestic”.
*Local technological development” has just evolved as a means
of corporate competition between MNCs, a fact which could

aid in making the scheme work.

Socio-culturally speaking, the benefits for the DC would
lie in a strengthening of its telecom industry, of paramount
importance fordevelopment of the information society of
the future. The general level of technical skills and know-
ledge would be improved, assisting in implanting an affinity
for science and technology. Though only a small number of
people might be involved, it is a step in the direction of
efforts of industrialization. Glass fibers are a high-tech-
nology, high-quality product: familiarity with high-quality
products will raise awareness among workers about what high
quality is and how it can be produced. If, as recuired in
this scheme, some technology sectors are already in existence,
setting up a fiber/cable production would not, in itself,
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create a dual-economy situation. Finally, a successful joint
venture will strengthen the pride and the confidence of the

people in their own achievements.

Variant D1: Prepare for joint-venture fiber production

If a developing country should wish to enter fiber pro-
duction, e.g. because of viewing it as a step in leveloping
its telecom industry, but lacks know-how in one of the rele-
vant technology areas, a long-term strategy is outlined be-
low. This strategy is also highly recommended for approach D
(joint venture) as a paralleltrack effort, and consists of

the following steps, measures, and policies.

e Purchase foreign fiberoptic cables. Train PTT personnel
to become acquainted with problems of cable laying,
splicing, operation, maintance and repair on a test in-

stallation, if necessary with foreign assistance.

e Simultaneously set-up of a small research facility,
say 20 - 30 people, run and supported by a non-profit
organization (or the government).

e Buy a technology license and have the R & D facility
implement a small-scale trial production, if necessary
with help from foreign personnel. Try out every step
of fiber and cable production, starting with jacketing,
then cabling of pirchased fiber. Proceed to preform
making and fiber drawing.

s Develop the chemical industry (which also can serve
the semiconductor industry).

e Promote interaction, contact, and mobility between the
R & D group and the PTT personnel operating trial in-
stallation, in order to raise the state of training and
the awareness of problems.
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e protect the infant fiber/cable industrv by adequate

economic policy measures.
e Develop a domestic demand for fibers and cables.
This approach is a time-consuming one, taking of the
order of five years. The inherent strength of this strategy

is that a structure of production system is created similar

to those of advanced industrialized countries /Oshima 1983/.

Variante D2: Expand existing cable factory

The joint venture can favorably be grouped around a con-
ventional cable factory already operating in a DC. The dis-
cussion of approach D and variant D1 applies to this variant
by analogy. Many cable companies in industrialized countries
have chosen this approach. 1.1 search for new products they
have either developed or bought fiber technology. Here, we
restrict our discussion to the technology transfer alter-

native.

Concerning profitability, some of the machinery already
avaible (stranding machines, extruders, ...) could be used
in a modified form. Chances are high that native/qualified
personnel is already available that is familiar with some
kind of cable-manufacturing technology. Workers should be
trained step-by-step for the new technology. If the chemical
industry of the DC is unable to supply the necessary cquan-
tities of pure chemicals, a cost disadvantage would apply.

If the cable factory is partially owned by a multinational
enterprise, it could well be possible that branches in

other countries are already in wovossession of fiber know-
how that thev might be willing to share.




Existence of a domestic and/or regional market for opti-
cal fiber cables would be helpful. The resident cable com-
pany would have experience in dealing with such a market.
Restrictive policies to shut out foreign competition if so
desired - might not be necessarv.

As a first step in entering optical fiber business,
cables could be made from imported fibers. Technology trans-
fer would take place in the form of a high-technology semi-
product, the fiber.

Main advantages are: existing cabling know-how; use of
existing machinery, at least in modified form possible;
existing business relations with suppliers of cable raw
materials; very much relaxed requirements concerning clean-
room conditions as compared to fiber production. Risk would
be comparatively low, even if fiber import is discontinued
or when unexpected technical problems should arise: manu-
facture of conventional cable could continue. A certain
flexibility in producing either cable type could be main-
tained.

Disadvantages of this approach lie in the dependence on
punctual delivery of fibers and their availability in the
required quality, and in the fact that shipping costs are
incurred.

If the social gains of a DC, touched upon above, can

be shown to outweigh the organisational and commercial
problems, this variant D2 is definitely recommended.

Import of plant:

This approach would involve import of a complete factory
for OFP, including machinery and qualified personnel. The
responsibility of setting up the production would rest mainly
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with the foreign company acting as an entreprenour. Obviously,
this is the easiest but not the most profitable way to enter

the fiber market, as viewed from the DC involved.

