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ABSTRACT

The excess loss, pulse broadening and far-field radiation
patterns have been measured with and without bump bends for various types
of. step~index, graded-index and w-type multi-mode optical fibres. The
results show that the fibres with silicone cladding suffer a much less
bending loss than those with glass claddiﬁg, indicating thaf silicone
plays an important role in screening the coré from the external-stress-
induced bending. The plastic tubing is more effective than the blastic
coating in screening the external-stress-induced bending. An increase
in excess loss due to bump bends is alwayé adcompanied with a decrease
in pulse broadening and in far-field radiation extension. This impiies
that the excess loss due to bump bends or microbends is the mode-conver-

sion loss.

The experiments on temperature effécts, thermal cycling éffects,
and environment effects reveal that the attenuation loss increases
rapidly with decreasing temperature for temperatures lower than -10°C,
and the thermal degradation is aggravated as the number of thermal
cycles or the exposure duration to environment is increased, if the core
and the cladding have-different thermal expansion coefficieﬁfs. The
fibres composed of a glass core and a silicone cladding are very temp-
erature~dépendent, while those with the core and the cladding made of
glass arve practically independent of temperature in optical transmission
properfies.' Additional'protective.plastic coatings or‘plastic tubings

tend to aggravate the temperature effects and the thermal degradation.
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Mechanical vibration effects are very small. These effects
are not important if pulse code modulation is adopted for signal trans-
mission. However, they may affect the noise level if amplitude mod-

ulation is adopted for signal transmission.

For optical fibres composed of a glass core and a silicone

cladding, the advantage of low bending loss trades off the disadvantages.

-of large temperature effects and high thermal degradation. The com-
promising solution is that both the core and the cladding are made of
glass with a silicone buffer layer and a nylon jacket to protect the

fibre. So far, w-type fibres give almost an optimum performance and

merit serious consideration for future use.




STUDY ON OPTICAL FIBRE CABLING LOSSES - PHASE II

I INTRODUCTION

The proposed use of optical glass fibre waveguides for signal
transmission in various communication systems has stimulated the
intensive study of glass fibre waveguides of various types under
diverse gperating conditions. These include attenuation losses
‘and pulse dispersion resulting from perturbations of the geometry
of the waveguides, mechanical strength and fatigue as functions of'
temperature and design parameters of the waveguides such as the
matefials and sizes of the core, the cladding and the protective
jacket, and the refractive index profiles. The core radius "a"
and the refractive index difference between thé core and-the
cladding "A", together with the wavelength of the light LU
deterﬁine whether a fibre is single mode or multimode. TFor single

mode fibres which carry only one mode or only a few modes, the core

radius "a" must be small and should be of the order of the wavelength
of the transmitting light signal if A cannot be made much smaller than
A~ )
0.01 based on the criterion for single mode operation [Pearson 1976]. o

(21Ta/)\)(2nOA)l/2 < 2.4 (L)

where n_ is the refractive index -of the core. This type of fibres
has been found capable of low attenuation loss and low dispersion
and hence large transmission capacity under laboratory conditions.

However, these advantages are over-ridden by their high susceptibility



to microbending loss, and high splicing and connection losses because

of small core radius (less than 10 pm), and the need of a coherent laser
source in .order to reduce dispersion. Obviously, it is not the
transmission capacity alone that aetermines the type of fibres adopted
for a particular system. At present, techniques are not yet available to
overcome the difficulty of splicing and connection, it is likely, h
therefore, that early systems will‘use multimode low loss fibres with
large cores to facilitate splicing and cabling, and reasonably large
values of A to give a large numerical aperture "NA" or a large light

acceptance angle for efficient coupling of the light source to the

fibre.

Because of multimodes in.nature, a simple step index fibre
suffers a very important disadvantage which is that a light pulse in-
5ected into the input end of the fibre gradually becomes broadened (or
. dispersed) as it propagates élong the fibfe. This tends to distort the
signal and to limit>the transmission capacity. To overcome this in-
herent disadvantage, multimode graded index fibres have been developed,
in which the refractive index of the core decreases gradually from its
maximum value at the center to the value at the periphery equal to the
refractive index of the clading which is generally uniform. In this
type of fibres, the light rays follow a quasi-helical path rather than
a zig-zag path as in the step-index fibre; and because of the gradgd
index, rays that are in lower refractive index regiéns are travelling

faster than those travelling directly along the axis. Theoretically, by



profiling the index correctly, all the modes in this type of multimode
fibres can be kept in phase, thus the pulse dispersion can be greatly
reduced. However, the profile of the refractive index of the graded-
index fibres must be accurately controlled to equalize the group delay
for all guided modes, or in other words, the fabrication of such fibres
requires an exceedingly accurate control éystem to control the faB-

ricating process.

It should be noted that the singly-clad multimode fibres may
be sé designed to reduce the number of modes to probaéate so as to
reduce signal distortion over long distances by decreasing the value of
A. But this approach has the disadvantage of weak power confinement to
the core énd high susceptivity to microbending loss. On the other hand,
the increase of the value of A in order to tighten power confinement
will result in a decrease in bandwidth. Of course, it is pbssible to
optiﬁize the choice of a, A, A, N (number of guided modes) and b (band-
width). However, to overcome the disadvantages of step-index and graded
index fibres, the Hitachi Cable Limited has developed so called doubly
clad or W-type fibres. This type of fibres has a three layered struc-
ture with the intermediate layer called inner cladding having the lowest
refractive index, inserted between the core and the outer cladding, and
it has the advantages of iarge cores and moderately wide bandwidths.
Recently, Miyagi and Nishida [1977] have proposed a dielectric-tube
waveguide with an outer higher index cladding based on a similar

principle of W-type fibres, and suggested that a single-mode fibre



with a large core and a tight power confinement can be realized by using

this type of waveguides.

However, through the research over the past decade, the
attenuation losses in all available types of fibres have been reduced to
sﬁch low levels that they are no longer a prime concern. While further
impro%ement in fransmission properties can still be expected, attention
at present is focussed on developing optical fibre waveguides with long-
term reliability and stability, and strong mechanical strength so that
they can withstand considerable stress without breakage in cabling,
reeling, handling-and installation procedures. For cabling, fibres must
have a jacket or coating for protection against abrasion, improvement in
resistance to humidity, improvement of the tensile strength needed for
cabling, as well as a decrease of the detrimental effects of lateral
mechanical stress which results in micrdbendiﬁg loss. The microbending
or, in general, the bending loss of a fibre depends not only on the
parameters such as core radius, cladding thickness, and the value of A,
but also on the jacket material and its thickness. Chapter 2 of this report
will discués the effects of various fibre parameters on excess lgss due

to microbending and bending for the three most common types of fibres-—

step-index, graded index and W-type fibres.

The effects of temperature and thermal cycling on the trans-
mission properties are of extreme importance to fibre applications
because such experimental results would help the system designers to

determine whether a fibre is suitable for a particular environment
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and to assess its long-term reliability and stability. Chapter 3 will

present some experimental results and discussion about these effects.

Mechanical vibration or dynamic bending causes also addi-
‘tional loss to the fibres. The factors controlling this loss are
\giscussed in Chafter 4, The imperfections of the fibres under inves-
tigaéion due to fabricating processes and damages of the fibres due to
thermal cycling and environmental conditioning are discussed in Chapter

5. Conclusions drawn from this investigation are given in Chapter 6.

At the end a proposed future plan is also given.

[l



II EFTECTS OF STATIC BENDING ON TRANSMISSION

PROPERTIES OF OPTICAL FIBRE WAVEGUIDES

The most important transmission properties of optical fibre
waveguides are attenuation and dispersion. The factors affecting these
properties are numerous, and one of them is the static bending of ‘the
fibre. It is very important to determine the dependence of attenuation
loss and dispersion on fibre parameters such as core and outer radius of
the fibre, the refractive index profile and the protective jacket material
for the design of low-loss and stable fibre cables for practical use. A
gfeat deal of theoritical and experimental work have been done on the
relation between fibre parameters and transmission propertiesqga list of
important references is given at the end of this report]. However,
there is no systematic experimental results along this line available or

useful for the design of practical fibre cables.

