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1. INTRODUCTION

The history of modern fiber optics technology Btartegd
about 15 yearg 490 when low logs Bilica based 9lass fiber wasg
. first realized. Industrial production ag wej) as firet trialg

8ystems sStarted daround 10 Years ago. Commerciaj operation of

over the neat decade,
Since the begining, optical fiber Beasurement was a critical
13sve due to various aspects such ay:
1. fiber's very small transversal d:mens:ons. in the microns
range;
2. necessaity of meASUring very small losses, down to 0.} dB/Xm
with 1% accuracy -
3. fider bandwidth increasing very rapidly, from the tens of

MH? Km to the GHz . Km reqgion;

fiber Structure ang materials;

5. D Effrculty of extending 1ndividua] Parameterg to long length

concatenated fibers, for gystems app]icat:ons;

To attend al] those needs and others, a large number of
techniqyues vere developed, Among these, only a limited get are
Praticalyy aprplied. 1n these lectures, we will give Special

atlention to those methods that vere proven Necessary for

optical Fiber production, cabling ang installation.

Measurements of optical fibers cap be divided in two main
typen:

a) fiber Btructural characterigtics such as Gecmetltry, length,
index of refraction profile and chemical composition;

b) transmisajon properties ams attenuation, bandwidth, chromatic
dispersion, humerical aperture and monomodal operatjon
characteristics.

Generally, these twe sets of results are correlated since
the tranasisaion properties depend on the structural
characteristics. These last ones., are measured locally as for
example, 1n both ends of a reel of various kilometers of
continuous fiber. On the other end.the transmission propertien
are in some Sense averaged over the whole length of the fiber, Sor
in this context, the question of a pteady state Bituation arises,
How im the transmission data depending on the length of a uniform
meapured fiber? Considering also, that in practice the fibers are
not totally uniform along its length, well defined correlations,
between structural and transmission data are not always easy to
achieve. This is why, that in most Bsituations, every fiber that
comes ocut of a production line has to be measured.

Optical fiber medsurement technigques must attend two types
of customers.One of them is the people involved in fiber researcn
and manufacturing and the other is the final user. The firat one
needs informations that wil} help preform fabrication and fiber
drawving while the other 1s only concerned about the total loasg

and bandwidth of the optical link. Tables ! and ? are 4 summary
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of the type’ of tnformation that is needed for each cape which
optical measurements will yield it. Only the more standard

Beasurement techniques are linted.

TABLE 1

OPTICAL MEASUREMENTS FOR FIRER RESEARCH/MANUFACTURING

PROCESS . INFORMATION TYPE OF FIBER MEASUREMENT

Core/cladding Preform and fiber deometry
geomelry

Preform and fiber index of
refraction profile

Dopants control Fiber bandwidth
Chromatic dispers:ion
Preform e e
Fabrication Impurities Spectral losa curve
Bubbles and Local attenuation along fiber
defects.
length (Optical Time Domain
Uniformity along
preform/fiber Reflectometyry - OTDR)
length
Coating and fiber Fiber geomelry
geometry
Fiber Fiber diameter
control
Drawing

Coating Properties
Drawving tensicn Spectral logs curves

Winding tepnsion

TABLE 2

OPTICAL MEASUREMENT FOR FIBER USER

INFORMATION TYPE OF FIBER MEASUREMENT
Individual fiber Spectral loss curve
losa

Fiber geometry

Index of refraction profile

Splice and cabling ‘
Attenuation

looses
Total Loas Monomodal mode field diameter

Light source Fiber geometry
coupling to fiber Index of refraction profile

Numerical aperture

Individual fiber Fiber bandwidth

bandwidth

Fiber bandwidth of spliced

fibers
Concatenation .
Total Index of refraction profile
effects
Bandwidth Fiber geometry
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In the text that follows, each of the fiber measurementy
techniguen mentioned in Tables 1 ana 3 will be dencribed in

detailes. Much of the information contained here ig bagsed in the

(Brazil). The basic biblaoqraphy and references for the contents
9iven here, are listed in the end ofr the text angd 80 no
Particular Citation will be 9iven. The experimental results,

shown in the figures were obtained in Telebras mp labs,

2. PREFORM AND FIBER GEOMETRY MEASUREMENT

defined:

core diameter - ﬂ = (a+h) /2
n

clad diameter - § . {A+B) /2

c
(a~b)
core non-circularity - - ];-___
n
(A-B)
clag non-circularity - € = _7;-__
c

core-clad Eoncentricity error - € = t€£
[ of n
coating diameter - b

fiber-coating concentricity - ¢ « L/L>
£

The most direct way of obtaining the above Parameters, ims to

observe 3 Bhort piece of fiber, through a inverted microscope

a calibrated reticle. A precision of about 1 to 2 ®icrons is
usually obtained with carefull procedures.
Depending on the index of refraction of the coating material,

there will be more or less 1 ght Quided in the cladding of the
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7 A
fiber. Thim is because the cladding and the €oating can form a

secondary waveguide if the index of refraction of the coating im
lower than that of bure Bilica (n=1.46). Thus, for coatings that

have a high index of refraction, the luminosity of the fiber

cladding. in the Rlcroscope, can be controled by using a shorter
length of fiber. *

When we need a more precise measurement, and for fibhers that
have a graded index profile, where rthe core-cladding interface ig

not very sharp, the core’s diameter im ®easured from the index of

refraction profile. There are geveral ways of obtaining thias

profile as will be seen later. In this section,ve will be
D concentrated on techniques that are more aplicable for extracting
the geometrical barameters, described above, that need a two
d{nenaional View of the fiber end.

As shown in the next Section, when a short length of fiber im
iliuminated by a Lambertian source, the light intensity
distribution at the near field reqion or accroass an image of the

fiber face, is pProportional to the index of refraction profile.

Thu% by using the experimental set-up shown in Figure 2, 3 two

dimensional intensitly display of the fiber face can be obtained.

A length of about 1-2m of fiber is illuminated by 4 light source

1 - core
2 - cladding with the use of 3 microscope cbiective. On the other end, a image
3 - coating of the fiber face is formed on a TV camera by another microecope
objective. The intensity along a J1ven acan line can be acquired
FIG. 1 - Optical fiber geometrical parameters. with a video digitizer and stored in a computer as shown in

Figure 2. The two core-clad interface beoints are defined al a

9iven 1ntensity height., for example, 5. In a similar way, the
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wavelength of the fiber. Since o8t monomode fibers are designed
for X > 1.2 microns or above, illumlnatan the fiber with a 0.5
nicrogs light, secures that the Beasurement is made in the
»ultimode regime ng the nearest to the true valum of the core
diameter ip Reasured.

Determining the Qeometrical bParameters of 5 breform requires
2 little more work on sample Preparation. The most obvious way i=x

to =lice a 1-?om piece of the Preform, give it a famt Polishing

microscope equipped with 3 reticle. But this technijque, apart
from being destructive.qives only information at one position
along the preform. To Circunvent this Problem, and get
information dlong the whole length of the preform, cne may

immersed it, 1n a liquiad with the gape index of refraction of the

shown in Figure 3. 1p this manner, only the core-cladding
interface and Inner core slructure are vigible. gy rotating ang

translating the vhole Preform, Peasurements can be performed over
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M - Microscope
LQ - Liquid
] M P - Preform

L5 - Light Source

Side view f’ (::L
— L
liquid L

cladding

core
observed image

cladding

" ligquid

Front view

FIG. 3 . Non-destructive method for observing the geometrical

Characteristics of a preform.

mn

Thin black line

2

all its length. Placing a thin dark line under the preform can
improved the vimsibility of the core's slructure. This method inm
valuable in determine the part of the preform, where the core
diameter is uniform, since most ﬁCUD made preform exibits ends
effects where the core dianmeter is smaller.