170 invite a company to transfer an existing or to con-
struct a new production facility ipn a DC, tax and/or profit
transfer priviliges might be conceded. The share cf the value
added remaining in the DC would be small, the positive in-
fluence on the country's economy limited. The domestic market
would probably be served from such a plant, but it wculd not
be very important whether it exists. Finished products would
be exported anvway to a high degree. A cost disadvantage
of such a company would exist, due to the necessity of im-
port of all raw materials. Whenever the necess:i of repair
or maintenance would arise, foreign specialists would have
to be flown in from abroad.

Postive commercial aspects of this approach are: few re-
quirements concerning the state of development of the DC,
other than continous electric energy supply and access to
the factory by road, rail, ship or airplane; the factory
could be set up in the shortest possible time and *take up
production fast; capital investment from the side of the
DC would be small.

The following socio-cultural implications are foreseen.
In developing telecommunications, importing a fiber plant
provides an opportunity to leap-frog several technologies
and enter into fiberoptics age directly. Prior to a posi-
tive decision, a careful case study would have to prove
suitability of fiberoptics for the DC under discussion.
Any communications medium in a DC (and elsewhere) must ful-
fill some basic requirements:

® easy maintenance
e high reliability
e adaptability to local conditions

e economy .
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Very long repeater spacing and possibili*y to meet future
expansions and development are two important points in

favor of optical fibers /Murata et al 1983/.

Compared to many other branches of industry, fiber optics

is a clean business with little ecological interference.

Negative aspects are the creation or aggravation of a
dual-economy situation; only few workers, mainly unskilled,
would get a job in the factory; contro. of decision would

rest with the foreign company.

Altogether, this approach to acquire fiber technology is

conditionally recommended for least developed countries.

The other approaches listed in Section 13.3 are dis-

couragad.

Independent development:

Keeping in mind that of the order of 1,000 manyears
have been invested in the development of today's producticn
processes each, this is evidently a very costly strategy.
Even industrialized countries would be in a difficult posi-
tion to concentrate a large number of researchers and finance
their work. Such a development, started today, would alsc
bear fruit too late to catch a considerable market share.

Buying patent licenses or technology package:

These patiterns of technology transfer, thougi practiced
in the past in other branches of industry, do not seem
suited for optical fibers and cables. Capital investment
would be high as would be the risk. Once the patents or the
plant is handed ovexr to the DC owner, all technical problems
arising would be his problems. Even experienced management and

work force in industrialized countries fight hard to keep qua-
lity and yield high.
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13.5 Closing remarks

Two facts make it impossible to recommend a single tech- .

nology for high-guality silica fiber production.

First, the international patent situation is unclear. In
the courts of several industrial countries; above all the
U.S. (because it has the largest market by far!), vigorous
battles are waged for and against the acceptance of claims
of patent infringement. Corning Glass Works have a strong
patent position in several industrialized countries, but
their position remains not unchallenged. Basic patents of
glass fiber production will cxpire arournd the end of this
decade. In DCs the patent situz*ion might be more relaxed,
as major technology developing conpanies have not taken the

trouble to file patents in every coun'ry.

Second, "the race towards economic manufacturing of
high-quality fiber optics is just beginning ... A dominant
process, if ever, is not likely to emerge in this decade ..."
/Morrow and Schultz 1984/. Hence, in searching for a suit-
able technology, DCs should not only look for production
efficiency, but also for availability and accessibility of
this technology. Also, the process to be chosen should have

proven flexibility.

13.3.2_PcS_filkers

In the course of this study it became evident that the
production of the sometimes advocated PCS fibers should be
avoided, if production for telecommunications is aimed at.
They offer no real cost advantage in production, but can
always be plagued by problems arising from water at the

silica/plastic interface. If markets for fibers with lower
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quality (and lower selling price) can positively be defined,
all-glass SI fibers made by the double-crucible method are
the first choice.

13.5.3 Marketing

A well-defined home market is extremely helpful for star-
ting fiber/cable production. Without it, or without exact
as possible predictions of its volume, OFP in a DC might be
doomed to premature abortion. Markets in other DCs (regional
markets) an in industrialized countries must inevitably be
found to keep up production. Penetration of international
markets will probably require cooperation with established
fiber producers. Since cooperation on technology is a pre-

requisite for successful OFP this latter requirement is al-

ready met,
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Appendix A : Addresses of companies

AFA Industries
20 Jewell St.
Garfield,NJ 07026, USA

Airco Industrial Gases
575 Mountain Ave.
Murray Hill, N 07974, USA

American Fiber Optics Corp. (AMFCX)
1196 East Willow St.
Signal Hill, CA 90806, USA

