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Abstract–This paper describes important studies necessary to design

submarine optical fiber cables. These include a study for deciding the
optimum single-mode fiber parameters to suppress losses during cabling,

cable laying, and so on. It afso includes a study on the neeessary fiber

proof test conditions to prevent fiber breakage during cable handling,

that is, during cable laying and recovery and to assure long-term fiber

reliability.

Submarine opticat fiber cable sea trial results we also stated for
cables designed applying these studies.

I. INTRODUCTION

T HERE is a possibility of realizing high-performance sub-

marine optical fiber cables by applying the excellent

characteristics of optical fibers to submarine cables. Certain

cable structure proposals and various reports on experiments

have already been made [1] - [4] , and similar studies on sub-

marine optical fiber cables are now under way in diverse fields

of application.

The field of optical fibers has already developed so much

that low-loss 0.5 dB/km and 0.2 dB/km single-mode fibers [5],

[6] can be produced. The advantages of submarine optical

fiber cables are increasing.

This paper deals with outcomes of studies on designing sub-

marine optical fiber cables. The studies to be introduced here

deal with optical fiber parameters that can reduce the loss

variation caused by cabling and laying and with the strength of

optical fibers required to endure cable laying and repair work

and to prolong reliability. This paper also includes the results

of an ocean test which was conducted taking into account the

outcomes of these studies. The paper further indicates that

the prospects are good for developing such submarine optical

fiber cables.

II. STUDIES ON SELECTION OF SINGLE-MODE

OPTICAL FIBER PARAMETERS

We discuss here how to select the optical fiber parameters

which contribute to limiting as much as possible the loss from

cabling and/or laying.

There are several factors which cause transmission loss over

a given relay link of a submarine optical fiber cable system,

and these are examined.
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A. Coupling Loss Between Semiconductor Laser and

Single-Mode Fiber

The output field pattern from a semiconductor laser and

that of the LPOI mode of a fiber [7] can be approximated by

Gaussian distribution. As shown in Fig. 1, the coupling effi-

ciency can be estimated by the equation shown below, when

the semiconductor laser facet and the fiber-end facet are set

Z pm apart [8] :

46)IU26.);
q= [(6$ + (da)’ + I’Z’/n’] ‘/2[(6); + 6);)2 + A’Z’/T’] ‘/2

(1)

where co1 and 02 indicate the spot sizes of the semiconductor

laser vertical and lateral to its substrate plane, QO is the spot

size of the LPO1 mode, and A is the optical wavelength.

The spot size of tie LPO1 mode can be expressed approxi-

mately by the following equation [9] :

uO/a = 0.65 + 1.619 /V312 + 2.879/V6 (2)

where a is the core radius of the fiber and V is normalized

frequency.

Fig. 2 shows the coupling loss QCObetween a semiconductor

laser operating at 1.3 Vm and a fiber, which was found by using

the measured spot sizes of the semiconductor laser. The fol-

lowing values are used: CJI = 1.49pm and c+ = 1.24pm [10],

and the distance between end faces Z = 10 pm. It indicates

the loss as an equal loss curve on the plane of relative retractive

index difference and core diameter; it is shown that there is an

optimum relative refractive index difference and core diameter

to minimize the coupling loss. This can be accounted for by

the fact that a greater relative refractive index difference leads ‘

to a smaller beam waist of the LPO1 mode, and the latter can

be well matched with the field pattern of the semiconductor

laser. Propagation can only be achieved in the LPol mode

while the normalized frequency V is less the 2.4. If frequency

V exceeds 2.4 then propagation must be the multimode opera-

tion region. Fig. 2 shows only the single-mode operation

region.