Finally, a more exact and alsg expensive way of getting
veomelrical informations, is to measure the index-profile in the
preform by using commercial equipmenta that employ light
deflection techniques described in the next section. This way one
gels in general.a one dimenmional plot of the index of refraction
al one point along the preform, like the one shown in Figure 4,
from which gecmetrical information can be extracted. More
sophisticated two dimensional profiling is also poBaible but

requires a lot of data processing.
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cladding

# "'

j; Radial distance (mm)

FIG. 4 - Geometrical measurements in g preform using the
index of refraction profile.
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tefréc;?oh:;rofile of the fiber core.
é%faétian.biofile with amplitude fn,
maximize the.bandqiaih- _ i‘div1ations {1t of the A5) from *thim
ldeal profile can deteriorate the bandwidth. To be effective ay

diagnostic tool to improve the bandwidth the method of index

of its Bimplicity. But this method Q1ves only & Qualitative Viey

non quided modes that may distort the Beasured profjle, But apart
from these, 1m well suited for a fast glance at the profile and
to obtain geometrical information.

To solve this transmission problem, researchers moved to
technigues that measures the profile locally, Interferometric

techniques in which a smal) Sample of fiber ;m examined is an

this chapter.

3.2. NEAR FIELD SCANNING
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Thia technique reliees on the fact that the power

a Lambertian Bource. Let's prove this.

A Lambertian BOUrce emits radiation according to

I(6) =1 copn (@) (1)
o

the soyrce ang the eaismion direction. Mont incoherent BOUrCes
like a LED or heated metal emite according to this law.
For any point in the fiber core, the light igs Quided if ir'y

confined in a cone (@) defined by the local numerical aperture

=
V 2 2 )
NAIr} =¥ p(ry - n - gin @ (r) (2)
[+] n

vhere n im the cladding index of refraction and n(r) the index
o
profile of the core. Thus the light intensity accepted into the

cone defined by 8 a1s

m
Pir) = fuo) a1 (3
or
m g
m
Pir) = d;‘ 1 cos8 sing aeg (4)
o
o o

B8O

T T {5)

Bin g (o)
n

where yp normalized P(r) to intensity at the center of the
fibar.
Using (2) ang the fact that n(r}n—no then (5} can be

tranaformed to

T e e (6)

where 4ni(r) is the index difference between core angd cladding.

If we consider that all the exciteg modes have the same
attenuation over a Qiven length of the fiber, the light intensity
at the output face will be also given by (6). thus, Scannipg the
near field cne gets the index profile An(r). But Bince the near
field is defined at a distance of the order of the wavelength of
radiation we don't have a direct access to this distributien.
What is normally done is to produce 4 90od quality magnified
image of the end face and acan it with a small detector as shown
in Figure 5. Normally we use 3 chopped light with a lock-in
amplifier te improve 81gnal to noise ratio. An 1mportant detajl
concerns the optics that controls the launching of 1ight into the
fiber. To be sure that all mpodes are excited the spot gize

focused at the 1npul face must pe larger than the fiber core and



s

s



FI1G.

17
_ I )
1
Ul B <O:I 0= w7
CH
-
, TF
!
—

TF

CR

3 - Measuring system for obtaining the jindex
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of refraction

have a Numerical aperture exceeding tha; of the teat fiber, Note

that thime drrangement im very Bimilar to that one described in
Figu. s ¢ where only geometrical data was of interest.

A ipical result obtained Wwith the set-up of Figure 5%, im
shown in Figure &,

If one wishes, severa] 8Cans can be done at

different linem accross the image. Normally the secan passes
through the center 50 useful information about the dip of mcup
fiberm, is acquired, The dip or other mtructural detail can be
used to properly focus the image on the 8can plane,

Once the profile 18 obtained, a least square fit to a Qirven

Bathematical eXpression can be done. In mection 3.6 ve will
illustrate this point. Two of the assumptions made in the
derivation of Eq. {6}, where that only bound moden are excited

and th=y all have the same attenuation. In practice, other modepn

called leaky rays can be excited and not be vompletely attenuated
over the fiber length. This is a pParticularly important lssue for
step index fibers, where information in the region between 50 ardg
90% of the fiber radius is distorted. If we use a longer fibar,
to cut off leaky rays, differential attenuation between fhe

guided modes, will also have deleterious effects. For fibersg Wwith

4 near parabolic profile, leaky rays doesn't seems do be a

problen.
From (6), we note that a quantitative value of the index of

refraction 1 not obtained with thie technique. If in the other

hand, the far field 1s acanned, this infermation 1s available,

Si1nce every point 1n the fiber end face will radiate into a tone

gi1ven by the local numeraical aperture, from (2) we see that the
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FIG.

€ - Near field scan for & graded index multimode fiber.

20

Raximum radiation angle ig

2 2
Pir=o)-n = 2nfn() (N
[+ (]

NA = ;i B -
max

80 by measuring and knowihg n , n{o) isa determined. The
apparatus for per:::nlno thise neaazre-ent i8 described in Figure
7. The launch optica is the same ap in Figure 5, and the angu)ar
detection resolution is about 0.50 ans seen for the fiber

face. . Once N is known, the vertical Bcale in the near field
€an be calibrated. Please note that thie 13 a rough calibration,
and for a more accurate result, the other index of refraction
®measuresment methods must be used.

All that has been smaid ahove.‘about near field acanning,
applies o multimode fibers where hundreds of modes are excited.
When only a few modes are allowed, the spatial resolution is
lost, because of the spatial extent of the modes themselves.
Thug, using near field technique with monomode fibers will not
provided tne real index of refraction profile. This technique ism
used with these type of fiber. in the context of determining the

spol s12e of the fundamental mode as we be seen in section 6.4.
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CH TF

XYz

LS - tight Source

LO - Launch Optics

CH - Chopper

Xyz_ Microposltloner

A o Aperture p_ 59

D - Detector

MS Motorized Scanner
58 - Scannlng Surface
LI -« Lock-in Amplifier
CR - Chart Record

7 - Experimental Set-up for far Fleld scanning.
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3.3, REFRACTED NEAR FIELD SCANNING

In the last seclion, we have geen that the dmount of 1jght

itndex profile. The description of the method Qiven bellow, ina
barped on Marcume'sn boook on optical fiber measyrement ligted op

the biblnooraphy to thim rext.

Consider Figure ga and let us follow a non uUided ray

through the fiber imermed ip a liquid with index of refraction »
]

From Snell's law, at pointas 1 apg 2 we have

n8in@® « g gip & (8)
e 1 f f

and
n min (IL-B)rn ain (IL..B) (9)
f 2 4 ) 2 2

or
A ces® o g con (2] (10)
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(a)

| | _ o

'Y core

cladding

ligquid

glass windo

FIG. 8 - Basic geometry

05 - Opagque Screen

FIG.9 - Refracted near

glass window

for the refracted near field
technique.

- light collecting lens

detector

field measuring cell,
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Eliminating © from {10} and (B) we have

that im, a relation between the inputl and output angles and the

fiber index of refraction.