Ando Electric Co. Ltd.
Overseas Sales Div.
Kamata 19-7

4-chome Ota-ku

Tokyo 144, Japan

Anritsu Electric Co. Ltd.
10-27 Minamiazabu
5-chome

Minato-ku

Tokyo 106, Japan

Apache Chemicals Inc.
P.O. Box 126
Seward, IL 61077, USA

Artcor
3001 Red Hill
2-109, Cosa Mesa, CA 92626, USA

Astro Industries Inc.
606 Olive St.
Santa Barbara, CA 93101, USA

BASF AG
P.O. Box 212
D-6800 Mannheim 1, Germany
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Belden Corp.

Fiber Optics Group
2000 S Batavia Ave
Geneva, IL 60134, USA

Berkenhoff & Drekes GmbH
P.0O. Box 1140
D-6334 Asslar, FR Germany

Beta Instrument Co. Ltd.

Halifax House

Halifax Rd

Cressex Industrial Estate

High Wycombe, Bucks HP12 35W, UK

BICC Telecommunication Cables Ltd
P.0. Box 1

Prescot

Merseyside, L34 5SZ, UK

BP Chemicals Ltd
76 Buckingham Palace Rd
London, SW1W 0SU, UK

Cabloptic SA
Rue de la Fabrique
CH-2016 Cortaillod, Switzerland

Canrad Hanovia Inc.
100 Chestnut St
Newark, NJ 07105, USA

CLTO (Comp. Lyonnaise Transm. Optiques)
35 rue Jean Jaures Bezons
F~95871, France

Corning Glass Works
Telecommunication Products Dept.
Baron Steuban Place

Corning, NY 14831, USA

DeSoto
1700 S. Mt. Prospect Rd
Des Plaines, IL 60018, USA
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Denton Vacuum Inc.
2 Pin Oak Lane
Cherry Hill, NJ 08003, USA

DuPont
E.I. DuPont de Nemours & Comp.
Wilmington, Delaware 192898, USA

Dussek Campbel Ltd.
Thamse Rd
pAl 403 Crayford - Kent, UK

Eagle-Picher Industries Inc.
(Electro-Optic Materials Dep.)
P.O. Box 727

Quapaw, OK 74363, USA

EOTec Corp.
200 Frontage Rd
West Haven, CT 06516, USA

Ericsson Radio Systems AB
P.0. Box 1001
S-43126 Molndal, Sweden

Ferro Technicque Ltd.
695 Montee de Liesse
Montreal

Quebec HAT 1P9, Canada

Flow Laboratories GmbH
Miihlgrabenstrage 10
D-5309 Meckenheim, FRB Germany

Fibres Optiques Industries (FOI)
11, Rue du Clos d'en Haut
F-78702 Conflans, France

Fotec
560 Harrison Ave
Boston, MA 02118, USA

Formsprag-Webster (Dana Corp)
11 Gore Rd
Webster, MA 01542, USA




Fujikura Ltd.
1-5-1 Kiba, Koto-ku
Tokyo 135, Japan

Furukawa Electric Co. Ltd
6-1 Marunouchi 2-chome
Chiyodaku, Tokyo 10C, Japan

GEC Optical Fibres
Church Rd
London E10 7JH, England

General Electric Co.
Semiconductor Prod. Dept.
W Genesee St

Auburn, NY 13021, USA

Hamamatsu Corp.
420 South Ave
Middlesex, NJ 08846, USA

Heathway Machinery Co. Ltd.
Uxbridge Rd
Hillingdon, Middlesex, UK

Heraeus-hmersil Inc.
650 Jer nees Mill Rd
Sayreville, NJ 08872, USA

Heraeus W C GmbH
Heraeusstrafe 12-14
D-6450 Hanau, FP Germany

Hewlett-Packard
Optoelectronics Div.

640 Page Mill Rd

Palo Alto, CA 94304, USA

Hitachi Ltd.