It is well known that the microbending due to random pertur-
bations of the geometry of multimode optical fibres causes an increase
in attenuation loss and a decrease in temporal dispersion tGafdner 1975,
Gloge 1975, Keck 1974, Marcuse 19747, ‘Many investigators have studied
and analysed these important phenomena for various types of fibres and
under various conditions [Marcuse 1974, Olshansky 1975, Petermann 1976,
1977, Kawakami et al, 1975, 1976; Miyagi and fip 1977, Jeunhomme and
Rousseau 1977, Rousseau and Arnaud 1978]. Although it is generally

accepted that the micobending or, in generally, bending loss is



basically the mode conversion loss, thére are some quantitiative dis-
agreements among theories put forward by several investigators regarding
the fibre parameters governing the mode conversion. This may be due to
different assumptions used by different invesfigators for their anal-
yses. Recently, Kawakami and his co-worker [1975, 1976] have predicted,
according to their analysis, that the mode conversion loss of a doubly
clad (W-type) fibre is much smaller than that of a singly clad (step-
index).fibre on the basis of equal beam widths (or sport sizes). VHow—
ever, the analysis of Petermann [1976, 19771 does not agree witﬁ this
prediction. To resolve this discripancy, more experimental results are
necessary. This.Chapter will present some new results on bending loss
for three major types of multimode optical fibres--step-index, gradéd—
index and W-type fibres, and compare the singly clad (step-index) and
the doubly clad (W-type) fibres on the effécts of static bending on
attentuation loss, pulse broadening and far-field radiation pattern

based on equal spot sizes.
2.1 Experimental Techniques

The static bending was formed by placing the fibre over
cylindrical steel rods, placing a block elastomer and an aluminum plate
on top of the fibre, and then applying a weight to force the fibre to
conform to the shape of the rods [Kao 1977, Takeda and Kao 1977]. For
all measurements the length of the fibre sample was four meters with
both ends cleaved and polished. It should be noted that it is difficult

to produce an optical flat fibre end just by cleaving. We first

cleaved the fibre end with a diamond cutter.,. and then inserted the



portion with the fibre end into a stainless steel syringe needle whbse
inside diameter was exactly the same as the outside diameter of the
fibre (we had to choose the right size of syringe needles in order to
make a good fit). We polished the end first on a very fine sandpaper,
and then o§ a selvyt polishing cloth with AlQOS'polishing powder. We
can obtain a mirror-like flat surface using this technique. Between the
light source and the input end of the fibre a lens was used to focus the
light to the input end. The light output at the other end was focussed
to a detector. Both ends were mounted on movable fibre holders with
micromanipulators which were adjusted to give a maximum light power
output at the output end. The excess loss o was determined by the

equation.

a = 10 log (Pa/Pb) (2)

where Pa and Pb are, respectively, the light output power at the output

end without and with applied static bending.

For measurements of the far-field radiation patterns, a det-
ector was used to scan the radiation field with its pick-up aﬁerture
(diameter of 1mn) travelling in a line perpendicular to the fibre axis
and located 4 cm from the output end in air as shown in Figure 1. . The
linear rather than circular scan is adequate if the fibre.does not

radiate appreciably at angles greater than 15° from the forward direc-

tion.
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Fig. 1. The arrangement for the measurements of far field

radiation patterns from the end of an optical fiber.
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For excess loss and far-field radiation measurements the input
light used was a monochromatic light of wavelength of 630 nm, while for
dispersion measurements a laser light pulse of wavelength of 904 nm and
of width of 133.8 ns (measured at the level of 1/e of the peak) was
used. The pulse broadening is defined as the difference between the
pulse width at the output end with and that without applied static

bending.

It should be noted that we chose the wavelength of monochromatic
light for all experiments to be 630 nm because this wavelength was
calibrated with a Ne-He laser, and that we used a monochromator rather
than a Ne-He laser as light source because the former gave a much more
stable light intensity. We also used fhe wavelength of 850 nm occasion-
ally, but for bending losé experiments, the excess loss is practically

independent of light wavelength as predicted by existing theories.

We used EG & G Model 550 Radiometer/Photometer as the detector for
static bending excess loss measurements and Motorola MRD 500 PIN photo-

diodes for far-field radiation pattern and pulse broadening measurements.
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2.2+ Results and Discussion

The structures and refractive index profiles of the optical
fib;es used for this investigation are shown in Figure 2, and some
physical parameters of these fibres are given in'Table 1. The weight
used to produce hump bends was withiﬁ such a range that it would not
cause any mechanical damage to the fibre. For all experiments any
change in transmission properties due to the bending returned back to

zero when the weight was removed.

Figure 3 shows the excess loss due to hump bends in optical
fibres as a function of weight. No measurable excess loss due to two
bump bends for diameters of steel rods used to f;rm the bump bends
less than 0.1 cm has bgen detected in optical fibres #1, #2, #3 and
#6 [Table 1] within the sensitivity of the detector. These fibres
have either a Hytrel or a nylon protective tubing, indicating that
the protective tubing does prevent the fibre from being bept. In
other words, the tubing reduces the susceptivity of the figre to |
external stress applied transversely onto’the fibre, thus reducing

the possibility of microbending formation during the cabling process.

This advantage can be achieved only under the following conditions.

(1) The fibre and the tubing have the same thermal expénsioﬁ
coefficient, so that microbendings cannot be formed due to
the change of temperature. This is very important because
fibre cables always have a chance to be exposed to outdoor

climate on the ground surface before or during the cable-
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(¢ - a) - Inner cladding thickness, (b - c) - Outer cladding thickness.
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TABLE 1. PHYSICAL PARAMETERS OF OPTICAL FIBRE SAMPLES

OUTER

INTERNAL| NUMERICAL CORE | CORE PLUS JACKET ~ [ATTENU-
, = | CLADDING DIAMETER [MATERIAL |[ATION AT
CODE APERTURE | DIAMETER | 0 mre (WITH JA- 850 nm
(um) (um) CKET ) (pm ) (dB/km)
0.a7
A-381-#f2| n_=1.u453 132" 2
#1 Hytrel | M;=1.403 125 212 1080(0.D. ) Hytrel | 19.3
Tubing |(Step-Index) |(120-130) 650(I.D.
0,37 W o
B-109-#2| n_=1.453 134 * X
#2 Hytrel | n =1.403 125 212 1040€0.D. } pytpel | 16.4
Tubing (Sgép—Index) (120-130) 570(I.D.
0-37 w S -
A-388~jf1| n =1.453 13 ) 1000~
#3 Ny lon n,=1.403 (1201§§o) 219 1gg8§?.g. Nylon 18.7
Tubing |(Step-Index) - T j
A-379-#1 0.38 * .
. Hytrel n =1,453 134 w
i Coush 2021 103 125 910 730 | Hytrel | 2u.8
Coating|(Step-Index) |(120-130)
0,32 4
~325- n =1.1453 140 %
Pﬁcséiufﬁ nj=1.403 125 191
#5 Coating|(Step-Index) | (120-130) 770 PVC 2l.2
Corning | 0.22(Fibre) 1125 and 1100(0.D.
#6 13E Hytrel|0.14(Launch) 62.5 132(with Hytrel | 10.2
Tubing (Graded  |(p2,0%0.59 thin coa- 650(I.D.
Index) ting)t+
#7 Sf;§;21 A, =0.002 76
Nylon . A,=0.007 | 60 (iggePClad) 900 | Nylon 5.0
Coating (W-Index) outerclad)

Continued on next page.
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TABLE 1. PHYSICAL PARAMETERS OF OPTICAL FIBRE SAMPLES (Continued)
TTEM INTERNAL NUMERICAL CORE CORE PLUS OUTER JACKET |[ATTENU-
SA CLADDING DIAMETER |MATERIAL |ATION AT
DE
PLE co APERTURE | DIAMETER | prpvprer | (WITH JA- 850 mm
NO. (um) (um) CKET) (um) (dB/km)
: cliéiiﬁ 0.19 . 106.7 EVA
#P1L VA & (Step- |71 1 1.2 | 108.u 179.2 | (3.4 | 19.7
Coating Index) + 3.8 T 24.8 |+ 11 ym)
| oo | e TRE
#p2 A P%C (Step- 71 T 1.2 108. 4 1016 and 18,8
+ Tndex) + 3.8 + 50 PVC
Jacket - I
| 8ilicone 0.29 97.2" 158" 158"
#P3 Cladding (Step- 98 148 148 —_ 14,7
No Coating Index)
Silicone 0.29 110" 160" :
ey | Cladding (Step- 125 161 1016 PVC 20.5
PVC Jacket Index) + 50
Samples: ff1 - #5 and #P1l - #PU4 Produced by Canada Wire and Cable Co. Ltd.