For a more general case, when the fiber has 4 non-conatant
index of refraction distribution and im placed between two glass

Plates filled with liquid, a relation gimilar to (11) can be

derived, namely

2 2 2 2
n(r) =n + win © - gin *] (12)
e i -]

Inatead of measuring the two angles § and 9
i o
® angle and measure the

+ let us focus
at the fiber face, a beam with a given con

total optical power between two output angles O

o o max
© min as shown 1n Figure 9. The opaque screen is used to

and

eliminate the quasi bound modes, the so called leaky rays. that

where a source of problems for the transmitted near field
technigue. Assuming that the light di1atribution in the focused

8pol,in the entrance face of the fibe ,is Lambertian (see Eq. 1)

the total power between 8
© max

and © is
o min
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1T
max
P(r) = I comp d.n, {13)
n [
min
or
21 [
i max
P(r) =1 ap con® »in® 4@ (14
o]
o <)
1 min
where g and © are related to@ and
I min i max O min O max
Equation (12). The result iw then
: 2
R (n (r)- nz)
2- 2 e
Pir) = 1.1w sin O ~ 8in © - ——
o 1 max o min 2
Ng

When the focused light beanm 18 1ncident not on the fiher

the liguie, p is a constant 9iven by

2
P - I W.min B -sin g ) (16)
e o * max o min

thus Eq. 1% can be wraitten as

25

by

(15)

but at

2 2 2
nir) ~n =n (aing ~ ®in B Pl (12)
e [ ‘ max © win P
-
For a given experimental configuration, & . and n  are
‘ max o min e
fixed, 80 from (17} ‘
P - P{r)]
L] e
Qntry a ¢ 7 (18)
P
.

A3
where Arﬂ?) = ni{r) ~ n _The constant € can be obtained by making
[ ]
& measurement using a Btep index fiber (nir) = conatant) with a

known index or refraction.

The Bize of the Bcreen or the value of [+ ) Bust be much

o min
that it blocks the collection of Yight from the leaky rays. 1t

tan be shown that

-1
(2] > tan \/ A {19)

where

A- (b o) - nY/n
0

max o

i3 the maximum relative index of refraction of the fiber.
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o
For multimode Eibers, A< 1.53% go € __ >10 . Going back to
man
(12) we see that sin 5] 2 0.3 in order that 5] >
1 max o max
5] 4and have a non zero detected power. In other words, we

o min
need to upe a very high numerical aperture focused beam, at the

fiber input face.

A practical implementation of the method is shown in Figure
18. The light Bource is a spatially filtered laser beam in order
to have the Bmaller possible Bpot mize at the fiber face. In
reality this ig a Gaussian and not a Lambertian beam but in
practice very sma]l errors are induced because 1in firet
4pproximation they are the Same. The fiber is placed inaide a
c€ell with liquid that have an index of refraction close ta that
of milica. The cell windows are a very thin microscope slide so
the fiber i=s bositioned at the focal Plane of the microscope
objective. The opaque disk im placaed behind the cell close to the
condensing lens assembly that collects the refracted light and
facuged it on the face of a detector. The whole cell can be noved
with respect to the light beam, with the help of high precision
micropositioners (resolution better than ] Ricron), so the spot im
Scanned across the fiber. The other end of the fiber is
tlluminated, tgo help tocuysing Procedures, one of the critical
points of th:s technique. Considering that a very small spot ia
need in order to have good 8spatial resolution angd almso a high
humerical aperture beanm Lo get around the leaky rays problenm,
focusing ia very difficult. The depth of focus ias 9iven by
%yﬁsh$q1ha:o for a 0.5 NA we have a 2 microns tolerance in the

focuasing of the fiber. Thas 1RDoBES a very good quality end face

28
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fileld method.
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preparation and a very good alignment with respect to the
focusing plane.
Typical results using the refracted near field technique is
shown in Figure 11, for both multimode and monomode fibers Note
that by using careful calibration procedure!, the abmclute value is obli
It is claimed that a index variation of less than 1 x 10—5 can be
detected. Nowadays, this method of meamuring the index of
refraction profile of optical fiber im the most popular one and

various other met-ups, based on the same principles, are being

used_even in commercial egquipments.

3.4. TRANSVERSE INTERFEROMETRIC METROD

One technique, that has been umed in ocur laboratory
extensively for many Years.is based in complete different concept
than the one just discussed. Becaumse im an absolute measurement
and do not rely on any guidance property of the fiber, im
worthwhile to describe jit.

Since the i1ndex of refraction variation of the fiber im very
Bmail, a plane wave Propagating perpendicular to the fiber,
immersed 1n a liquid with the same index of refracticen of the
cladding can be considered to experience only a phase shift,
broportional to the index difference. If this wave is then
combined with 3 reference plane wavefront, it will produce an
interference pattern that will contain the information about the
tiansversed medium. Let us refer to Figure 17 to calculate the

optical path difierence.
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h
OPD(r) = (n(a) -~ n)ds=m {20)
-h o

Bince 52 = gz - r2 and n(r) ~n = o for rd>a then (20) can be
tranaformed to °
o0
(n(e) - noi
OPD(r) = 2 ; 21, ©€°¢ z1)
. (g ~r)

Interfering the ocutput wavefront with a paralell wavefront, will
produce an interferogras a» shown in the inset of Figure 12. The

fringe shift S(r) is given by

S(r) & ——-eooon (22

where 0 1a fringe Bpacing in the undistorted region.
Equation {21) can be inverted using what is called Abel

tranaformation (Harcuae relatzoq} 80 the index difference is

written as

Antgy = - 2 ] oo L (23)

S A
A AT
! | o -
! !
. i
1 : | ————-
! |
—_—— - I : I
- -—)\ o~ -n- - - Q__UPD(I‘)
wavefront wavefront
{a)

(b)

FIG. 1 - a) Transverse interferometric technique for measuring
index profile: basic geometry.
b) Mesured interferogram.
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Thus by measiring the fringe shift function S(r), Eq (23)
may be solved, Yielding the demired index profile. Because of the
Geomelry used. it is amsymed that the fiber han circular symmetry
4and this may not be the case pometimes. Nevertheless, mince this
method doesn't depend on any guidance property and provides an
abaolute measurement, without any complicated calibration and
focusing procedures, it is very attractive.

For the practical implementation of the method just
described we uysed a Mach Zender interference microscope as shown
in Figure 13. 710 obtain good fringe visibility a Ionochro;atic
light source ims used. The fringe pattern is analyzed with a TV
Camera couplsd to a Wicrocomputer in order to perform the
calculation given by Eq. (21). 1In Figure 14 we show the results
obtained with the bresent technigue in multimode and monomode
fibers. Since in Eq. (23) the derivative of the fringe shift is
involved, this method is very sensitive to structurens that appear
in index profile. Also, because the integrand diverges at the
center of the fiber, the measurements errors increame very fast
near the axis. In any case, outside this region, the precision,
for circular fibers is better than 0.0005. For elliptical core
fibers, there are ways of making dependable measuresents, at the
cost of orienting the fiber properly in the microscope and

changing 8lightly the basjc Eq. (23).
3.5. PREFORM INDEX OF REFRACTION MEASUREMENTS

Most of the i1ndex of refractjyon information of fibers is

LS

FIG.
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Image processing equipment for measuring the index
of refraction of optical fibers.
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already available in the preform. The 9eomelrical dimensions
involved now, is at least 100 timesn larger than in the fiber,
making measurements easier in this aspect. The question whether,
the index profile ip the preform and fiber are exactly the same,
18 raived acmelimen due to the fiber drawing process and the .
difficulties inherent in the Reasurement procesg. It ip our
experience, that the preform index of refraction profile
information can be used @8 a controlling parameter to optimize
the fiber fabrication in regard to giasa deposition rate and
bandwidth in the case of multimode fibers. For monomode fibers,
were the core’s mpatial dimensions are even smaller, the
breform's profile in very valuable in controlling parameters,
Buch as cut-off wavelength mode field diameter and dispersion
properties, apart from allowing the design of fibera, for a low
loss performance.