Fiberoptics Project Div.
5-1, Marunouchi 1-chome
Chiyoda-ku, Tokyo 100, Japan

Hoechst
P.0. Box 3540
D-6200 Wiesbaden 1, FR Germany
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KDK Fiberoptics Inc.
19 Midstate Dr
Auburn, MA 01501, USA

Killion Extruders Inc.
56 Depct St .
Verona, NJ 07044, USA

Klinger Scientific Corp.
110-20 Jamaica Ave
Richmond Hill, NJ 11418, USA

Lepel Corp.
59-21 Queens Midtown Expwy
Maspeth, NY 11378, USA

Lightwave Technologies Inc.
6737 vValjean Ave
Van Nuys, CA 91406, USA

Litton Engineering Laboratories
P.0. Box 950
Grass Valley, CA 95945, USA

Maillefer SA
CH-1024 Ecublens, Switzerland

Mitsubishi Rayon Co. Ltd.
2-3-19, Kyobashi
Chuo-ku, Tokyo 104, Japan

Newport Corp.
18235 Mt Baldy Cir
Fountain Valley, CA 92708, USA

Nippon Sheet Glass Co.
4-8, Dosho-machi .
Higashi-ku, Osaka 541, Japan

NKF Kabel BV

Telecommunications Div

Noordkade 64

P.0. Box 85

NL-2740 AB Waddinxveen, Netherlands
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Norrsken Corp.
P.O. Box 970
Cheshire, CT 06410, USA

Northern Telecom Canada Ltd.
P.0. Box 13070
Kanata, Ont. K2K 1X3, Canada

NTT - Ibaraki Electrical Comm. Lab.
Tokai - Ibaraki 319-11
Japan

Oi-Electric Co.
3-16 Kikuna 7-chome
Kohoku-ku

Yokohama 222,Japan

Omiya Chemical Corporation
4-3, Nihonbashi hon-cho
Chuo-ku, Tokyo 103, Japan

OptecDaiichi Denko Co. Ltd
2-9, 1-chome, Haichiman-cho
Higashikurume-City

Tokyo, Japan

Phalo/Optical Systems Div.
900 Holt Ave

East Industrial Park
Manchester, NH 03103, USA

Philips Industries
Eindhoven
Netlerlands

Photodyne Inc.
948 Tourmaline Drive
Newbury Park, CA 91320, USA

Photon Kinetics Inc.
P.O. Box 1481
Beaverton, OR 97075, USA

Pilkington Fibre Optic Technologies
Glascoed Rd

St. Asaph

Clwyd LL17 OLL, Wales




- 260 -

Ouante Lasertechnik GmbH
Norksh&uschen 25
bD-5600 Wuppertal 1, FR Germany

Reel-0-Matic Systems Inc. .
P.O. Box 69

418 Hellam St

Wrightsville, PA 17368, USA

RMT Srl
Via Poliziano 52
I-10153 Torino, Italy

Rosendalll Maschinen GmbH
Siidstadtzentrum 2, P.O. Box 55
A-2346 Maria Enzersdorf, RAustria

Seier Helmuth GmbH
Mihlgrabenstrage 10
D-5309 Meckenheim, FR Germany

Standard Elektro Lorenz AG (SEL)
Hellmuth-Hirth-Strae 42

D-7000 Stuttgart 40

FR Germany

Shin-etsu Chemical Co. Ltd.
2-6-1, Ohte-machi
Chiyoda-ku, Tokyo 100, Japan

Showa Electric Wire & Cable Co.
Toranomon 1-chome
Minato-ku, Tokyo, Japan

Siemens AG

Hofmannstrage 51

P.0. Box 7000745

D-8000 Miinchen, FR Germany

Sievert Kabelverk
S-17287 Sundbyberg, Sweden

Speceram SA
Le Col-des-Roches
CH-2412, Switzerland
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SpecTran Corp.

Hall Rd

P.O. Box 650

Sturbridge, MA 01566, USA

Stauffer Chemical Co.
Nvala Form R4
Westport, CT 06880, USA

Sumitomo Electric Industries Ltd
1 Taya-cho, Totsuka-ku
Yokohama 244, Japan

Synthatron Corp.
50 Intervale Rd
Parsippany, NJ 07054, USA

Tau-Tron Inc.
27 Industrial Ave
Chelmsford, MA 01824, USA

Tektronix Inc.
P.O. Box 1700
Beaverton, OR 97075, USA

Thermal American Fused Quartz Co.
Route 202
Montville, NJ 07045, USA

Toshiba Ceramics Co. Ltd.
Shinjuku nomura Bldg.

1-26-2, Nishi shinjuku
Shinjuku~ku, Tokyo 160, Japan

Tylan Corp
23301 S Wilmington Ave
Carson, CA 90745, USA

Valtec
99 Hartwell St
W Boylston, MA 01583, USa

Ventron GmbH
ZeppelinstraBe 7
D-75000 Karlsruhe 1, FR Germany
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Vickers Instruments Inc.
300 Commercial St

P.O. Box 99

Malden, MA 02148, USA

Wacker-Chemitronic GmbH
P.O. Box 1140
D-8263 Burghausen, FR Germany

Wale Apparatus Co.