B. Bare Fiber Transmission Loss

The losses of bare fiber are generally caused by ultraviolet

absorption. infrared absorption, Rayleigh scattering, and wave-

guide imperfections. The losses caused by ultraviolet absorp-
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Fig. 1. Coupling between semiconductor laser and single-mode fiber.
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Fig. 2. Coupling loss between semiconductor laser and single-mode
fiber.

tion auv, infrared absorption alR, and Rayleigh scattering
a~ can be expressed by the following equations [11] :

15.42An
10“2 exp

auv = 4.46An +60 ()
4$ [dB/km] (3)

()

48.48
@ =7.81 X 1011 exp -—

A
[dB/km] (4)

aR = (0.75 + 0.45 An)/A4 [dB/km] (5)

where An (percent) denotes the relative refractive index dif-

ference between core and cladding. The waveguide imperfec-

tion loss aI is mainly attributable to a micro variation of the

core-cladding interface, as well as to residual bubbles; this type

of loss can be assumed to be independent of the wavelength

and constant. Hence the average of the measured values [15] ,

as shown below, is considered an appropriate value:

~r = 0.2 (dB/km).

C. Loss from Cabling and Laying

When a cable is made of optical fibers and is laid, the fiber

loss is increased by the lateral pressure applied locally. Fig. 3

shows the mean values of measured losses before and after the

cabling and laying in our field trial for nonrepeater submarine

optical fiber cable [ 12] . The mean parameter values for the

single-mode fiber include for the core diameter 2a = 10.0 ~m,

and for the relative refractive index difference An = 0.24 per-

cent. The measured loss before loading on the laying ship

includes the loss caused by cabling and splicing. The loss

increase caused by cabling and laying only is discussed. After

cabling and laying increased losses were observed for wave-

lengths longer than 1.5 pm; these losses are estimated to be an

accumulation of losses caused by numerous bends caused locally

by lateral pressures on the fibers. It is hard, however, to indi-

vidually measure the radius of curvature and length of each
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Fig. 3. Excess loss due to cabling and laying.

actual bend. Thus, we assumed that the even bends at a given

radius occurred over the whole fiber. Bending loss ab for the

LPOI mode can be expressed by the following equation [13] :

(6)

where /3 indicates the propagation constant in the LPOI mode,

u and w are the normalized transverse propagation constants

in the core and cladding, RC is the radius of curvature of bend-

ing, and K1 is a modified Bessel function of order 1. On the

basis of the above assumption we can estimate the equivalent

radius of curvature of bending caused by the cabling and lay-

ing to be RC = 40 mm corresponding to the loss acz caused by

cabling and laying, which are shown in Fig. 3.

D. Splicing Loss

The splicing loss may be attributed to 1) the core axial dis-

placement, 2) the angular displacement, and 3) the end face

imperfection.

We discuss here the main loss factor, viz. the core axial dis-

placement. The loss a, resulting from a given axial displace-

ment x can be calculated by the following equation [14] :

a$ = 4.34 Kx(x/a)2

(7)

where Jo and JI are Bessel functions of order O and 1. On the

basis of the measured loss from splicing using a monitored

fusion machine [15] , we assume the mean axial displacement

Xau to be 1.25 Pm. The total splicing loss should therefore be

(L& + 3)~, (X= 1.25 Mm)

where Lt indicates each relay link (km), 1P(km) is a single piece

length of cable, and four splices are provided in each repeater.

E. Optimum Parameters

The total loss a of output light from the time of output from

the semiconductor laser until it reaches the optical receiver

can be estimated by summing up the different losses as men-

tioned in the preceding paragraph. Hence the following can

be established:

c!=~co +a~~+&lR +@R +aI+aCl+(L& +3)~~. (8)

Fig. 4 shows the total loss a as an equal loss curve on the plane
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Fig. 4. One “repeater spacing overall loss when&= 80 mm.

of relative refractive index difference and core diameter, when

a given relay link is 30 km and each piece leflgth is 5 km. There

is a region where the minimum 10SSexists in this plot of the

core diameter and relative refractive index difference; the area

in which the total loss is less than 27.5 dB and which’is a sjngle-

mode region is shown in Fig. 4 by the hatched area. In plotting

this diagram we calculated Rc to be 80 &m, considering it

possible to enlarge the equivalent racljus of curvature from the

cabling and laying effect by means ~f improved cabling tech-

niques and cable structures.