Because of the prefora dimensions, we can not use any of the
profiling methods discussed 80 far. The most used technique,
conaist of measuring the deflection angle of a light ray that
pagaes perpendicular to the preform ax:ia, ams shown in Figure 15.

The deflection angle ® ip related to the index of

refraction distribution n{r) and the ray Position t by the

following equation

dn(r) dr
n 9r 2
o t

tan® = (24)

2 1/2
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Just ae the lranafornation.between Egs. (21) and (23) we can

tranaform Eq. (24) to

e
tan©
-
dnty = - 2 f L dt (25)
n 2 2172
r -r ) -

Again. am in mection 3.4, circular Qcometlry is assumed.

. Nowadays, there are commercial equipments that measures the
index profile,based on the principle just deacribed. The prefarm
is immersed in a cell with a liquid that 18 near the same index

of refraction as of pure silica, to avoid problema of auter

Burface quality and to improve Beasurement precision. The whole
cell im then scanned pant the light beam and the deflection

’////// 11quid function 8 (t) Reasured. In a second Btep, calculation using Eq.
. a) (25} gives the index profile. Examples of the resuits for

meltimode and monomode preforme are shown in Figure 16, Profile

B r scanning cab be performed at various points along the preform BO

a as to characterize for exapple, hov uniform 18 the index of
ﬂifi " refraction down the length. In Figure 17 we can see five profile
| ! t in the first 23 cm of a preform. It is obvious in this figure,
a Bcfz that a diameter variation is occuring, thus 9iving valuable

b)

information on the preform fabrication process as well am showing

- that the first 10cm wmust be dincarded in order to obtain a
Fig. 15 - a) Pasic geometry for measuring index of refraction
by the refraction method.
b) Deflection function © for a graded index fiber.

uniform fiber.

1.6. INDEX OF REFRACTION DATA ANALYSIS
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Once the index profile is obtained in the fiber or
preform,relevant Parameters must be extracted from it and
Ccorrelated with other results auch as bandwidth and numerical
aperture reoults in aultimode fiber. For monomode fibers,
Parameterms as cut -off wavelength, mode field diameter, chromatic
dispermsion can be calculated from the preform index grofile and
correlated with the experimental resulty.

A convenient way of describing the index of refraction
profiles of graded index fibers or preforms in terms of few
parameters is fitting it, with the following mathematical

expresnion

nie) = nto)| 1 - Aersar® (26

for r eqgual or smaller than the fiber core radius a. Thie ia the
80 called of , A profite for which extensively calc'ulation has
been done, 1n relatioﬁ to fiber transmission properties,

Another important Parameter, the deviation of the meawured

profile from Egq. (26), can be defined as,
[ntr) - n (r)j .
2 [
K= ) e --- (27)

where n{r) is the measured index and n the ene calculated by Eq.
c
(26) .

w0

Jptigum fiber performance ip obtained when =4 hearly 2 put
this value cap pe slightly ®odified, depending on wvavelength and
dopants used ;n the fabrication brocess. The lack of defects ip
the profile ag 9iven by msmall X values, is algeo relevant in terms
of bandwidth. Juast to illustrate this Point, in Figure 18 18
plotted the fiber bandwidth as a function of X for twe family of
X values. It jig obvious that torrelation exisatp for both Cases,
especially in the higher leftside of the plot, represent:ng top
quality fibers.

Finally, ctorrelations can also be made on profiles measured
in fbers and preforms. If we yse the of A ang A parametersm ag
describing the profiles, and use them for comparimon we have the
result® shown 1n Table 31, The fibers were uea:ured‘usinu
tranaverse interferometry techniques and the preforas with a4 yark
Technoiogy equipament employing the method described in the

section 3.5
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TABLE 3

*
FIBER-PREFORMS PROFILE COMPARISON

+
PARAMETER AVERAGE - STANDARD DEVIATION
+
Q‘Dref/q 1.03 - 0.08
fiber
_____________________________________________________ 1998 4 o IRLE Ln
+ * o -
Bprety 1.008 - 0.042 . i<
fiber
e
4
----------------------------------- ;_-—-“‘--—_-&“ T g oo
X prety 0.8 - 0.2 =
fiber T .
-
o
____________________________________________________ a
=
o
3
* based on 15 profiles m ¢ + + +
[, 1] "we ne e ne e [ 1] -
x ™
By these results we tend to see that the agreement i8 Quite
9cod. The higher value of x ia probably related to the high
fiber
sengilivity of the interferometric technique for detecting FIG. 18 - Fiber bandwidth as a function of

index of refraction profile o e
parameters.

profile imperfecticons,
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1. FIBER LOSS MEASUREMENT

4.1. INTRODUCTION

The fiber logs along with the available bandwidth are the
two most important Parameters for a fiber user. The knowledge of
fiber attenuation will permit the designing of an optical system
in terms’of repeater spacing, splicing, power margin and signal
to noise ratio or error rate in the detection, for a given input
bower. For a fiber loss measurement to be useful, it must give a
valve that reprements an equilibrium mituation in terms of power
distribution among the various Propagating modes in case of
multimode fiber. If a worsat came value i adopted.we may incur in
problems of overapecifying the fiber thus running into cost
probleas. On the other hand, restricting the mode excitation,
there can be an exclusion of other higher loss modes that may
Participated in a real system, causing then, receiver power
penalties. These types of problems can be even worat if we take
into account that fibers with different index profilen, Primary
coating, cabling and lay out conditions €an behave in disatinct
ways. Specially for low loss multimode fibers in the 1.3 microns
Fegion, whare every fraction of a dB/km Counla, loss measurements
tonditions must be controlled very well. In the case of monomode
fiber=s, the Bituation is much easier with respect to all those
bProbleas,

There are basically two ways of measuring fiber loss, that
are been employed almost everywhere. The first one consists of
launching a certain amount of Power into a fiber and then

Beasuring the signal level 1n two well Separated points along the

46
fiber. In this ®anner, the lomss in 4 certain length jp determined

and this value ig usually normaljzed in terms of dB/km. Since the
light acurce vavelength can be eanjly varied a mpectral loss
curve, is obtained, which i® very useful] for fiber performince
and fabrication Process analymia. The other technique, that is

not destructive, a short laser pulse 18 injected into the fiber

In this way, the Power intensity along the fiber length is
Reasured, permitting the extraction of informations concerning
fiber homooenemy, Bplice loes, localized faults, fiber length,
local attenuation and end to end loas. This type of measuring
technique s ideally suited for the fiber user Preocupied with
cabling, laying out and splicing fiber cables. But even in the
laboratory, thim measuring sethod gives inforaations that are
nNecessary for fijiber development and fabrication.

In the sections that follow, we should 90 into the details of
these two techniques. Byt before that, the basic loms mechanisa n
fibers will be briefly revieved for a better appreciation of the

Deasuring methods and results.