400 Front St

P.O. Box D

Heller town, PA 18055, USA

Western Electric Co.
Atlanta Works

2000 Northeast Expressway
Norcross, GA 30071, USA

Wiener Kabel- u. Metallwerke GmbH
SiemensstraBe 88
A-1210 Wien, Austria

York Technology Inc.
1101 State Rd

Bldg Q

Princeton, NJ 08540, USA

Dvnamit Nobel AG
D-5210 Troisdorf
FR Germany

Frisch Kabel- und
Verseilmaschinenbau GmbH
KaiserwertherstraBe 79
D-4030 Ratingen, FR Germany

Standard Telecommunications
Laboratories Ltd (STL)
London Road

Harlow Essex, CM17 9NA, UK

(WKM)
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Appendix B: Glossary

Absorption: In an optical fiber, the lightwave power

attenuation due to absorption in the fiber core naterial.

Acceptance Angle: The angle measured from the longitudinal
centerline up to the maximum acceptance angle of an in-
cident ray that will be accepted for transmission along
a fiber. The maximum acceptance angle is dependent on
the indices of refraction of the two media that deter-

mine the critical angle.

Attenuation: The decrease in signal strength along a fiber-
optic waveguide caused by absorption scattering and
bending loss. This parameter is usually measured in
decibels per kilometer. For instance, an attenuation of
3 dB means a reducticn of the transmitted power to the
half.

Avalanche photodiode (APD): Characterized by the internal
amplification of hole-electron pairs that "avalanche"”

and create additional hole-e. 'ctron pairs.

Bandwidth: The range of electric signal frequencies within
which a fiberoptic wavegquide or terminal device performs

at a given specification.

Beam divergence: Tha increase in beam diameter from an
optical source, such as a laser or LED, with increasing
distance.

Bending loss: Attenuation caused by radiation from the side
of a bent fiberoptic wavegquide. Bending losses occur
when a fiber curves around a restrictive radius and micro-
bends occur when a waveguide is poorly cabled.
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Bit-error rate (BER): The fraction of binary diqaits (bits)
transmitted that are received incorrectly. In fiberoptic

9

systems BER is typically 10 ~. This means that an average

of one bit per one billion sent will be read wrong by the

receiver.
Buffer: See fiber jacket.

Cable jacket: The outer protective covering applied over

the internal cable elements.
C3-laser: Cleaved-coupled-cavity laser.
CAD/CAM: Computer-aided design/computer-aided manufacturing.
CATV: Common-antenna television or cable television.

CCTV: Closed-circuit television.

Cladding: The low refractive index material that surrounds

the core of an optical waveguide.

Coating of the fiber: The material surrounding the cladding
of a fiber. Mostly made from plastic, it rrotects the

fiber from damage.

Coherent light: Light that has the property that at any
point in time or space, particularly over an area in a
plane perpendicular to the direction of propagation or
over time at a particular point in space, all the para-
meters of the wave are predictable and are correlated.

Concatenation: The process of connecting pieces of fiber
to a link, either by splicing or by connectors. The con-
catenation factor describes the effect of concatenation
on bandwidth,
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Core: The central primary light-conducting region of an
optical fiber, the refractive index of which must be
higher than that of the cladding in order for the light
waves to be internally reflected or refracted. Most of

the optical power is in the core.

‘talk: The undesired coupling of energy from signals
veling on one conductor interfering with signals on
nother conductor. Optical waveguides that are intact

eliminate crosstalk.

Cut-off wavelength: A single-mode fiber supports only one
mode (= the fundamental mode), if the wavelength is
longer than cut-off wavelength. Below this wavelength

more modes may be guided.

CVD (chemical vapor deposition): Process adapted from semi-
conductor technology and used to make preforms for

drawing optical wavegquide.

Dark current: The current that flows in a photodetector
when there is no radiant energy or light flux incident

upon its sensitive surface (i.e., total darkness).

Data bus: In an optical communication system, an optical
waveguide used as a common trunk line to which a number
of terminals can be interconnected vusing optical couplers.

Data bus coupler: In an optical communication system, a
component that interconnects a number of optical wave-
guides and provides an inherently bidirectional system
by mixing and splitting all signals within the component.

dBm: A unit for power indicating decibels above or below
one milliwatt (m¥).

DFB-laser: Distributed-feedback laser.
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Double crucible: A process for drawing optical waveguide in
which two crucibles are used. The outer crucible contains
the cladding glass; the inner crucible contains the core
glass. The nozzles of the two crucibles converge at the

bottom and fiber is drawn from the melten constituents.