The core, diameter should be 7-10 Km and the relative refrac-

tive index difference 0.22-0.32 percent, while the total loss

should be less than 27.5 dB. Fig. 5 shows the total loss Where

the relatiye refract~ve index difference is the abscissa; a vini-

mum loss of 27 dp is possible when the core diameter is 9 pm

and An = 0.23 percent. All the losses caused by the various

factors are shown by the dotted lines in the diagram. The

coupling loss, bare fiber 1’OSS,and splicing loss change gradually.

However, the losses caused by cabling and laying rapidly ipcrease
when the value An becomes smaller.

Based on the data of Section H-C, the equivalent radius is

40 mm. In this case, the optimum fiber parameters are relative

refractive index difference An = 0.28 percent and core diam-

eter 2a = 9 Mm.

III. ELONGATION OF CABLE AND O?TICAL FIBER

DURING LAYING AND RECO.VERY

Great tension is applied to the submarine optical fiber cable

during laying and recovery. The optical fibers should be strong

enough to absorb such elongation. In this section we discuss

the elongation of cable and optical fiber during laying and

recovery for the purpose of determining the required strength

of optical fiber.

A. Tension During Laying

Assuming the underwater weight of the submarine opticaf

fiber cable per unit length to be W and the laying depth to be

h, the underwater cable weight is represented by B%. To this

is added dynamic tension caused by waves and the rolling of

the laying ship. The total tension on the cable during laying

can then be expressed by the following equation:

T=al Wz (9)

where al is the coefficient based on dyn~ic tension.

581

40

30

g
20

g
-1

to

o

K
I
I wavelength i.3pm
I 20= 9pm
1 One repeaterspocing
I ~yer~l[ IOSS~

I
I

I
I
I I
i I

[

Fiber loss
\
\ f auv+a,R +aR+ar

\
__-- —-

,f_---l-- --------

\
‘;:%9 R; I$ig+)cl\
1.

\
N 1’

‘4. +
I -----

Splicing loss dS \

)---?’=”:’=::+---

-0 0.1 0.2 0.3 0.4 0.5
Relafive refmcfive index difference An (%)

Fig.,5. Loss dependency on An.

We set al = 1.5, taking into account the tension variation in

the sheave onb,oard caused by waves and the variati~ns in the

cable feeding speed {16].

B. Tension During Recove~

There are two c~ble recovery methods. With one, the cable

is raised in a cat?nary shape without cutting it (cable raising

method). With the other, the cable is cut and taken up from

the cutend (cable recovery method).

1) Cable ~a~ing Method:’ Greater tension is gen~rall,y

applied to, t@ cable during raising than during laying. This is

caused by the fricti,on between the sea bottom and the cable

itself. If the cable is raised in the catenary shape, its tension

during raising can be expressed by the following equation [ 17] :

T=cv2(e, &)Wh (lo)

where e ,denotes the slack and # ,denotes the friction coefficient

on the sea bottom. A detailed description of CV2is given in

Appendix 1. To set az = 2.5 in a calculation based on the

~quation shown in Appendix I, it is sufficient to set the slack

e to 5 percent or more if the friction coefficient on the sea

bottom p = 0,3, or to 7 percent or more if p = ‘0.5. For the

following examination, we further set the design target of a2 =

3.0, considering a variatiQn in dynamic tension of 0.5 W~ due

to the ship.