.#6 -
#7 -~

1 - (no—nl)/n

s Oy

radial (transverse) shrinkage of 1% after the fibre fabrication

process.

o’A2

= inner and outer cladding refractive index.

= (ngmp)/ngsn,, =

Produced by Corning Glass Works of U.S.A.
Produced by Hitachi Limited of Japan.

= (no~nl)/nO for step-index fibers.

core refractive index,

Corning graded index fibre has a linear shrinkage of 2.3% and a

- Measured by means of a microscope at Materials Research Laboratory

of the University of Manitoba.
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installation process, particularly in winter climate in

North America.

(2). If the fibre and the tubing have diffepent thermal ex-
pansion coefficients, the fibre cables must be kept with-
in an allowed range of temperatures at which microbendings
would not be formed. Fibres with a protective tubing are
very sensitive to low temperatures—;lower than normal

room temperature and this will be discussed in Chapter III.

Of the six fibres in Figure 3, the fibres with glass cladding

“suffer a much higher excess loss due to bump bends than those with

silicone cladding. This may be due to the fact that it is easier to
force a fibre with a stiff glass cladding to conform to the shape

of the bump than to force a fibre with an elastic silicone cladding

(by comparing fibre samples #P1l with #P3, and samples #P2 with #5).
These results are consistent with the microbending loss results reported

earlier [Kao 1977].

The excess loss due to bump bends in fibre sample #P4 (not
shown in Figure 3) is of about the same order as that in fibre sample
#P1, but is about ten times larger than that in sample #5. In terms
of core diameter; cladding and protective jackef—materials, sample
#P4 is very similar to sample #5. Therefore, the large difference
in excess loss between these two samples must be due to the follow-
ing factors: (i) the numerical aperture of sample #P4 is smaller

than that of sample #5, (ii) ‘the interface between the silicone
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cladding and the PVC jacket is microscopically more irregular in sample
#P4 than in sample #5 if the microscopic irregularities in the interface
between the core and the silicone cladding are assumed to be about the

same in both samples.

The PVC jacket provides a screening effect to protect the
fibre from microbending due to external transverse stress. In gen-
eral, the bending loss increases with increasing diameter of the
steel rods used for producing bump bends (or with increasing effec-
tive bump height). For microbends.or bump bends produced by the
;teel rods of diameters less than 0.03 cm, the fibres with a PVC
jacket suffer a much less bending loss than those without a PVC
jacket, and also the thicker the jacket material, the smaller is
the bending loss provided that the other parameters are identical.
This trena is consistent with the theory [Gloge 1975, Olshansky
1975]. However, for bump ﬁends produced by the steel rods of dié-
meters largef than 6.06 cm, this trend in some cases is reversed.
For'example, the excess loss due to two bump bends by the rods of
diameter of 0.1 cm in fibre sample #P2 (glass cladding with a PVC
jacket on top of an EVA coating) is larger than that in sample #P1l
(glass cladding without a PVC jacket) for applied weights larger
than 200 grams, but smaller than that in sample #Pl for applied
weights less than 200 grams as shown in Figure 3. At low weights
the PVC jacket acts effectively to screen the fibre from bending,
but at large weights the weight not only forces the fibre to conform to

the shape of the cylindrical rods of a relatively larger diaméter, but

also induces microbends around the rods possibly due to irregularities
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at the interface between the cladding and the PVC jacket.

In Figure 3 all fibres are of singly clad (step-index) fibres
except fibre sample #7 which is of doubly clad (w-type) fibre. These
two types of fibres are different in their structures. It is therefore
important to compare these two types of fibres based on their response
to applied bump bends. TFirst, we present the results of excess loss and
pulse broadening due to bump bends in the w-type fibre in Figure 4.
This figure shows that the excess loss due to bump bends increases with
increasing applied weight and increasing number of bends as expectéd.
All curves tend to reach a saturation if fhe weight is céntinued to
increase to such a value that the fibre becomes more or less completely
conformable to the shape of the rods. The trend of the excess loss is
consistent with the decrease of the light pulse width as the applied
weight is increased as shown in Figure 4. This implies that with bump
bends a number of high guided modes have been coverted to higher order

modes and a number of high-order modes to leaky modes and filtered out.

‘The rate of increase in excess loss diminishes as the number of bends is

increased, and it is also expected that the excess loss will approach to
a saturation value if the number of bends is continued to increase. A
bump bend can be théught of as a high order mode filter. If there is a
series of bump bends, the first bend suppresses the efficiency of the
second bend, and the second bend sﬁppresses the efficiency of the sub-

sequent bends in their filtering action.

The comparison of the excess loss and the pulse broadening
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Fig. 4. Excess loss and pulse broadening due to bump bends in the doubly
clad ( W-type ) optical fiber as functions of applied weight.
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between the w-type and the step-index fibres is shown in Figure 5.

We choose fibre sample #PLl to compare Qith the w-type fibre because
both have glass claddings. However, to compare these two types of
fibres, it is necesary to choose some common pérameters as a basis.

In here we choose the characteristic spot size ro defined by [Kawakami

et al. 1975, 1976]

2ro = 7 a/u : (3)

as the basis for this comparison, where u is determined by the following

equation

u/cos u

o<
il

n

[l—(nl/nO)QJ%nokoa ()

in which ko = 27/X, A is the wavelength of the light, and other con-
stants are defined in Figure 2. For the two fibres under investigation,
the refractive-index difference between the éore and the cladding for
the step-index type is A = (nb—nl)/no = 0.008 (based on n = 1.5) and
the effective A for the w-type is 0.007. The slight difference in A
does not make a great difference in u between the two fibres provided that
a is the same. The main parameter which makes these two fibres differ
in spot size is the radius of the core. Since the values of a are,
respectively, 35 um and 30 pym for the step-index and the w-type fibresP
we have to adjust the excess loss for the step-index type before com-
parison. The microbending loss for multimode waveguides is given by

[Olshansky 1975].
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o = (C/0)  (a2/m)P (5)

where C is a parameter depending on the refractive index profile and

p lies between 0 and 2. By choosing p = 1, then o is proportional to
(a/A? . To find the equivalent excess loss for the step-index typé
corresponaing toa = 30 ym and A = 0.007 (corresponding to the same
spot size of the w—type),_we have to multiply the excess loss for the
step-index type (Figure 5) by a factor of (30/35)2 (0.008/0.007)2 =
0.96. It can be séen that on the basis of equal spot size, the w—typ;.
fibre is superior to the step-index type'in the tolerance to micro-
bending. Our experimenfai results support the theoreﬁical predictions
of Kawakami and his coworkers [1975, 1976] and Mayagi and Yip [1977],

and agree with the experimental work of Tanaka et al, [1977].

In Figure 6 are also shown the far-field radiation patterns
of the step-index and the w-type fibres. It can be seen that in the
w-type fibre the major radiation is confined within the angles of 5°
indicating that the guided modes are well confined within the core
region. Unlike the step-index fibre in which the extension of the
far-field radiation decreases with increasing degree of bending (i.e.,
with increasing weight), there is only a negligibly small change
caused by the increase of weight in the w-type fibre, indicating that
the number of guided modes is much less or the mode spacing is much
wider in the w-type than in the step-index fibres. This inherent
advantage of the w-type fibre can be considered due mainly to the
outer cladding with a refractive index higher than that of the inner

cladding.
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Fig. 6. Far fileld- radiation patterns of output light from the fiber with two

bump bends. Steel rod diameter = 0.1,cm; Bend separation = 5.0 cm.

(A) Single clad fiber: ng[2(ng - niynJ%=0.19; 2a = 71 pm; 2b =
108.4 pum; Overall diameter = 179.2 pm with an EVA coating. (B) Doubly
clad fiber: (ng - n3)/ng = 0.002; (ng - n2)/n_ = 0,007; 2a = 60 um;

2b = 150 ym; 2c = 76 pm; Overall dlameter = 980 pm with a Nvlon jacket.
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On the basis of expefimental results on pulse broadening and
far-field radiation patterns, we can conclude that-the excess loss due
to microbending and, in general, bending is due to mode-conversion loss.
From the abbve results, we should consider the following points in order

to reduce microbeing or bending losses.