4.2. LOSS MECHANISM IN OPTICAL FIBERS

There are geveral loss mechaniszs that can attenuate a 1ight
Bignal Propagating in an eptical fiber. They can be divided in
two classes, absorption and scattering and thim last one in
intrinsic and ixtrinsic factors. The pure &ilica glass absorption
mechanismws are atomic absorption i1n the Ultraviolet region and

molecular absorption 1n the infrared and they are both very small
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FIG. 19 - Basic loss mechanism in opticel
fibers. {a) UV absorption;(b)
Rayleigh scattering;(c)IR absorption;
{d}0H absorption (0.1ppm) and {e)
total loss (a+bec+d).
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in the region of interest, between D.B and 1.5 microns. Dependent
an the glams dopants being employed, there can be a preaence of
infrared molecular absorption near 1.5 microns specially for
boron or high concentration of ﬂhosphorua. Another cause of
absorption is the presence of contaminants in the form of
transition metals and more important of OH radical. The firset
ones are completely eliminated with high qQuality starting
materials and the second ones depend on brocessing techniques and
are alwvays present in McuDp fibers, even though itm influence on
the attenuation at the operating wavelength are been kept very
low today. The other intrinsic loss factor is the Rayleigh
scattering that depends on the type of glaes micro structure and
dopants used and represent the theoretical loss limit in any kind
of fiber. 7

In teras of extrinsic scattering factors we have in
nultimode fibers,waveguide imperfectiona induced loss and cabling
effects, when the outer coalings deform the fiber and in both
cases we don't expect a very etrong wavelength dependence. But in
monomode fibers, these external induced microbendings produce a
very rapidly increase in loas as a function of wavelength and it
is also dependent on the index of refraction profile. All of the
above loss mechanisms are shown graphically in Figure 19. As will
be discussed later., an experimental spectral loss curve can be
decomposed in some the components just described and give

valuable insight into the fiber fabrication process.

4.3. CUT-BACK TECHNIQUE
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If we have light bropagating inside the fiber, the dmount of

absorbed and BECattered 1jight in a given length dz of fiber j3p

aP =~ (o' (2} + q‘rz))p dz (28)
A =

P the intengity at point 2z, Integrating (28) we have

[ 2N
'J' o {(2}dz
P(z) = p @ °
o]

(29)

where P is the intensity at point z=0. fFor 4 homogenecus fibar,

o
the integral reduces to

=F .10 (30)

The moat common and reljabje way of deternininq fiber loss

18 to cut the fiber near the launching end and measure the
intensity aA49ain without dxuturbnnq the input end conditions.

The loss ig then given immediately by

o o= oI dB/km )

[ ¢
€an remain unknown,

the effective loss coefficient, defined ag

- Z‘i‘zpz
(z) =" _——. {32)
eff P
1

whereq_ and P are the loas and power in mode i respectively,
will ch;nqe aléno the fiber. 1n Lhis situation, the Reanured
attenuation def:ned'bv Eq. (31) Qill depend on the fiber length
as well on the power distribution (P_) among the modes. Because
of this extreme care must be taken t; énsure that:1) no unwanted
modes should pe launched; 2) an €quilibrium mode distribution
Bust be obtained before the point where the second Zeasurement
{shorter length fiber) 1s made.

The basic experimental set-up to implement the cut- back
®ethod i= shown inp Figure 20. The light source must emit a
reasonable flat spectruym in the region of interest, and a

tungsaten quartsz halogen fi1lament lamp is quite adequate from 0.5

‘up to almost the 2 microns region. The Ronochromator or a set of

interference filters can belect the appropriate wavelength and a

10nm spectrai vidth 15 good enough. An optical Bystem conmlsating
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20 - Experimental set-up for measuring the spectral loss
curve by the cut-back method.
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of three lenses and two apertures will produce an 1mage in the
face of the fiber with controlable spot Bize and numerical
aperture. The fiber is positioned in front of the last microscope
objective with a three degree of freedom nxcropoa:txoner The
fiber face pust be carefully prepared to increase the light
coupling. For fibers that have a low index of refracfion Primary
coating such ams milicone, a c€ladding mode stripper is used to
remove thias unwanted moden. Immersion of few centimeters of the
fibers, without the coating in glicerol is sufficient. The
procedure to reach an equilibrium mode distribution can be
wrapping a few turns of the fiber around a } cm rod. The
optimization of the launching conditions and of the mode filter
€an be done in the following way. Excite the
fiber with ; light beam having a #pol aize and numerical
aperture at least the same a8 the fiber's core. Without the mode
filter, measure the far field angle (see section 3.2) of a full

length fiber. Cut the fiber at the reference length Z3. introduce
the mode filter between the last microscope objective and the
fiber, and adjust the mode filter until the same far field angle
as in the firsat step is obtained.
For repeatable measurements, the fiber must not be very

tightly wrapped {a 50 grams tension is usually eaployed in the
reel). The coupling of the fiber end with the detector must be
very reproducible and the use of a coupling agent such as a
ligquid, can be employed. A large ares detector with a good
response 1n the reqgion of interest is used. For neasurenents from

0.5 to 1.0 microns 4 silicon detector 18 the choice. For
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wavelenghts above that, a cooled Qermanium or Phg detectors can
be employed,

Since the measured signalm are very small, an ac detection
scheme, using ga light chopper ang a lock-in amplifier 18 used.
Normally a Bicrocomputer 1s used for atoring measured data and
controlling the ®onochromator driver and lock-in amplifier. At
each wavelength Several measurements are performed, the number
depending on the ®1gnal to noise ratio. For the second
measurement, the fiber is cleaved at the point z (a reference
length about 2.5 meters 1p normwally used) and al} the data taking
Procedures repeated without disturbing the launching end.

For monomode fibers, a mwode filter is not necessary unless
ve want to filter out the higher order modes and measure only the
fundamental mode 1088 1n a region near and bell&‘ the cut off
point. It has been our experience that the coupling
reprogucibility between the Fiber and the detector can be
iEproved if 1m done via a multimode fiber. Thig is probably due
Lo the fact that detector sensitivity varies along the detection
surface, and a multimode fiber illuminates a much larger area
than a monomede, thuys averaging out any non-uniformity.

Typical measurements results are shown in Figure 21 for both
types of fibers. The measurement precision is about 0.1 dB/km and
0.05 dB/km for multimode and monomode fibersn respectively. of
courge, Beasuring long length fibers gives better Precision
becauase of the larger differences 1n the measured signals,

From the atlenuation curves shown 1n Figure 21, a Berie of

1nformat:cw5concern:nq the basic losus mechanise can be extracted.

ATTENUATION (dB/km)
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- Attenuatlon curves for:(a) multimode graded index



ra

e

e

ey



55

Recording that the Rayleigh scatterinq‘wavequide imperfections
and OH contamination are the three more important loes tacto(u‘in
the region between 0.8 and 1.6 microns, the losm curve can be
described by

X(A) = A+ B/je + ch) (33)

The A Parameter is related mostly to waveguide defects induced
losa and microbendings. B ig the Rayvleigh scatlering parameter
and C 183 associated with the other mechanisms msuch am abaorption
due to OH content. Fitting the experimental curve in the region
from 0.8 to 1.2 microns, with thas expression can give the lons
Parameters. A praft:cal way of doing this is to plot the loss
curve in a 1/)4 scale, thus #roducing a straight line in the
region where C()\) is zero. For veneral multimode fibera, A ia of
the order of 0.4 dB/ka and Brul.2 dB/kn.yl4. The value of C (.95
Mo} related to the water content, is about 1 dB/km.ppm of 08? In
the other wavelengths of tnterest, ¢ (-85 pm) = 0 and € (1.3
hm) = C (.95), mo the excess loss in thisg important wavelength

(1.3 um) 1. oreatly influenced by water in the fiber.