2) Cable Recovery Process: The following equation applies

to the estimation” of tension when the cable is cut and raised

from its cut end [18]:

T=a3(0,, q, U) W% (11)

where 19~denotes the recovery angle, H is the hydrodynamic

coef~ciehtj qnd u is the ship speed. A detailed description” of

aq is also given in Appendix II. Since the hydrodynamic Co-

efficient of the cable structure under study was about 60

(degree . knot), if we set the ship speed v = 1 knot, and the

recovery angle es = 8Q0 or more, almost perpendicular, it is

sufficient to estimate that as = 2.0, based on the equation
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shown in Appendix H. Considering the variation of dynamic

tension to be 0.5 Wh, we set the design target to ~~ = 2.5.

C. Elongation of Subrnan”ne Optical Fiber Cable During

Laying and Recovery

Applying the theory in Section HI, we estimated the cable

tension during laying and recovery using 1.5 Wh for the laying,

3 Wh for the raising, and 2.5 Wh for the recovery process. Fig.

6 shows the structure of the submarine optical fiber cable of

understudy and Fig. 7 shows the elongation characteristics of

the cable. The underwater weight of the cable is about 0.64

kg/m.

Tables I and II show the tension during laying and recovery,

as well as the elongation of the optical fiber during laying and

recovery, all of which were estimated based on the aforemen-

tioned theory and the cable elongation characteristics shown

in Fig. 7. The elongations of both the cable and optical fiber

were assumed equal because we designed the cable and the

fibers were to be drawn out equally. However, the elongation

vahre for the optical fiber of 0.08 percent was added asbending

distortion Cb in our study.

In the cable raising from a depth of 6000 m the cable tension

was 11.6 tons, as shown in Table I, meaning that the possibil-

ities of breaking such a cable would be quite high, if the

designed cable tension were 12 tons.

The estimated tension when lifting the cable from a depth of

6000 m is not therefore shown in Table 11,

IV. ASSURANCE OF OPTICAI. FIBER STRENGTH

Great tension is applied to the cable during laying and recov-

ery, as already mentioned, and the fibers are thus drawn out.

To assure that the optical fibers will not break for a long time,

it is essential to set up certain means of assuring the optical

fiber strength, One effective means of doing so is to develop

optical fibers which hold up during proof tests.

As is well known, the lifetime of optical fibers depends on

microscopic cracks. According to Charles’ model [ 19] the
growing speed of cracks can be expressed by the following

equation when a certain strain is applied to the optical fiber:

()
J’42

$. con E e-A/R T

P
(12)

where x is the size of the crack, n and R are the constants that

are determined by the atmosphere, p is the curvature of the

crack tip, T is the absolute temperature, and C and A al-e

constants.

If the growing crack size is xl when static load u is applied

to a fiber having initial cracks of size XO for period t, the fol-

lowing equation can be established by integrating (12) with

respect to time:

The above equation means that the degrees of crack growth

can be well expressed by on . t if the atmosphere is under the
same condition. The values of n have already been experi-

mentally obtained [20] , n = 20-25 in a dry atmosphere and

n = 15-20 in wet atmosphere.

Assuming the distortion to be amlied to the o~tical fibers. . ,

center wire
Jacketedfibers
Cushionlayer
Copper pipe
Tension metir
C&sM:pe
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Fig. 6. Cable structure.
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Fig. 7. Cable elongation characteristics.

TABLE I
CABLE LAYING, RAISING, AND RECOVERY TENSION

Woler Cable Coble Cable
deplh Ioynq raising recovery

4000m 38 tOnS 76 tons 64 tons

5000 m 48 tom 96 tons e O tons

5 8 tom 116 to%”6000 m 9.6 km

(:1 ) Breok,n.gpossibility IS very gmot

TABLE 11
FIBER ELONGATION

Waler Cable [XZICable 1x3)Coble (T2)
depth laying rasmg recovery

4000 m 034% 05e% 0.54 %

5ooonl 041% oe6% 072%

6000m 049% — 093%

[.2 ) B.mdmg Strom of 0.08 Y. is odded,

(X3 I Bendi~ strom is nof odded

under the proof test to be UP, the time of test tp, and the

sum of distortions to be applied to the optical fiber and time

of application for the cable manufacturing, laying, recovery,

and repair to be ~~~~ u& tym, the following equation can

be established (see Appendix III):

The term (1 - FP) in the above equation indicates the sur-

vival probability of an optical fiber of length L, when it is sub-

jected to the proof test with the distortion up and the time tp.