Dopant: A material mixed, fused, amalgamated, crystallized,
or otherwise added to another (intrinsic) material in
order to achieve desired characteristics of the resulting
material. For example, the germanium tetrachloride or tita-
nium tetrachloride used to increase the refractive index

of glass for use as an optical-fiber core material.

Edge-emitting LED: A light-emitting diode with a spectral
output that emanates from between the heterogeneous
layers (i.e. from an edge), having a higher output in-
tensity and greater coupling efficiency to an optical
fiber or integrated optical circuit than the surface-
emitting LED.

FDM: Frequency division multiplexing.

Fiber core diameter: In an optical fiber, the diameter of
the higher refractive index medium that is the primary
transmission medium for the fiber.

Fiber diameter: The diameter of an optical fiber, normally
inclusive of the core, the cladding, and any adherent
coating not normally removed when making a connection.

Fiber dispersior: The lengthening of the width of an electro-
magnetic-energy pulse as it travels along a fiber; caused
by materia’ dispersion due to the frequency dependence
of the refractive index by modal dispersion, due to
different group velocities of the different modes, and
by waveguide dispersion due to frequency dependence of
the propagation constant of that mode.
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Fiber jacket: Material surrounding the fiber (core, cladding
and coating) in order to protect it from physical damage.
Sometimes the jacket is in close contact with the fiber

= tight 3acket), sometimes a buffer tube allows the

fiber to move (= loose tube).

Fiberootic cable: Optical fibers incorporated into an
assembly of materials that provides tensile strength,
external protection, and handling properties comparable

to conventional electrical cables.

Fiberoptic communications (FOC): Communication systems and
components in which optical fibers are used to carry

signals from point to point.

Fiber optics: The technology of guidance of optical power,
including rays and waveguide modes of electromagrnetic
waves along conductors of electromagnetic waves in the
visible and near-infrared region of the frequency spec-
trum, specifically when the optical energy is guided to
another location through thin transparent strands.

FRP: Fiber reinforced plastics, used as strength members

in fiberoptic cables.

Fused Quartz: Crystalline quartz that is melted and cooled
to form an amorphous glass. Fused quartz is used to make
the tubes for optical waveguide preforms.

Fusion splicer: An instrument that permanently joins two
optical fibers by heating and fusing the ends together.

Gallium aluminium arsenide (GaAlAs): The compound used to
make most sumiconductor lasers that operate at 800 to
900 nanometers in wavelength.




- 268 -

Geometric optics: The optics of light rays that follow
mathematically defined paths in passing through optical
elements such as lenses and prisms and optical media
that refract, reflect, or transmit electromagnetic
radiation.

GI-fiber ( graded-index fiber): An optical fiber with a
variable refractive index that is a function of the radial
distance from the fiber axis, the refractive index get-
ting progressively lower away from the axis. This charac-
teristic causes the light rays to be continually re-
focussed by refraction into the core. As a result, there
is a designed continuous change in refractive index bet-
ween the core and cladding along a fiber diameter.

Infrared (IR): A portion of the electromagnetic spectrum
where the wavelength of radiation is between 750 nano-
meters and 10,000 nanometers. The shorter end of this
range is frequently called "near" infrared, and the
longer range is called "far" infrared.

Injection laser diode (ILS): A diode operating as a laser
produc ing a monochromatic light modulated by injection
of carriers across a p-n junction of a semiconductur

having narrcwer spatial and spectral . emission
characteristics for longer-range higher-data-rate systems
than the LEDs, which are more applicable to larger-
diameter and larger-numerical aperture fibers for lower
~information bandwidths.

Insertion loss: In lightrave transmission systems, the
power lost at the entrance to a waveguide, such as an

optical fiber or an integrated optical circuit due to
any and all causes.

Intermodal dispersion: Dispersion effect in multimode
fibers due to optical power running via different wave-
guide modes.




- 269 -

Integrated optics: The interconnection of miniature optical
components via optical waveguides on transparent dielectric
substrates, using optical sources, modulators, detectors,
filters, couplers, and other elements incorporated into
circuits analogous to integrated electronic circuits for
the execution of various communication, switching, and

. logic functions.

Intramodal iispersion: NDispersioneffects in a single-mode

fiLber within this mode.
ISDN: Integrated services digital network.

LAN: Local area network, a non-public data network established

for a special purpose and for selected users.
Laser diode: See injection laser diode.

Laser line width: In the operation of a laser, the wavelength
range over which most of the laser beam's energy is
distributed.

Light: Radiant electromagnetic energy within the limits of
human visibility and therefore with wavelengths to which
the human retina is responsive. Approximately 380 to
780 nm.