(1) Small core diameter "a'". If "a'" can not be made small

from the splicing difficulty point of view, the ratio of
a/A must be kept as small as possible. In most multi-
mode fibres the bending loss is in proportion to (a/A)3

2
rather than (a/A) " [Naruse et al. 1977].

(2) Large numerical aperture. This means large value of

A . This is necessary if "a" cannot be made small.

(3) Elastic cladding. From bending loss point of view, an
elastic cladding would give a less bending loss than
a glass cladding. It should be noted that silicone may
not be the best material to be chosen for qladding be—
cause its thermal expansion coefficient is larger th;n
that of the gl;ss. The thermal expansion effect is not
important for temperatures higher than 0°C because sil-
icone is elastic at high temperatures. But it would be
very important at low temperatures (below 0°C), at which
silicone becomes stiff and may cause microcracks or
microbendings. This will be discussed in Chapter III.

If there is no suitable elastic material with about the



(%)

- 25 - '

same thermal expansion coefficient as the glass and
suitable for cladding. We would like to suggest to use

glass cladding with an elastic protective jacket.

Doubly cladaing. There is an inherent advantage of

the w-type over the step-index type because the former
has double claading which provide§ less guided modes and
tighter confinement gﬁided modes within the core region,

thus reducing the mode-conversion loss.
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111 EY¥FECTS OF TEMPERATURE, THERMAL CYCLING AND
WINNIPEG ENVIRONMENT ON TRANSMISSION PROPERTIES

OF OPTICAL FIBRE WAVEGUIDES

In future, optical fibfe cables for optical communications may
be buried underground to a depth of about 3 meters or deeper below the
ground surface inside a conduit in which the temperatures may vary
within the range of -1°C to 25°C all the year round. However, unless
special precautions are taken during storage and shipment, the fibre
cables may have to be exposed to the actual climate (at temperatures as
low as —SQOC) during cable installation or shipment, particularly in
winter time in North America. Thus temperatufe, thermal cycling and
actual environment tests on fibres are of great importance to system
engineers who are responsible for the design and the performance of the
whole communication system, and also to manufacturers who supply Fibre
cables for pérticular systems to be operated at particular climates and
‘environments. This chapter is to present some results on the effects of
temperature, thermal cycling and Winnipeg environment on the attenuation

loss of optical fibre waveguides.
3.1 Effects of Temperature

To avoid any possible microbending formation due to external
stress, the fibre was not wound on a smooth glass drum as the metﬁod used
in the previous report [Kao 1977]. This time, we placed the fibre of
about 8 meters loosely in circular form of diameter of 25 cm on a wooden

plate which was then placed inside a thermostatically controlled chamber.

- 26 -
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The temperature range used for this investigation was from -50°C to

+50°¢C.

For all fibres listed in Table 1, the excess loss is prac-
tically unchanged for temperatures between +10°C and +50°C as shown in
Figures 7 and 8. The excess loss is drawn in dB per 10 meters of fibre
with the temperature of 20°C as the reference temperature so that it is
easy to compare the temperature effects among different fibres. We now
summarize the temperatﬁre effect results as follows:

(A) TFibre #P1l practically suffers no excess loss for the temperature
range from -50°C to 50°C. This is due to the fact that in this
fibre both the core and the cladding are made of glass which is
not sensitive to temperature in this temperature range. There is
no stress developed between the core and the cladding because both
have about the same thermal expansion coefficient. Althqugh:the
EVA material may have a thermal expansion coefficient higher than
the glass, the EVA material is more élastic than the glass even at
low temperatures. Thus a change in the temperature may induce a
longitudinal stress to the fibre in the direction parallel to the
fibre axis, but the longitudinal stress alone would not cause ex-
cess attenuation loss in the fibre. Of course, the longitudinal
stress may cause>microbreaks between the cladding and the EVA coa-
ting along the fibre, but such microbreaks occur at the outer clad-
ding surface which should not affect the loss. However, a change
in temperature may also induce a transverse stress to the fibre
in the direction perpendicular to the fibre axis. This stress de-

pends on the thickness of the coating, the difference in thermal
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expansion coefficient between the glass and the coating (EVAjin
thé case here), and the stiffness éfvthe coating. For Fibre #P1,
the thickness of EVA coating is small, therefore the transverse
stress induced by temperature is small and this may be the reason
why no excess loss was observed for this fibre over the temperature

range from -50°C to 50°C,

Fibre #7, like Fibre #P1, practically suffers no excess loss Ffor

the temperature range from -50°C to 50°C. This fibre has a nylon

jacket whose thermal expansion coefficient is higher than that of
the glass. We would expect that the temperature-induced trans-

verse stress may cause microbendings in the way shown. in ‘Figure 9.

However, there are at least three reasons which may explain why

this fibre is not sensitive to temperature in the temperature range

under investigation:

(i) The nylon is still quite soft eveﬁ at ~-50°C as compared with
the'glass.

(ii) Even if there are bends produced by the temperature-induced
transverse Stress, the radius of curvature of the bends would
be large. The bending loss due to this type of bends is pro-
portionél to exp (—R/RO), where RO is a constant and R is the
curvature radius [Kao 1977]. If R is larger than a few milli-
meters, the bending loss is not significant. However, such a
bend may create many microbends within the bend due to uneven
outer surface of the glass cladding and uneven inner surface
of the nylon jacket coupled with non-uniform distribution of

stress distribution around the bend. W-type fibres can
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Fig. 9. Illustrating the effects of stresses induced by the change
of temperature in an optical fiber composed of a glass core, |
-a glass cladding and a plastic coating. The thermal expansion
coefficient of the plastic coating is higher than that of the
glass.- '
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tolerate sharper microbends than step-index fibres as has

been explained in Chapter 2 bécause they have an outer élad—
ding with a higher refractive inéex to reduce the mode-con-
Version loss.

(iii)Even if the temperature-induced stress may cause microbreaks
between the outer-cladding surface and the nylon jacket, such
microbreaks should not significantly affect the loss.

Fibre #P2 is similar to Fibre #P1l except that Fibre #P2 has a PVC

jacket. It is obvious that the PVC jacket brings a small excess

loss in attenuation at low temperatures as shown in Figure 8. The
excess loss is very small and may be unimportant. The main cause
of this excess loss may be aftributed to the mechanism given in
reason (ii) of (B) above. In>w—type fibres the  jacket material is
nylon, while in Fibre #P2 it is PVC. The microbends formed around
the bend shown in Figure 9(C)are the main cause of the excess loss
and not the bend itself. This finding is consistent with the
results on the effects of bump bends shown in Figure 3. At higher
weights, Fibre #P2 suffers a higher éxcess loss than Fibre #P1 due
to bump bends produced by steel rods of diameter of 0.1 cm. "All
these results indicate that microbends produced around a léfge bend
are due fo unsmooth or uneven interfaces between the cladding and
the EVA coating, and between the EVA coating and the PVC jacket.

In fact the EVA coating in Fibres #P1 and #P2 is>very uneven.

According to the data supplied from the manufacturer, the thickness

of the EVA coating varies from the extreme 2u4.4 ym to the extreme

46 4 pum (35.4 +11 um). Such a thickness variation is not important

if there is no PVC jacket (e.g., Fibre #P1l) but it is very important




(D)

- 33 -

if a PVC jacket is added on top of the EVA coating (e.g., Fibre
#P2). The PVC jacket creates an transverse stress dﬁe to the
change of temperature or large bump bends, which modulates the
straightness of the glass fibre according to the non-uniformity of
the EVA coating or, in general, to the roughness of the interface

between the EVA coating and the PVC jacket.

Fibres #Pl, #P2 and #7 have both the core and the cladding made of
glass, so as fibre itself there is no constraint in stress because
both the core and the cladding have about the same thermal expan-
sion coefficient and the same Young's modulus. This leads to the
fact that the attenuation loss of these fibres is insensitive to
temperature changes.. Of course, an added buffer layer and an‘added
protective jacket may introduce indipectly a transverse stresé onto
the fibre making this type of fibre slightly dependent on fempera—
ture as has been discussed in (C) above. Fibre #P3 is quite diff-
erent, its cladding is made of silicqne which has a ?uch larger
thermal expansion coefficient (or smaller Young's modulus) than the
glass core (see Table 2). There are at least two possible effects
associated with silicone cladding.