4.4. BACKSCATTERING TECHNIQUE

As seen 1n Bection 4.2, one of the basic loss mechanism in
the Rayleigh scatiering, that sScatters light 1sotrophically in
2all Qirections. Thyg effect can be used for measuring fiber

attenuation by observing the backscattered light.

56

Illuminating the fiber from one end., the optical power at a
9iven point z, is gQiven by Egq. (29) . The amount of power
reflected back and guided in the fiber i then RP(z) where & inm
the reflection coefficient. S0, the received power at the input

end, reflected from z, is

T z
' dz " az
- ‘J:* F - = B
P (z) = AP e o . e o (34)
B o

where o' and ®* are the loss coefficient in the forward ang

backvard directfon respectively. They can be different because of

the different lauching conditiona in the twoldirectionn . If the

injected light is in the form of a narrow pulse, emitted at time

t=0, then the observation of the backscattered pulse intensitien

at time t correspond to the reflected light from point z = tv /2.
<

where v is the group velocity.

[+
Using Egs. (31) and {30) the local loss coefficient is given

by

d
X (2)+ o((z) ~ -~ [10 log P (z} (3%)
F B dz -}

or
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2 q
XM(z) + of (z} = -~ —-‘[10 log P (t)] (36)
F B v dt 8

In sther worde, the fiber losa can be measured by observing the
bulse shape of the backascattered l1ght. When a uniform
attenuation and same forward and bacﬂg}d loss coefficient im

assumed, the fiber loee in simply

2
o= 5.100[(P(t /Pt / ——————————— (37)
1 2 2

where P(t ) and P(t ) are the bulse height at times t and t .

In Piqure 22 i: shown an experimental set-up torlneasurfno
fiber losms accordiqq to thim technique. A sharp light pulme from
4 semiconductor laser is launched in the fiber via an optical
fiber coupler, or a beamsplitter. The backscattered light is
direct by the coupler to a fast detector. Becaume of the low
light level, a box-car averager for signal procesming is
necessary. In the figure, is alse shown the pulse shape. One
¢an see the typical! exponential form given by Eg. (34)
and the two points umed for calculation of the loms with Eq.
(37). The signature for a splice between the two teast fibers is
illustrated. The losas at this point im determined by knowing that
the detected light from jJust before the splice 1m P1=P (z) and

]

after P = P (z).K where ¥ and K are the loas coefficient for
2 B f f b
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FIG. 22 - Optical Time Domain

Reflectometer for fiber messurements.



k2]

s



5%

90ing through the splice in the forward and backward direction.

If the two are the Bame, the mplice loesm (K) is 8imple

K =5 log {(p /P ) dB (28)
1 2

For the determination of the fiber logs, we can use Eg. (36)
when the fiber is homogeneous or when we want to know the average
logs over a given region. Two measurements are done by injecting
light from cne and from the other end of the fiber and then
taking the average between them. It the lpcal attenuation over
the fiber is needed, the derivative of the curve is used,
according to Eq. (35). In both-types of analysis, what inm
normally done is to plot the backscattered curve in a log Bcale
directly in dB’'a. In Figure 23 experimental data, from graded
index fiber is shown, where all the gbove procedures are
illustrated.

As mentioned before, the position along the fiber of any

point in the backscattered pPulse mhape is

I = - v {39)

The group velocity of the light inside the fiber 1s

VooE oo s el (40)

BACKSCATTERED SIGNAL (dB)

3
lea
-+
4493
4 a8
N ]
g
n
ol
as 2 7.3
1 4
-20i N Y
-4.0] 145
4 4
-8.0L NN |
-and 4158
-la.g + + } + ' ' 4 + s.a
- n ] n L] »n
o 1 - - o o

LENGTH (km)

FIG. 23 - Loss measurement by the optical time domain
reflectometry technique. Data taken fram both
fiber ends.
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where ¢ is the velocity of light in vacuum and n the fiber index

of the refractlon at the given wavelength. The group index N
varies as a function of wavelength and core’'sn material

constituents, as shown in Table 4.

TABLE 4

GROUP INDEX FoOR VARIOUS GLASSES

Bilica . 1315 Geo + B6.5 8310
Wavelength ' 2
(microna) - ___.__ T T e e
n N . n N
_________________________________ .."_-...._-_____....___..-__.....__-_._-_
.85 1.453 1.467 . 1.474 1.488
'
_________________________________ A e
1.30 1.447 1.461 ¢ 1.469 1.481
)
________________________________ A e
[]
1.55 1.445 1.463, 1.466 1.481
1

These data can be used to calculate the fiber total length. 1In
Fiqure 22 the Ffar right peak is due to the reflection at the
fiber-air interface at the end of the two Spliced fibers. The
brecision by which the fiber length or any other feature in the
backscattered 319nal can be measured ig a function of pulse
width and the broper knowledge of the effective group index
barameter, that the light really pees. Assuming that the time

resolution 1a3 that given by the pulge wvidth ("), the spatial

resol ition is then

[ =4
Az = -~ (41}

Since hormally a 10 ns pPulse ig used, Az ~2 metera.'Cons‘lderinq
that the group index is knownto within 0.5%, this wil] add to the
other error just ment 1oned.

The backacattering technique described, ip being widely uged
nowadays for multimode and monomode fiberg. Portable commerciaj
instruments with all kind of sophisticated signal and data
processing is available, The advantages of the method, of being
non deatructive, ua8ing only one end of the fiber and producing
a large nn;ber of information about fibers and 8plices make it
very attractive. Because of the different wode excitation with
respect to that used in standard cut back techniques, smal]
differences in the attenuation valuesn are expected. In Figure 24
these differences are plotted for the case of graded index
sultimode fibers. The cut back technigue 9ives a smaller value,
than the backscattering technique, the difference being around
0.1 t00.2 dB/km.

This difference ;s due to the high order mode excitation
which occurs with the backscattered light which im 1aotropic as

compared to the restricted launching used in the cut-back method.



e

e

-



3or——

X085

-]

NUMBER OF MEASUREMENTS (%)

03 02 _al 4] ol o2 03

"éuf_ncx - “O'I’DR {40 /utm)

FIG. 24 - Histogram of difference in measured loss
values between the cut-back andg optical
time domain reflectometer (OTDR) .

63

64

5. FIBER BANDWIDTH MEASUREMENT
5.1. INTRODUCTION

Together with the overall carrier attenuation, the available
modulation freqguency bandwidth are the two important
characteristics in a fiber optic transmiseion line. Ip this
Bection wve would dedcribe the basic techniques used in meamuring
the fiber properties that may affect the information carryving
capacity.

As it is well known, time and freguency reaponse, of a linear
system. are related to each other by a Fourier tranaformation.
But aven though, bandwidth meawurements techniquea in sultimode
fibers are divided in time domain methods in which the teaporal
characterintice or a bulme shape ims measured and frequency
domain, where the attenuation of each frequency component is
determined.