Light-emitting diode (LED): A diode that has applications
similar to those of a laser diode. The output power is
lower, the limiting modulation rate is lower, but the

; LED has greater simplicity, tolerance and ruggedness.

The spectral width is about 10 times that of a laser diode
radiation.

Light source: A generic term that includes lasers and LEDs.
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Iightwave communications: That aspect of communications and
telecommunications devoted to the development and use
of equipment thatruses electromagnetic waves in or near
the visible region of the spectrum for communication
purpose. Lightwave communication equipment includes
sources, modulators, transmission media, detectors, conver-
ters, integrated optic circuits, and related devices,
used for generating and processing lightwaves ., The term
"optical communications" is oriented toward the notion
of optical equipment, whereas the term "lightwave commu-

nications” is oriented toward the signal being processed.

Long-wavelength: As applied to fiberoptic systems, this term
generally refers to operation at wavelengths in the range
of 1,100 nanometers to 1,700 nanometers. Some experimen-
tal work in fiberoptic systems is being done at even

lcneerwavelengths-out to 30,000 nanometers.

Material dispersion: Bandwidth limitation due to variable
material property in an optical transmission media used
in optical wavequides, such as the variation in the re-

fractive index of a medium as a function of wavelength.

MCVD: Modified chemical vapor deposition, inside-tube pro-

cess for preform fabrication.

Microbending loss: In an optical fiber, the loss or attenu-
ation in signal power caused by small bends, kinks, or
abrupt discontinuities in direction of the fibers, usually
caused by fiber cabling or by wrapping fibers on drums.

MNC: Multinational company.
Mode: An electromagnetic oscillation that propagates along

an optical wavequide; modes are characterized by the dis-
tribution and direction of magnetic and electric fields.
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Monochromatic light: Electromagnetic radiation, in the
visible or near-visible (light) portion of the spectrum,

that has only one frequency or wavelength.

Monomode fiber: = Single-mode fiber.

Multimode fiber (MM): An optical fiber that permits the

propagation of more than one mode.

Multiplexing: The combining of information signals from
several channels iato one single optical channel for

transmission.

Near infrared: Pertaining to electromagnetic wavelengths
from 750 to 3,000 nm.

Numerical aperture (NA): A measure of the light-accepting
property of an optical fiber. As a number, the NA ex-
presses the light-gathering power of a fiber. It is
mathematically equal to the sine of the acceptance
angle. The numerical aperture is also equal to the sine
of the half-angle of the widest conical bundle of rays
capable of entering a lens, multiplied by the index of
refraction of the medium containing that bundle of rays
(i.e., the incident medium).

OFP: Optical fiber production.

Optical fiber: A single discrete optical transmission element

usually consisting of a fiber core and a fiber cladding.
As a light-guidance system (dielectric waveguide) that

is usually cylindrical in shape, it consists either of a
cylinder of transparent dielectric material of given re-
fractive index whose walls are in contact with a second
dielectric material of a lower refractive index, or of a
cylinder whose core has a refractive index that gets pro-
gressively lower away from the center. The length of a
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fiber is usually much greater than its diameter. The
fiber relies upon internal reflection to transmit light
along its axial length. Light enters one end of the fiber
and emerges from the opposite end with losses dependent

upon length, absorption scattering, and other factors.

Optical transmitter: A source of light capakle of being mo-
dulated and coupled to a transmission medium such as an

optical fiber or an integrated optical circuit.

OTDR: Optical time domain reflectometer, instrument to

measure attenuation in fibers.
OVD: Outside vapor deposition.

OVPO: Outside vapor phase oxidation, process for manufactu-
ring fiber preforms.

PCS: Plastic clad silica fiber, a fiber with a silica core

and a plastic cladding.

PVCD: Plasna —activated chemical vapor deposition, irside-

tube process for preform fabrication.

Photodetector: A device capable of detecting or extracting
the information from an optical carrier.

Photodetector responsivity: The ratio of the output current
or voltage of a photodetector to the optical power input.
In most cases, detectors are linear in the sense that
the responsivity is independent of the intensity of the
incident radiation. Thus, the detector response in amps
or volis is proportional to incident optical power in
wvatts.
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Photodiode: A two-terminal device that converts - .~ident
light to an electrical current or voltage. The most
common types are silicon in which detection is at a p-n

junction.

Photon: A quantum of electromagnetic energy. The energy of
a photon is h/(c/A), where h is Planck's constant, c is

the speed of light, and A is the wavelength.

Pigtail: A short length of optical waveguide permanently
attached to a light source or photodetector . The pic-

tail facilitates the use of connectors.