(i) At temperatures higher than 0°C silicone is reasonably soft
and elastic, both the longitudinal and the transverse stresses in—
duced by temperature change to higher temperatures should not
affect the attenuation loss. However, at temperatures lower than
0°C silicone becomes less elastic. Tﬁe contraction of the silicone
cladding, particularly at temperatures lower than -30°C, may create

a very high transverse stress, causing microbreaks or microcracks
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TABLE 2. THERMAL EXPANSION COEFFICIENTS OF
b
SOME MATERIALS USED IN OPTICAL FIBRES

THERMAL
MATERIAL EXPANSION REMARKS
COEFFICIENT(®c™1)

Glass 5.5 x 10

Plastic clad silicone
(PCS) which has a
Silicone 1.0 x 10 linear shrinkage of 1%
‘ after the fibre fabri-
cation process

PVE 1.0 x 107"

-5
Nylon 8.0 x 10

-L '
Hytrel 2.1 x 10 Dupont Polyester

EVA has a linear
EVA - - shrinkage of 2.3%

after the fibre fab-

rication process,

* Courtesy of Mr. P. Scadding of Canada Wire Fibre Optics.
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as shown in Figure 10. These microbreaks or microcracks which
occur in the interface between the core and the cladding, are

far more detrimental to optical transmission properties of the
fibre than those occurring at the outer cladding surface as
described in (C) or shown in figure 9. This explains why the
excesé loss is so high at low temperatures. It should be noted
that this change in excess loss due to the decrease in temperature
is reversible. This means that when the témperature is increased
from -50°C to room temperature, the excess loss decreases to the
opiginal value.at-room temperature (zero excess loss as a refer-
ence). This phenomenon implies that the trahsverse stress may not
be strong enough to produce microbreaks between the core and the
claddiﬁg, though it is strong enough to produce microbendings as
éhown in Figure 10.

(ii) A decrease in température may also result in an increase in
refractive index of silicone becagse it is known that the permit-
tivity of silicone starts to increase rapidly with decreasing temp-
erature for temperatures lower than 0°C. This means that the value
of A decreases with decreasing temperature, and this may be one of
the important factors to cause the rapid increase in excess loss
with decreasing temperature for Fibre #P3. Of course, this change
is of a reversible nature.

The effects described in (i) and (ii) explain well the temperature

dependence of excess loss for Fibre #P3.

Fibre #5 is similar to Fibre #P4, Both have a PVC jacket. Fibre #4

is also similar to Fibre #PU4 except that Fibre #4 has a Hytrel
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jacket instead. So we can discuss the results of these three
fibres together. In general, the jacketing process brings ex-

cess loss in attenuation. This may be due mainly to the for-
'mation of microbends caused by differential cooling and dissim-
ilarity in thermal expension coefficients during the jacketing
process. It is expected that there are imperfections in the
interface between the silicone,cladding and the plastic jacket.
Such imperfections include small bﬁbbles; non-uniformity in
adhesion between the two materials, etc. Again, at temperatures
higher than 0°C both the silicone cladding and the plastic jacket
are elastic and should not have any significant temperature éffects
on attenuation loss. However, at low temperatures (lower than
0°C), the situation is quite different. The contraction of the PVC
jacket may give rise to micrébreaks not only along the interface
between the silicone cladding and the PVC jacket, but also possibly
between the g;ass core and the silicone ¢ladding as shown in
Figure 10. We could not detect the imperfections in the interface
between the glass core and the silicone cladding, but we found

that after the exposure of Fibre #5 to thermal cycling for about
200 cycles between -50°C and 50°C, the fibre could be easily
separated from the PVC jacket in some sections (PVC crush coating
looked like a tubing), indicating that the adhesion between thé
silicone cladding and the PVC coating completely disappeared after
long exposure to thermal cycling.’ This may be interpreted as due
to the microbreaks caused by low-temperature-induced transverse
stress. This also explains why silicone cladding fibres with a

plastic jacket have a much stronger temperature dependence of
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excess loss than those without a plastic jacket (compare Fibres

#u, #5 and #P4 with Fibre #P3).

Fibres #1, #2, #3, and #6 have a loose plastic tubing to prptéct
the fibre. These Ffibres suffer an even much higher excess loss

at low temperatures than those with a plastic crush coating. The
plastic tubing has a much higher thermal expansion coefficient
than the glass, and thus at low temperatures the fibre inside the
tubing will form a kind of serpehtine bends as shown in Figuré 11.
Furthermore, each of such bends is touching the inner wall of the
tubing. If the inner wall is rough, the low—témperature—indﬁced
stress will also force the fibre to conform to the roughness of
the inner wall to create microbending.:- In fact, the fibre is
quite eccentric, i.e., the centre of the core is not the centre of
the fibre as shown in Figure 12. If the thin cladding side is
touching the rough inner wall surface of the tubing, the situation
would be much worse. This means.that the susceptibility to micro-
bending is higher. We have also measured the pulse broadening as
a function of temperature. Figure 13 shows that the pulse broad-
ening decreases with decreasing temperature indicating that the
higher excess loss at lower temperatures is due to the mode-con-

version loss caused by the low-temperature induced bending.
Effects of Thermal Cycling

Thermal cycling tests can be used to evaluate the following

properties:
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~ (silicone cladding with a Hytrel tubing) - The center
of the core different from the center of the fiber.
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(1) The dimensional_changes resulting from thermal expansion

(or contraction) are of a reversible nature provided that such
changes would not cause secondary effects such as microcracks

or microbreaks. The changes resulting from polymeric shrinkback
are of an irreversible nature. Thé measurement of temperature
‘dependence of the optical transmission properties alone is not
sufficient to distinguish such changes because irreversible
changes depend on thermal history and not on temperature alone as
time is required for such changes to occur. Thermal cycling tests
can reveal the chemical instability of the materials, particularly

the plastic materials used for buffering or jacketing the fibre.

(ii) Thermal cycling may affect the bonding between two different
materiéls, such as between the silicone cladding and the PVC jacket.
Thermal cycling is equivalent to alternating stress. In the pos-
itive half cycie the fibre is stressed in one direction, and in the
negative half cycle, it is stressed in the opposite direction. A
long-duration thermal cycling may lead to the fatigue of the‘fibre
cable. Of course, this effect depends on the peak-to-peak tempera-
ture and the frequency of thergal cycling. Again, this effect can

be assessed through the thermal history and not by temperature de-

pendence alone.

(iii) By adjusting the peak-to-peak temperature and thermal cycling
frequency, thermal cycling tests can be used to assess the lifetime

of the fibre.
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At first we useq a deep freezer and super-anti-freeze fluid
together with a pump and a temperafure—controller to make a thermal-
cycling chamber. This chamber could provide a minimum temperature of
-25°C and a continuous thermal cycling at one cycle per two hours with
the temperature variation of +50°C-» -259C»+50°C. We did use this
chamber for some thermal cycling tests on some optical fibres. Later,
we found that this chamber was not suitable for thermal cycling tests
because the temperature cannot be made lowe; tﬁan -25°C. Fortunately,
we found an old environment chamber. After repairing, this chamber
works well and provides autqma?ically cqntrqlle@'thermal qygling.l The
time required‘fOPAopeicomglete thermal cycle depends on the péak—to—peak.
temperature chosen. For example, if the peak-to-peak tempefature is
from -40°C to +40°C, it is one thermal cycle per two hours; and if the
peak-to-peak temperature is from -50°C to +50°C, it becomes one thérmal
cycle per fhreelhours. The variation of temﬁerature with time during
one thermal cycle for the peak-to-peak temperature from -50°C to +50°C
is shown in Figure 14 (reproduced from a strip-recorder chart which
records the temperature in the chamber regularl& through a thermocouple
inside the chamber). We first used the_peak—fo-peak temperature of -40°C
+40°C for our tests and after 80 thermal cycles, we changed the peak-to-
peak temperature to —5006—+ +SO°C because we thought the latter condition

is more severe and better for our testing purposes.