It can be estimated by an equation in Appendix IV. The dis-

tortion UP can be given generally by the elongation strain

under the static load test; (1 - F’v) is the survival probability

of optical fibers over a full length cable when the distortion
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ZfiD~ u~mtrm is applied after being successfully tested using

the proof test (see Appendix HI). Terms 1- Fp and 1- F,

can be expressed as follows:

l-Fp=exd-L(-rl (15)

[ {(l+~::trm).l}].l-~y=exp ln(l-Fp)

(16)

Table III shows examples of the mean survival fiber length of

optical fibers I and II, which were measured with the proof

load OP and tp.

Research on making fibers stronger is now being conducted.

The data shown in Table III are two examples unde’r study. As
two different proof loads up were applied to the same fiber,

the unknown coefficients of b and u~ to can be determined by

(15) as mentioned in Appendix IV. The experimental

tions thus attained are as shown below:

Fiber I
““”F~=l-exfL”(4 -4x@T”’881

equa-

(17)

Fiber II Fp=~-exp[-L-(78 $f1039)0’03]. (18,

Table IV shows the distortion to be applied to the optical

fibers during cable laying and recovery and its duration, both

of which were determined from Table II. With the procedure

shown in Table IV, it is possible to find the Z%.l u& trm that

will be applied to the optical fibers throughout the cabling and

repair. Accordingly, (14)-(1 8) can be applied to find the re-

quired proof test conditions for the survival probability (1 - F,)

of optical fibers over the full cable length. Table V and Fig. 8

show typical calculations of the required proof test conditions

corresponding to each cable laying depth. The difference of

the proof test values is small between fiber I and fiber II.

V. SEA TRIAL

Our examinations mentioned above resulted in determination

of optical fiber parameters that may minimize losses during

cabling and laying, and also in the estimation from the elonga-

tion characteristics of trial cables of optical fiber elongation

during laying, raising, and recovery. A technique has also been

defined for setting up proof conditions to assure prolonged

reliability of optical fibers and the endurance of optical fiber

elongation.

A sea trial was then conducted on the transmission line that

was structured shown in Fig. 9 based on the aforementioned
design techniques. The cable structure is shown in Fig. 6, and

the parameters and variou’ characteristics of the fibers used in

the test are shown in Table VI.
In Fig. 9, J.B. 1 and J.B. 2 mean joint boxes 1 and 2, respec-

tively. C.E. stands for cable end.

In this cable, four single-mode fibers are included. Two fibers

are spliced at the cable end.
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TABLE 111
MEAN SURVIVAL FIBER LBFGTH EXAMPLESAFTER PROOFTEST

‘5Fl%F=l
1 1.50 % 10 km. 3.5 km

(r I ) proof test time t = 1 sec. coaled fiber

( x2) proof ted time i = 2 $ec . non-coded fiber

TABLE IV
U, AND 1, CORRESPONDING TO EACH CABLE HANDLING PROCESS(n = 20)

Water depth Hondling process
t,

({) (See)
u; t, ~,+ t!; “

initial laying 0.34 8700 3.71xl~

4000m
raising 0.58 8400 I.56x1O
recovery 0.54 13200 5.87x1(? 2.16x16’
joining 0.42 57600 1.68X163
Ioqinq 0.34 87oO 3.71.X106
initial laying 0.41 t OBOO I 95xiq

roising 0.86 I 0500 5.i4xto
5000m recovery 0.72 16500 23 Ix1O; 5.37K102

joining 0.52 57600 I.zoxlo

Ioyinq 0.4 ! ! 0800 1.95xlLi4
initial Ioying 0.49 13200 B.40xt @

6000m
roising[xz’ — — —
recovery 0.93 18000 4,22xIc+ 4.22xiti
joining 0.64 576oo 7.66x1$
toying 0.49 t3200 8 40x163

( t 1) A 20-yem Residualstrain of 0.2% has been added.