PIN diode: A junction diode doped in the forward direction
positive, intrinsic, and negative, in that order. PIN
diodes are used as photodetectors in fiber and inte-

trated optical circuits.

Preform: A tube or rod composed of glass compounds that
are inserted into a furnace and from which optical

waveguide is drawn.

Pulse Dispersion: A separation or spreading of input optical
signals along the length ¢of a transmission line, such as
an optical fiber. This limits the useful transmission
bandwidth of the fiber. It is expressed in time and dis-
tance as nanoseconds per kilometer. Three basic mechanisms
for dispersion are the material effect, the waveguide

! effect, and the multimode effect.

Refraction: The bending of oblique (nonnormal) incident
electromagnetic waves or rays as they pass from a medium
of one index of refraction into a meaium of a different
index of refraction, coupled with the changing of the
velocity of propagation of the electromagnetic waves
when passing from one medium to another with different
indices of ref.action. The waves or rays are usually
changed in direction (i.e., bent) crossing the media in-

terfare  ccording tu 3Snell's law,
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Refractive index: (1) The ratio of the velocity of light in
a vacuum to the velocity of light in the medium whose
index of refraction is desired. (2) The ratio of the
sines of the angle of incidence and the angle of refrac-
tion when light passes from one medium to another. The
index between two media is the relative index, while the
index when the first medium is a vacuum is the absolute

index of the second medium.

RF~-MCVD:Radio frequency-enhanced modified chemical vapor

deposition.
SDM: Space division multiplexing.

Semiconductor laser: A laser in which lasing action occurs
at the junction of n-type and p-type semiconductor ma-
terials. Most such lasers used in fiberoptic systems
are made of GaAlAs. The wavelength of the emitted light
may be varied from 730 nm to 925 nm by varying the alu-
minum content. The InGaAsP laser emits light at wave-
lengths from 1,020 nm to 1,700 nm. Semiconductor lasers
are size compatible - about the size of a grain of
sand - with optical waveguides. The lifetime of these
devices is projected to be 100,000 hours.

SI-fiber (Step-index fiber): Afiber in which there is an
abrupt change in refractive index between the core and
cladding along a fiber diameter, with the core refractive
index higher than the cladding refractive index. These
may be more than one layer, each layer with a different
refractive index that is uniform throughout the layer,
with decreasing indices in the outside layer.

Silica: Silicon dAioxide, 5102. This material occurs naturally
as rock crystal, or quartz. wWhen SiO2 is used as a chemi-
cal compound, it is melted and forms fused silica.
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Silicon tetrachloride (SiC14); The major constituent of
optical waveguides, SiCl4 ie usually furnished as a
licuid, and oxygen is bubbled into the container. This
results in the formation of a gas that is directed into
a fused quartz tuke, which (mixed with other gases and
oxidized) beccines the preform from which optical wave-

guide is drawn.

Single-mode fiber (SM)}: A fiber waveguide that supports
the propagation of only one mode. The single-mode fiber
is usually a low-loss optical wavequide with a very
small core . It requires a laser source for the input
signals because of the very small entrance aperture
(acceptance cone). The small core radius approaches the
wavelength of the scurce; consequently, only a sirngle
mode is propagated.

Sol-gel: Development Al ow-temmerature process for preform

fabrication.

Spectral bandwidth: The wavelength interval in which a
radiated spectral quantity is a specified fraction of
its maximum value. The fraction is usually taken as
50 %3 of the maximum power level. If the electromagnetic
radiation is light, it is the radiant intensity half-
power points that are used.

Splice: A nonseparable junction joining one optical con-
ductor to another.

Surface-emitting LED: A light-emitting diode with a spec-
tral output that emanates from the surface of the layers,
having a lower output intensity and lower coupling
efficiency to an optical fiber or integrated optical
circuit than the edge-emitting LED and the injection
laser.,

TPM: Time division multi»nlexing.
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Total internal reflection (TIR): The reflection that occurs
within a substance because the angle of incidence of
light striking the boundary surface is in excess of the

critical angle.

VAD: Vapor axial deposition, tubeless process for preform

fabrication.

VLSI: Very large scale integration.

Waveguide dispersion: The part of the total dispersion
attributable to the dimensions of the waveguide since
they are critical for modes allowed and not allowed to
propagate, such that waveqguide dispersion increases as
frequency decreases, due to these dimensions and their

variation along the length of the guide.

WDM: Wavelength division multiplexing, a technique to ex-
ploit to a higher degree the capacity of a fiber by
using several light sources emitting light at different
wavelengths.
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