For thermal cycling tests, 40 meters .of the fibre were wound
loosely on a glass cylinder of diameter of 12.5 cm. Before winding, the
glass cylinder was covered with a very soft towel to ensure [similar to

that shown in Figure 29] that no additional microbends would be produced
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in this case. From Figure 14, it can be seen that we have ample time to
make_ekcess loss measurements at +50°C and -50°C during a thermal cycle,
but for +22°C, we had to switch off the éhamber when the temperafure at
+50°C started to fall, and to keep it off for about 45 minutes which was
normally sufficient for the fibre to settle to 22°C. After the measure-
ments at 22°C the chamber was then switched on again for thermal éyc—
ling. We measured the excess loss.at +50°C and -50°C twice a day but,
at 22°C, only once a day. For excess losé measurements, we focused a
monochromatic light to the ends of 9 fibre sampleé bound togefher as a
bundle, and fixed one PIN diode at the other end of each fibre-sample as
a detector. At the input end, we have a short piece of fibre used as a
reference fibre and kept at room temperature for checking the input
light level. .For each measurement, we‘first checked the input light
level and to make sure that the input light level was constant for all

measurements. The thermal cycling results are summarized as follows:

(A) Fibres #P1l and #P2 were not included in the tests because these
two samples were used up for other experiments. We would like very much
to compare these fibfes (glass cladding.fibres) with those with silicone
claddiﬁg. However, we hope to include step-index fibres with glass

cladding in our future thermal cycling tests.

(B) The resu}ts of Fibre #6 (Corning 13E graded index fibré with a
Hytrel tubing) are not included in this section because this fiﬁre

suddenly ceased to respond after about 20 thermal cycles. Ve did not
find the cause yet because the search of the cause would disturb the

whole measuring system. However, we plan to repeat the tests on this




fibre in the future.

(c) Figure 15 shows the excess loss as a function of number of thermal
cycles for Fibre #1 (A-381-#2 silicone cladding with a Hytrel tubing).
For this fibre, the transmission properties were seriously degraded by
thermal cycling. After about 80 cycles this fibre ceased to respond.
We believe that long—dufation—thermal éycling leads to thermal degra-
dation of the bonding between the glass and the silicone and may also
result in microbreaks or microcracks in the core. The fibres with a
plastic tubing have much poorer transmission properties than those with
a plastic crush coating at low temperatureé (particularly at tempera-
tures lower than -20°C), indicating that the fibre itself might have
been partially damaged during the tubiﬁg—fabrication‘process. Low
temperature measurements exhibits this effect of such damages, and
thermal cycling tests aggravate this effect—possibly by further aggra-

vating the damages around the weakest regions in the fibre.

(D) Figures 16 and 17 show the excess loss as a function of number of
thermal cycles for fibre #2 (B-109-#2 silicone cladding with a Hytrel
tubing) and Fibfe #3 (A-388-#1 silicone cladding with a nylon tubipg),
respectively. The effects éf thermal cycling on these two fibres ére
similar to that on fibre #1. The difference is only in the degree of
suffering thermal degradation by thermal cycling. It can be seen thaf
after 400 thermal cycles the excess loss of both fibres tends to in-
crease permanently as the number of thermal cycles is increased. The

tests are continuing, but we predict that these two fibres will end up

the same fate as Fibre #1 and cease to transmit light. The degradation
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in transmission properties after prolonged exposure to thermal cycling
is permanent and irreversible. This indicates that serious damages due

to thermal cycling had occurred in these fibres with a plastic tubing.

(c) fibres #4 (silicone claading with a Hytrel coating) and #5 (sil-
icone cladding with a PVC coating) have similar characteristics on the
excess lpss as a function of numbgr of thermal cycles as shown in
Figures 18 and 19. Although the excess loss at +22°C and at +50°C does
not show glearly the degradation? thg excess loss at -50°C definitely
increases permanently as the number of thermal cyéles is.increased. The
tests are continuing, more results wili be reported later. However,:
Fibre #5 is moreAlossy than Fibre #4 at low temperatures, and the ther-
mal degradation rate for these tﬁo fibres with a plastic crush coating

is much slower than those with a plastic protective tubing.

(D) Figure 20 shows the variation éf excess loss measured at 20°C and
50°C for Fibre #P3 (silicone cladding withéut coafing) with %he number
of thermal cycles. The excess loss at -50°C is very ‘large. For this
fibre, the loss at 20°C and 50°C goes up gradually from 350 cycles‘to
the ﬁeak at 400 cycles, and then goes back to the original valug. We

~ could not explain this peak of excess loss occurring at 400 cycles.
However, the tests are continuing. More thermal cycling results apout

this fibre will be reported later. , }

"(E) Fibre #P4 is similar to Fibre #5 in structure, but the. thermal

cycling behaviour of Fibre #P4 is quite irregular. ss shown in~Figupe 21. With-

in the first 80 thermal cycles the excess loss measured at +22°C and +50°C decpeases
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with increasing number of thermal cycles. Within 80 cycles the peak-to-
peak temperature was -40°C —» +40°C, and after 80 cycles the peak-to-
peak temperature was changed to -50°C - +50°C. After this change, the
excess loss at -50°C was too large (or the output signal was too small)
.to‘be measured, but the eXceés loss at +22°C and +50°C was still de-
creasiﬁg. Up to about 100 cycles, the exceés loss suddenly jumped to a
~ very high value and after 32chygles the excess loss became so hiéh that
‘our measuring instrument could not measure it. The results indicate a
serious thermal degradatioﬁ developiﬁg_continuously inside the fibre due
to extended duration of thermal cycling. I

\ -
(F) Fibre‘#7 (w-type with:a nylén jacket) remains extremely stable
aftgr a long duration of thermal cyclipg as shown in Figure 22. At
+22°c and +50°C the excess loss is practically unchanged as the number
of thermal cycles is increased. At -50°C there are several small peaks
occurring in the thermal cycling histofy. The first peak occurred at
about 90 cycles, the secpnd peak at aboqt 250 cycles and the third’peak
at about 400 cycles. In this fibre both the core and the cladding are
made of glass, and the jacket is made of nylon. We believe that the
weak area which may suffer fhermal degradation_is the bondipg between
the outer cladding surface and the inner nylon-jacket surface. Thg
small peaks in excess loss appearing and disappearing in the thermal
cycling history may be associated with thermal degrading and healing
processes. However,lthe w-type fibre is the best of all fibres pnder
.investigafion in terms of microbending or bending losses, temperature

and thermal cycling effects.
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3.3 Effects of Winnipeg Environment

It is éxtremely important to know the transmission properties
of the fibfe in an actual environment of the district in which an
optical communication system is planned for the future. For this reason
we decided to carry out a simple experiment to measure the excess loss

of the fibres in an actual Winnipeg environment.

The optical fibres under investigation were installed in a
copper tubing of about 2.5 cm in diameter, which extended from a small
laboratory in the attic to the roof of the Engineering Building of the
University of Manitoba [éee Figure 23]. The total length of each fibre
is about 40 meters. Since Fibres #7 (w-type), #Pl, #P2, #P3 and #Pu
were used up for other experiments, the fibres included in this Winnipeg
environment tests were Fibrﬁs #1, #2, #3, f4, #5 and #6. We used the
same techniques adopted for thermal cycling tests, except that the light
source is not a monochromator, but a white light lamp with a filte; to
produce a peak light output at the wavelength of 630 nm. The six fibre
samples were bundled and with their input ends located close to thé
filter output. We also used a short-piece of reference fibre kept at
room temperature to check the input light level in the same manner as
described in Section 3.2. We used a strip recorder to measure the out-
door temperature and also compared our records Qith the‘témperature
records supplied by Winnipeg Weather Information Centre. The tempera-
ture records from two different sourcés are slightly different. Also,

the outdoor temperature measured was not exactly the same temperature

inside the copper tubing, so we estimated that the temperature given in




s inside a copper tubing

Installation of optical fiber

Blig. 23

in the roof of the engineering building of the

University of Manitoba.
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Figure 24 may involve an error of + 3°C.

We started the tests on Péﬁruary 3, 1978,.the first set of
excess loss data was measured on thaf day at -18.5°C and therefore; this
set of losé data was used as referénce data; Unlike the thepmal cycling
tests for which we used the loss data at room temperatgre as refefence
data, for environment tests, we uséd the loss data at -18.5°C as re-
fe;énce data becaﬁse wefhad.fb-instali the fibres oufdbéps before'

carrying out measurements,

Figure 24 shows the variation of excess loss with days. During
the period of 50 days the temperature variation is between -10°C and
-27°C. The tests are continuing. We would like to wait till summer

before discussing these results.