(x2 1 :S::: case cable length effected by cable raising is not

TABLE V
NECESSARYPROOFTEST STRAIN CORRESPONDINGTO WATER DEPTH

water depth fiber (11 fiber (11

Fig. 8. Relation between Up and ~~+ u~t~~.’

0.6 km 0.57 km

e~
C.E

Fig. 9. Line construction.

TABLE VI
FIBER PARAMETERS AND CHARACTERISTICS

20 =9-12pm

F,ber pormneters An =0.25 _”0.30 %
Ac=l.l_-i.2pm
Z =0.56 d81km

(1 =13pm )

Cabling
mean--- 0.06 d8/km
mox --- 0.i6 dB/km

Excess 10SS
J.8, 1---0.01 d8

Splices J. 8.2---0.32 d8
mean ---0.16 dB
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Two measurements are conducted. One is for fiber loss. The

other is for fiber elongation.

In the recovery of cable laid 500 m deep, no increases in

cable loss were observed, as shown in Fig. 10.

Fig. 11 shows optical fiber elongation in sea trial laying ex-

periments conducted at a water depth of 1000 m.

The solid line shows measured fiber elongation during cable

laying. Fibers were spliced at the cable end (C.E. in Fig. 9).

The elongation was measured in the ship from pulse delay

changes using a pulse laser diode.

The dotted line shows the calculated value of cable elonga-

tion based on the cable elongation characteristics shown in
Fig. 7 and cable laying tension.

The calculated and measured values show good agreement.

This means that the cable and fiber elongation are the same.

VI. CONCLUSION

The aforementioned studies have pointed out the bright

prospects for the fundamental technique of using optical fibers

in submarine cables. The following problems still require solu-

tions, which must be found prior to commercialization of the

optical fibers.

1) Development of stronger longer fibers.

2) Establishment of a manufacturing technique for long

cables, extending over tens of kilometers.

3) Setup of repair techniques.

4) Establishment of fault location technique for long cables.

APPEND IX I

a~ (e, p) [17]

The tension under recovery can be found by the following

equation:

~= Wk
1- COSO

=a~ Wh (Al)

where 0 indicates the angle of cable recovery, which can be

found by the following equation:

The term 10/~1 can be expressed as follows:

lo E—— —

(A2)

(A3)

where /0 indicates the full length of the catenary cable, H is

the friction coefficient of the cable on the sea bottom, 1 is

the cable length subject to friction, and e is the cable slack

during laying. The value a2 can be given by (Al), (A2), and

(A3).

APPEND IX II

as (e~, H, u)

The value C13can be found by the following equation [18] :

a~–1

[
— = tan219

1

Cos0 + CosOS lIY

o!~ 1- Cose Cose,
(A4)

where

‘y= (2 - sin2 6)/sin 6 (A5)

g ~,~*

K
Woter depth 500m

m o: cable laying
~

~: Cable recovery
so
.
5 J. B.2 possimgsheave

:

II

J. B. i passing sheave
Cj .0.02

0 0.5 f t.5 2 2.5

Cable length from ship ( km]

Fig. 10. Loss change caused by cable laying and recovery,

-z I woter de@h 1000 m
~ 100 Colculotedvolue I

L ,
0 0.5 1 i .5 2

Coble length from ship (km I

Fig. 11. Fiber elongation caused by cable laying.

(A6)

where 13s= recovery angle, H = hydrodynamic coefficient

(degree “ knot), and u = ship speed.