The physical mechanisn, responsible for the bandwidth
limitation is the time broadening of the light pulses when it
travela down in the fiber. When the pulse power is carried by
many modes as in the case of a myultimode fiber,the different
transit timea of each mode accounts for the time broadening of
those pulses.When the pulse power is carried by only one mode, as
in a monomode fiber, the spectral components of the Pulaed
optical source travel with different oroup velocity causing a
Lime broadening.

Formally. the transit time (¥) of a puise #signal over 3

distance L 18
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T *» =1L --- (42)

uhere(?i 18 the propagation conatant of mode i and v*the optical
frequency. The difference in transit time between two spectral

components meparated by SX ie

2Ti1
Sz - ¢-,55‘-).S)\ (43)

i

where the derivative c£an be shown to be

P I RN a@ (44)

where the first term is the 8o called material dispersion and
the second one the vaveguide dispersion. This last one depend on
the fiber index of refraction profile and in some circunatances
<an be made exactly the opposite to the material dispersion, for
tertain wavelengths., thus vielding a fiber with ne intramecdal
brnoadening. Thia artifice is used very often in monomode fiber
design.

In a multimode fiber, for every mode there ig a particular

transit time Z . 50 to calculate the total broadening one needs
1

know the number of modes excited and the amount of power in each one

66
and theam sus up atl the contributions. Chromatic dispersion given

by Eq. (43} wuat be added for every mode if the light mource is
not sonochromatic. Thim is a very romplicated caleculation and
the result depend strongly on the fiber index of refraction
profile.

Assuming that the fiber ham an index profile given by Eq.
(26). and almo, that all ouided modes are equally excited and
disregarding chromatic dispersion, the transit time difference

between the tamtest and slowent mode is

[ n L
[}
=~ - A - o)/ m+2), for 4% o
[ 4
S+ - : (45)
max
n L 2
o A
——— e, for ofxof,
c 2
20 4
where No v 2 - -1 .
& g

The above result shows an optimization in propagation times when
the index profile has a nearly parabolic shape. The improvement
from a step index fiber (ot~o2) to a graded fiber with A=%p ip
of the order of 2/p  or 200 times.

If an optical signal with a pulse shape given P{t) is

injected in a fiber, the output shape P (t) 18 given by
o
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+ o0

P (1) = P (t*)h(t-r') dr’ (46}
o i
- o0

where h(t) is the impulse response of the fiber and where all the
broadening effects discussed so far, are contained. The obhjective
of the measurement is then to obtain this important function.
Aasuming that the fiber is a linear system we can define a set of
Fourier transformsP (w), H(w) and P_(u) from the correspondent

P (1), hit) and P_(z).The relation ;etween them is

o] 1

P (w) = Hiw) . P (w) . (47)
o 1

H{w) 18 the frequency response of the fiber and gives the
attenuation of every baseband frequency w, since the fiber, as a
passive device, can be regarded as a low pass filter.

Some useful relations can be further defined, 1f the input
pulse P (1) and fiber response h(t) are the following Gaussian

i
functions

2
P (1) = exp (- ﬂ-f'nl-(th-‘) (48)
i

68

2
hit) = exp (- lﬂn?{tﬁs ) (49)
F

Then, by Eq. (46) P is also a4 Gauppian with a width at half

maximum S, . The fiber response width ig then

2 2 2
g =6 - {50)
F o 1

Using Fourier integrals, it can be shown that P (w), H(w)
=]
and Pl(u) are also Gaussian functions. The point in which the
i
frequency response attenuation is - 3 dB (half intensity)},that

i8 defined as the fiber bandwidth B im

w
0.44
B « --i-- : (51)
v 5
¢

This relation permits a rapid calculation of the fiber bandwidth

from the pulse broadening if its shape 18 nearly Caussian.
Finally, if there 1s an extra brocadening effect given by the

chromatic dispersion and if the source apeciral line phape im

also Gaussian, the total fiber response half width (G ) is
T
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2 2 2
I ey G {(52)
T F c
vhere (3 iBs the pylse width given by chromatic effects.
c

In the following Sections, the most used methods for
meisuring multimode fiber bandwidth and chromatic pulsge
dispersion will be described.

5

-2. FiME pomMaIN TECHNIQUE o

The basic idea here is to inject, in the fiber, an optical
pulse with a known shape and measure the output pulsme on the
other end. Fiber responge s then computed simple by using Eq.
(50) or elepe by doing a more elaborate analysis on the Pulme
shapea, such as RMS (root mean square) widths which vill obey a

equation similar te Eq. {50). Another pProcedure, more common, is

to calcualte the frequency response Curve Hiw) from Eq. (47) once
the Fourier transform of the tnput and output pulses are known.

The experimental Systewm to conduct these Reasurements im

S

shown in Figure 25, a Pulsed laser diode of the desired
vavelength is used to generate the subnanosecond opt:cal‘pulse. Pty
that 18 sent into the fiber test through a launching fiber, for a
controlled mode excitation. The output light is focused into a
fast response detector with the help of an infrared viewer and a
ctouple of microscope objectives. Due to the Very narrow pulse P (w)

p{»

widths 1nvolved, legsg than ! nanosecond for good fibers, the

pulgse shape :9 measured with a time Bcanning sampling

70
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FIG. 25 - Experimenta)l set-up and wavefarm p
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oscilloscope. BecauBe of the pulse propagation delay through the
fiber, the input pulase trigger must be delayed before the
oscilloscope. Pulse shapes are then stored 1n a digital memory
for posterior analymis. It is important to uee an opical
attenuator for the measurement of the input pulse, Bo the same
electronics gain is always used to presgserve aystem linearity. The
Fourier transformation indicated in Figure 25, is usually done
with Fast Fourier Transform Techniques, once the two pulse shapes
are slored.

An example of a measured pulse is shown in Figure 26. The
inpul pulse had a 200 ps width at half maxiaum. The calculated
fiber frequency response curve, calculated with a FFT routine ims
;alao Bhown. In this graph, the 0 dB normalizaticn was done at 10
MHZ .- “

In the 1.3 ~ 1.5 um reg{on. the chromatic dispersion for
multimode fiber ia ymall in comparison with modal dispersion. For
measurements in the 0.85 um region, the chromatic effect can be
taken out from the frequency response curve and Gaussian
approximatiens, are usually emploved in this deconvolution
process.

In terms of light sources and detectors, in the 0.85 um
region, GaAe laser diodes and fast silicon APD {avalanche
photodetector) detectors are emploved. Around 1.3 - 1.55 um,
InGaAsP lasers and germanium APD or PIN InGaAs detectora are
the best. Typical laser pulse width is around 200-400ps with a
3 nm spectral line. The detectors bandwidth should exceed a few

GHz .

RESPONSE (dB)

3 (a)

Time (1 ns/div)

=1L

-2 ¢

-3 {b)

BfiJéGﬂ.
km

Frequency (MHz )

FIG, 26 - Bandwidth measurement in the time domain.
(a) output pulse at A = 1.3 microns and
Likm fiber length; (b) frequency response
curve by FFT processing.



kL)

g



73

Various other triggering techniques, apart from the one
shown in Figute 2%, can almo be usmed. A Bpeciallv_intereatino
cape, 18 when the two fiber endm are not available in the pame
place. An aute triggering scheme can be used if there is enough
Bignal for that. Another way for not having trigoering problems
and to obtain immediately the frequency spectrum of Pulses, is to
use an spectrum analyzer in place of the mampling oscilloscope.