“ N
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IV EFFECTS OF MECHANICAL VIBRATIONS

 Several investigators [Nelson.et al. 1977, Nishida et al.
197771 have studied the vibration-induced attenuation loss in optical
fibres. So far, data about the effects of mechanical vibrations are very
scarce in the literature. Kansai Elecfric Power Company, Inc. and
Nippon Electric Company Limited of Japan had recently i;stalled an
experiméntal optical fibre cable containing 4 SELFOC fibres and 8 quad-
conductors for studies of the effects of environmental conditions on
transmission properties. The total length of the cable was 2.05 km
including 1.5 km aerially installed portion and a 0.3 km vertically
installed portion inside of a building. Total loss of each fibre was 23
db (11.22.db/km in average). They observed the temperature.effect, but
no vibration effect caused by the wind up to the wind speed of. 10 meters
per second. In their experiments the vibrational spatial wavelengths
are very large and hence the radii of the wind-induced bending are large
though the vibrational amplitudes are large, thus such a bending wpuld
not cause mode conversion.  Obviously, such a wind-induced vibratipn may
create a problem of mechanical breakage of fibres inside the cable
installed aerially. However, Nelson et al.[1977] have observed light
intensity modulation of several percent resulting from mechanical
vibration of the fibre of amplitudes less than the fibre diameter, and
found that the modulation amplitude increases with increasing vibra-
ational amplitude. They have attributed this phenomenon to modulated

bending loss. They placed a fibre in a U shaped configuration with two

-
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end-supports fixed to rigid mounts by epoxy, the radius of curvature at
the centre of the U shaped bend was about 3 cm. The vibration was
produced by an accoustically vibrated membrane attached to the centre of
the U shaped bend. They have also found that the modulation intensity
dependS'on the p&sition of the vibration-excitation point. This implies
that the bending loss has an oscillatory dependence on the radius of
curvature. So far, the available theofies on bending loss do not reveal
such an oscillatory dependence. Nelson et al. [1977] have alsq observed
such an oscillatory dependence of static bending loss on the radius of a
circular loép made in.the fibre between two end-supports and attributed
this phenomenon to a curvature-induced ‘parametric coupling between core
modes and modes of the whole fibre, which introduceg a coupling length——
the distance needed for complete exchange of energy from core to whole
fibre modes and vice versa. Energy may be coupled back into the core to
cause the oscillatory dependence if the coupling distance is less than
the inverse loss coefficient of whole-fibre modes caused by outside

surface scattering.

ﬁowever, the modulated bending loss due to mechanical vi-
bration may not be important to optical fibre transmission systems using
digital pulse-code-modulation for signal communications, but could be a
source of interference to systems employing amplitude (or light in-

tensity) modulation for signal communications.

Mechanical vibrations may be easily induced in optical fibre

cables installed underground by longitudinal mechanical waves generated
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by cars, trains, or even jet aeroplanes and transmitted from the ground
surface to the cébles underground. Furthermore, mechanical vibrations
in aircrafts would cause vibrations in fibre cables installed inside, or
engine vibrations in factories would definitely cause vibrations in
fibre cableS“instailed-nearby.\IFor this reason, we .felt that it would
be worth carrying out further investigation of the possible effects of

vibrations.
b1 Experimental Techniques

We used two methodsAﬁo broduce vibrations in optical fiBres.
With method (A) the fibre was epoxied to three pistons (or to one
or two pistons depending on the number of vibrational modes produced)
with two end-supports epoxied to rigid mounts as shown in Figure 25.
The pistons were driven by a speed-controlled motor so that the vibra-
tional amplitude d, frequency f and spatial wavelength L could be
varied by adjusting the length of the fibre between pistons, and the
speed of the motor. With this technique the maximum vibrational fre-
- quency is limited to 80 Hz. With method (B), the fibre was epoxied
carefully to a piano wire. The two ends of the wire were clamped
rigidly at two supports, so that the tension of the wire can be adjusted.

The resonant frequency of the wire is given by [Strutt, 19u45].

f = w(R/HLi)(E/c) (n + % 2 (6)
where n = 0, 1, 2, ....... is the mode number which is equal to the




I T

Fig. 25, Method (A) for producing vibrations in optical fibers
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number of nodes excluding the end points; R is the crossection, Lt is the
total length between two end supports, E is the Young's modulus and [ is

the mass density of the wire with the attached optical fibre. The set-

up of this method is shown in Figure 26.

For all measurements, the length of the fibre used was four
meters and the excess loss was measured using the same techniques

described in Section 2.1.

4.2, Results and Discussion

The excess loss caused by vibrations is very small. No de-
tectable excess_ loss was observed if the 4-meter fibre with two ends
rigidly fixed was made to vibrate randomly. However, with method (A) to
produce vibrations, we observed the effects of vibrations. Figure 27
shows that the excess loss increases with increasing vibrational amp-
litude and frequency, but with decreasing spatial wavelength. For two
adjacent vibrations the excess loss for the case with the two vibrations
in the same spatial phase (two peaks occur at the same phase simultan-
eously) as shown in case D is higher than that with the two vibrations
in the opposite spatial phase as shown in case C of Figure 28. All of
phenomena may be attributed to the mode-coupling effects. The results
shown in Figures 27 and 28 are for fibre No. #P1l (glass core and glass
cladding with only thin EVA coating). For fibres with a thick protective
jacket the vibration effect was so small that our measuring system was

not sensitive enough to detect it.
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However, our results on dynamic bending are in qualitative
agreement with those reported by Davies and kingsley [1974, 1975] who
have reported that, using an accoustic transducer to modulate the
longitudinal or diametric stress of a short section of the fibre to
provide optical phase modulation, the mode-conversion loss increases
with increasing the number of modes in the fibre. Our results also
agree well with the existing theories on bending loss. For static
bending, several investigators [Zeidler et al.1976, Tokuda et al.1977]
have reported that the excess loss o due to mode conversion in a series
of sinusoidel serpentine bends increases with increasing amplitude dof
the bend and increasing number of bends following approximately the em-

pirical law

o = b a? (7)
where b is in the range of 3 to 4, and b depends on the periodic
length (spatial wavelength), the number of bends, and the numerical
aperture of the fibre. The basic difference between static and dynamic
bendings may be that for the latter the-amplitude d varies periodically
with time. Thus, it is expected that the integrated excess loss for
dynamic bending is smaller than that for static bending. The phenomenon
that the excess loss for case D is larger than that for case C as shown
in Figure 28 may be due to the fact that for case D there is a fixed

support in the centre which may cause additional bending loss at this
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point. however, it is also possible that this phenomenon is associated
with the findings of Nelson et al.[1977] about the oscillatory de-
pendence of the transmitted light intensity on the radius of curvature.
It may be related to the coupling distance required for complete ex-
change of energy from the core to the whole fibre modes. This implies
that under certain conditions some energy may be coupled back into the

core, thus reducing the excess loss.

For practical mechanical vibrations the vibrational amplitude
may be very small (e.g., less than 100 um) but both the vibrational
frequency and the number of spatial wavelengths along the fibre may be
very large (e.g. larger than 1 kHz). In order to further study the
vibration effects, we have constructed a new excitation source [Method
(B) in Figure 26]to produce vibrations of frequencies higher than 1 kHz.
Because of small vibrational amplitudes (less than 0.25 cm), we did not
detect any.significant change in transmitted light intensity due to such
Vibrations, partly because our present detection system is not sensitive
and accurate enough to detect small signals, for example less than 5
percent of change in light intensity. However, the experiments did show
changes in transmitted light intensity due to vibrations though the
changes are small. We plan now to build a better detection system in
order to measure such small changes. In our laboratory we can only make
a small section of a fibre to vibrate in frequencies higher than 100 Hz.
It is possible that the vibration over a long length of fibre cannot be

assessed by extrapolating the results obtained over a short length of
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fibre because of the oscillatory nature of dynamic bending effects. To
investigate the vibration effects over a long length of a fibre, it may
be necessary to resort to a field test by placing a fibre in or nearby

a true vibrating system which employ optical fibre as signal transmission

medium.



\Y MICROSCOPIC OBSERVATION OF IMPERFECTIONS

IN OPTICAL FIBRE SAMPLES

In order to find out what kind of damages would be caused by
long-duration exposure of the fibre samples to thermal cycling, we
placed six fibre samples (#1 to #6), each of 4 meters in length, in
circular form (about 12.5 cm in diameter) on a wooden plate which was
placed inside the thermal cycling chamber. For testing the effects of
Winnipeg environment, we wound the six fibres, each of 4 meters in
length, on a glass cylindrical drum of diameter of 12.5 cm. Before
winding, the glass drum was covered with a very soft towel as a cushion
to ensure that no additional effect due to microbending would be pro-
duced in this case. This glass drum with fibre samples was placed in-
side a large tin box as shown in Figure 29. This box was covered
lightly with a metal 1id and then put in the roof of the Engineering
Building of the University of Manitoba for long-duration exposure to the

Winnipeg environment.