APPEND IX III

SETUP OF (14)

The value u“ t is the basic amount that breaks the optical

fiber. If, therefore, y = on t for an optical fiber of a given

length L, its cumulative breaking probability can be given as

F(y, L), and the cumulative distribution of the number of

cracks over a unit length of cable can be expressed by N(y).

Then the following equation can be set up for the cumulative

breaking probability when y increases by dy:

()F’(y +dy, L)- F(y, L)= +y {1 -F’@, L)}.

(A7)

By integrating and reshaping the above equation, the follow-

ing equation can be attained:

F(’y, L) = 1- exp [- LiV(’y)] . (A8)

IfN(y) is found, F(’y, L) can be also found.

Olshansky proves iv(y) can be expressed by (o” t/u~to )b

[21 ] , where 00, to, and b are constants. Hence, (A8) can be

converted as follows:

F((rnt, L) = 1- exp
[-L63T

(A9)

The value b in the above equation is the slope in the Weibull

distribution probability plot of the time required for failure

when measured by applying a given load. In this report we

find U$to and b using a method to be described later (see

Appendix IV). We assume the cumulative breaking probabil-

ity of an optical fiber before the proof test to be

F. =F(u; t~, L) (A1O)
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and the same during the proof test to be

FP = F(o;tP , L) (All)

and the probability after the proof test to be

F,= F(u~tr + o;tp, L). (Al 2)

Hence the cumulative breaking probability F, of the optical

fibers undergoing the proof test can be found by the follow-

ing equation:

(A13)

Although the proof tests were conducted based on dynamic

fatigue tests [22], our discussion in this report is made on the

basis of a generally accepted proof test method that applies a

static load.

To find F, using (A9), the following equation can be

established:

[

L
Fr(u~tr, L) = 1- exp - —

(o&to)b

1

1“ {(@t,+U;tp)b- (@p)b} . (A14)

Equation (Al 1) can be expressed ‘as follows, using (A9):
[1]

[ 1
+ (U;tpy’ .

‘p= 1- ‘Xp - (Uiyt.)
(A15) ‘2]

Changing the form of the above equation, we get
.[3]

in (1 - Fp)= _ L

(U;tp)b (u~to)b “
(A16) 141

By substituting (A16) for (A14), the following equation is [5]

obtained:

[ {(1+-)’-’}1 :
F,=l-exp In(l-FP) (Al 7)

Then by changing the form of (Al 7), the

can be set up:

[( )1

in (1 - Fr) lib
0: tv = -1 O;tp .

l+ln(l-FP)

following equation
[8]

(A18) [9]

F101
The value u~tr is the amount that specifies the deterioration L- ‘

of optical fiber strength, as already mentioned; the sum of dis-

tortion and its duration applied to the optical fiber after the
[11]

proof test ~fl~~ u~mtrm must be less than up tt.. Hence, the

following equation can be established: [12]

APPENDIX IV. [14]

How To FIND b AND o: to

Two constants, ufl to and b, of (A9) can be found in the fol- 115I

lowing manner. Using a long-length optical fiber, we conduct
a proof test to find the mean survival length LPI Of an optical [16]

fiber that gives 50 percent of F’p. Similarly, we find the mean
survival length LP2 that gives 50 percent of FP under different [17]
proof tests. Then two different equations of alto and b can

be derived from (Al 5) so that the two parameters can be found

for (Al 5).

APPENDIX V

RELATION BETWEEN OPTICAL FIBER LENGTH

L AND (1 - F,)

Optical fiber length L is related to its survival probability

(1 - F,). Equation (A9) makes it easy to understand the fol-

lowing relation existing between survival probability (1 - F,p)

of an optical fiber of length Lp and probability (1 - F,) of an

optical fiber of the length L:

(1 - F,)= (1 - F,p)L/LP, (A~())

The above equation gives the survival probability of optical

fibers over the full length L from ( 1- F,p).
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