After 40 days of exposure of these fibre samples to thermal
cycling and the Winnipeg environment, we took them out and examined the
possible damages in these samples under an electron scanning microscope.
We first focused a strong light beam through a lens from a He-Ne laser
to one end of the fibre, and then located the light spots along the
fibre. A typical light spot in Fibre #5 is shown in Figure 30. We
considered the light spots as the indication of the damaged portions, so
we cut such portions out and removed the plastic coating by burning it

off over a burner, or by immersing it in chloroform or acetone.

=)=



Fig. 29. Glass drum covered with a soft towel as a cushion and
optical fiber samples wound loosely on the cushion

surface for envioronmental tests.
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Fig. 30. A typical 1light spot appearing in Fiber #5
(Silicone cladding with a PVC coating)



— TN -

It should be noted that glass is a hard material, and thus a
concave and convex irregularities on the glass core surfaces must result
from the manufacturing processes and not from the exposure to thermal
cycling or to the Winnipeg environment. In fact, we observed no damages
on the core surfaces of many portions which showed leaky light spots.

We believe that light spots are the indication of imperfections but the
imperfections may not occur on the core surface. It is most likely that
the imperfections due to thermal degradation occur in silicone cladding
and in plastic coating, and particularly in the interface between the
glass core and the silicone cladding, and that between the silicone
cladding and the plastic coating. Imperfections of this kind are diff-
icult to determine using a scanning electron microscope. The stresses
induced by the change of temperature (particularly at low temperatures)

may cause the following imperfections.

(a) Microbreaking of bonds in the interface between two materials

with two different thermal expansion coefficients.

(b) The increase in refractive index with decreasing temperature

for silicone and other plastic materials.

(c) At low temperatures (say -50°C) both silicone and plastic
materials would become so stiff that thermal contraction due
to the lowering of the temperature may cause microcracking

of the glass core.

It is most likely that the thermal degradation of Fibres #1 -
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#5 might result from one or more of the above thermally induced im-
perfections. Microscope can be used to observe imperfection (c), but
not imperfections (a) and (b). Perhaps a backscattered light technique
or a scattering pattern technique has to be used to study imperfections

(a) and (b),

However, some serious imperfections on the core surfaces are
shown in Figures 31 - 33. It should be noted that although the micro-
cracks observed were on the samples after either thermal cycling or ex-
posure to outdoor environment, there is no direct proof that they re-
sulted from thermal degradation. They could also be the original im-

perfections produced during the manufacturing processes.



(A) NO IMPERFECTIONS

(B) IRREGULARITIES ON CORE SURFACE (C) MICROCRACKS ON CORE SURFACE

Fig. 31. Scanning electron microscope pictures of the core surface of Fiber #3
(A-388-#f1 Silicone cladding with a nylon tubing). (A) A portion of
the core surface without imperfections, (B) A portion of the core
surface from the sample after thermal cycling, (C) A portion of the
’ core surface from the sample after exposure to outdoor environment.

Magnification: X 490.
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(A) NO IMPERFECTIONS

(B) MICROCRACKS ON CORE SUPWACE

Fig. 32. Scanning electron microscope pictures of the core surface of

Fiber #5 (A-325-#1 Silicone cladding with a PVC crush coating).
(A) A portion of the core surface without imperfections,
(B) A portion of the core surface from the samnle after thermal
cycling (with intense light spot). Magnification: X 490.



=478 -

(A) NO IMPERFECTIONS (B) SERIOUS DAMAGES ALONG A STRIP
ON THE CORE SURFACE

Fig. 33. Scanning electron microscope pictures of the core surface of
Fiber #6 (Corning 13E with a Hytrel tubing). (A) A portion
of the core surface without imperfections, (B) A portion of

the core surface from the sample after exposure to outdoor

environment. Magnification: X 490.



VI CONCLUSIONS

‘On the basis of the experimental study of the attenuation loss

in various types of optical fibres presented in previous chapters, we

draw the following conclusions:

(1)

(ii)

The thermal cycling or the exposure to actual environment of

an optical fibre composed of different materials for the core,
the cladding and the protective jacket (different thermal ex-
pansion coefficients) may lead to the opening of gaps in the
bonds between the core and the cladding (e.g.,between the

glass core and the silicone cladding), and between the cladding
and the jacket (e.g., between the silicone cladding and the PVC
jacket); and may also cause microcracking of theAglass core,
resulting in a very large attenuation loss. To avoid these
effects, both the core and the cladding must have approximately
the same thermal expansion coefficients. This means that they
must be made of similar materials (e.g.; glass) with a slight

difference in refractive index.

The plastic tubing for protecting the optical fibre is not re-
commended because (a) it introduces additional bends to the
fibre inside the tubing due to thermally induced stresses, and
(b) it allows the environmental atmosphere to enter the tubing,
including moisture, which is harmful to the fibre in terms of

chemical reactions. To protect the fibre, it is suggested to

coat a silicone layer as a buffer layer on the outer surface of

/
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the glass cladding and to add a nylon jacket on top of it
to protect the fibre from the external environment. Glass,

silicone and nylon have a strong adhesion to bond each other.

A

(iii)Mechanical vibration effects are very small and are not sig-

(iv)

nificant if pulse code modulation is adopted for signalitrans—
mission, However, they may affect the noise level if amplitude
modulation is adopted for signal transmission.

The w-type fibre is superior to the step-index fibre in terms
of attenuation loss based on equal spot size. This may be due
to the outer cladding with a refractive index higher than that
of the inner cladding. The w-type fibre under investigation is
composed of a glass core, double glass claddings and a nylon
jacket. This fibre gives almost an optimum performance in
bending loss, temperature, thermal cyéling and Winnipeg environ-
ment effects. It is strongly proposed that this fibre be con-

sidered for future use.




FUTURE PLAN

In view of the fact that experimental data about the long-term
thermal cycling effects on the attenuation loss and other properties of
optical fibres are very scarce in the literature, and yet, they ave of
extreme importance to industrial applications; we propose that the
present experiments on thermal cycling effects and environment effects
be continued for one more year. In addition to these, we also propose
to study further the effect of dynamic bending (mechanical vibration)
because this effect is ﬂot fully understood. Since we do not have
facilities to fabriéate optical fibres and have only limited facilities
to carry out experiments, we would like to modify the original program

for Phase III to the following program in order to complete this project.
(1) THERMAL CYCLING EFFECTS

To investigate the long-term thermal cycling effects on

\
transmission properties and damages of various types of optical fibres
using our existing environment-controlled chamber which can provide
continued thermal cycling at one cycle per . 3 hours from -50°C to
+50°C or at one cycle per 4  hours from -60°C to +60°C. We shall use
light-emitting diodes (LED) rather than monochromators as light
sources, and use PIN diodes as detectoré so that one LED and one PIN
diode are required for each fibre. This seems to be the most economical

way for experiments involving a large number of optical fibres. We

shall also examine microscopically the damages of the optical fibres
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due to thermal cycling using a high-power microécope. ‘It is hoped that
this thermal cycling test will include optical fibres manufactured from
various companies such as from Canada Wire and Cable Company Limited,
Corning Glass Works, Hitachi Cable Limited and General Cable Corporatiomn.
General Cable Corporation has agreed to supply samples of their new
optical fibres for our studies of the thermal cycling effects and we

plan to write to various companies for samples for this test.

(2) WINNIPEG ENVIRONMENT EFFECTS

We shall repeat the experiments described in (1) under the
actual environmental condition in Winnipeg. We shall put the optical

fibre samples in a copper tubing and expose them outdoors.

(3) MECHANICAL VIBRATION EFTECTS

Our preliminary results indicate that the changes in transmission
properties of optical fibres due to mechanical vibrations are very
small. We shall build a low-noise and highly sensitive detector to
measure such changes. The purpose of this investigation is to find out
whether small amplitude but high frequency mechanical vibrations can be

tolerated in the optical fibre communication systems.
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