Concerning launch conditions the same care ag used for
attenuvation measurements must be taken. But due to mode coupling
and other effects, the Situation is wore critical in this case.
In the set-up shown in Figqure 25, a length of etep index fiber
with a core diameter and numerical aperture slightly inferior to

the test fiber is ysed for launching the light.

5.3. FREQUENCY DOMAIN MEASUREMENT

In thi=s technique, a sinusoidally modulated light ia
launched into the fiber and the modulation amplitude of the
output signal is measured and compared with the input. To
determine the fiber reasponse over a certain frequenéy range, the
measurement is wade for a set of frequencien within the limite.
The frequency response of the measuring system by itself must be
extracted out of the data. To do 850, a measurement with a short
piece of fiber is done and the fiber response calculated using
Eq. (47).

The basic experimental arrangement to conduct frequency
domain measBurements 18 shown in Figure 27. The launch and

detection optics 15 the same as 1n the other technique (Figure

Q\@L oo

BIAS S
|-
Lo -

Laser Driver Launéh Dptics
Tracking Generator DO- - Detection Optics
Spectrum Analyzer 0 - Detector
Data Processing TF - Test Fiber
Input Qutput
1
t t o Hlw)

T4

w

FIG. 27 - Experimental set-up and method for measyring fiber

bandwidth in the frequency domain.
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25). The laser uped must be one capable of operating in a
continuous modulati. , from about 10 MHz to 1 GHZ. The data
taking and procesaing method is also shown in the figure. The

frequencies are Sweeped in the given range by a tracking

venerator connected to a Bpectrum analyzer. A variation of this
method, that don't need any input-output aide synchronization, *
consist of doing the gdata taking, frequency by frequency just 20 1
using a tunable wideband Bignal generator. This can be done

manually or in some automatic ascheme. fFor field use then the two

—
fiber ends are not in the same 1°CQ_Ei°n' any of these methods 51
needs to be used. e
¥
A comparison betweep Lime and frequency domain measurements ;
[} .
techniques, show that both are equivalent in termas of results, ~ -0+
- x
with precision around 5 to 10%. Time domain has a better p
, _ _ ¥ ol X{(%)
frequency range but requires a Fourier transform operation. (=]
z —-X 20 0050
Frequency domain has a better dynamic range and ims a direct @05
. . —* |97 0065
method, ams far as fiber frequency response Curve im concern.
, , -—e 204 0080
A final point about wultimode fiber bandwidth that needs to
$ ] 4 4
be mentioned ig 1tg wavelength dependence. Froms Eq. (45) it‘'m + + M H B .
\ o7 08 09 1o tl | 12 -3
clear that the optimyn fiber index profile parameter (¢ ) depends
‘ [ @
on wavelength, because of profile dispersion ( g— = E(N}). IF WAVELENGTH (Mitrons)

laser diodes or any other light source with different emisBion
FIG. 28 - Fiber bandwidth as a function of wavelength for
three different fibers with the index prafile
parameters given above.

wavelengths are used in any of the above deacribed methods, a
9raph of bandwidth Versus wavelength can be made. In Figure 28 we
have an example of this curvé for three different fibers each
Wwith 1ts own fittaing deviation (X) from an ideal o ., A profile.

We see immediately that the lowestj{ value fiber,.has a clearly
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defined optimization wavelength, thig being not mo trye for the

others even though they are very high performance fiberg that can
be ueed in both vindows, .85 ym angd 1.3 um. In the results shown
in Fig. 28, chromatic dispersion effects were taken out. Whepn
this contribution is added up, for typical Bpectral line widths
of common lasers around 5nm, the tota} bandwidth at the 0.85 um

region will be reduced. Near 1.3 pm this effect 18 negligible.

5.4. CHROMATIC DISPERSION MEASUREMENTS

Ag it wag already discussed, chromatic dispermion of light
Pulsen Propagating in an optical fiber occurs because the group
velocity dependsg on wavelength. For multimode fiber, this effect
adds to the modal dispersion and for monomode fibers, it ias the
only linitat;on to the transmisaion bandwidth A-So. the most
obvious way of measuring this effect, on any kind of fiber, im to
detect the difference on bropagation times {T) of light pulmen
with different wavelengthas. Chromatic dispersion is then defined

a8
dr
M{l) = (==} /L (53
ah

and 18 normally Qiven in ps/nm.kn.
In Figure 29 the basic experimental sel-up for this
Bedsurement im shown. A variable wavelength pulped light BOUrce,

9ends two or more l1ght pulsen inte the fiber through scome kind

78
LO -~u——“§::§2:§§::2_ﬁ__ﬁ__ :l
TF
FG DL S0
MW - Multiple ¥avelength Pylsed DP - pata Processing
Ltight Source LO -~ Launch Optics
FG - Frequency Generator DO - Detection Optics
DL - Delay D - Detector
S0 - Sampling Oscilloscope TF - Test Fiber
;Y N Input Output
1 2
1 f j 1f x, A7
I [
' { }I\ jll\
1' .' - _: .
I ! t ' 't
Aty at,
H - (Atl- ﬁto)
Lo (), -»)

FIG. 29 - Measurement of chromatic dispersion by the propagation
delay method.
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of launching optics (not critical in this measurement). The
detection optice and detectors are of the same kind of the cones
described in sections 5.2 and 5.3. The time difference between
the pulses, before and after propagating in the fiber, are
weasured and chromatic dispersion calculated from Eq. {53).

The light source used in this type of measurements can be of
various kinds. The most used configurations are given in Figure
30. The simplest one is to ysed two laser dicdee and a
beamsplitter to combine their outputs. Each one emits a short
pulse (< 1lns) triogered by a low frequency pulse generator.
Another configuration uses various lasers, which outputs are
combined into the fiber using a fiber coupler, thus making a
very compact system.

A very versatile variable wavelength pulse light source is
by means of a high power Nd:YAG laser. pumping short pulses into
a monomode silica fiber and 9enerating a Raman spectrum as shown
in Fiqure 30.

The desired wavelenoth is pelected by means of a
monochromator and this set-up offers @ large selection of
wavzlenyths, over . the wosl interesting region for monomode
tibers, from I to 1.5 microns. Anti-Stokes Raman lines. for
wavelengths smaller than the NA:YAG emimnsion, at 1.06 um, is also
available, but with less intensity, all the way down to 0.5
microns. In this apparatus, the Bignal used for triggering
purpoaes 15 normally obtained from the rear end beam of the lamer
with a ccuvenient delay line.

A result, using the Raman laser, 18 given in FiqQure 31. The

80
LD (a)

LD ~ Laser Diode
MO - Microscope Objective

A B85 - Beamsplitter
2 MO P - Pulser
FP - Fiber Pigtail
A ~ FC - Optical fiber Couple:
] Hi—\ﬁm——-——.—n—_—.
1 P| LD f} O .
MO *+ BS

. —fP

FC (b}
_pl },\3
FC

/7 SM - Monomade Fibep
Mode Locked MC - Monochromator
Q'-switched

Nd:YAG Laser M
0 gz i! 0 MC
MO

MO - .
0 ‘ . :
1 Raman Spectrugi
Trigger
Y W’ 1.6
(microns)

FIG. 30 - Multiple wavelength pulsed light sources for chromatic
dispersion measurement In time domain.
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time delays at the various wvavelengthe, were pPlotted with respect
to the 0.772 microna pulse. The derivative of this curve ;.o the
chromatic dispersion is also shown. The Ao
uavelenoth‘correspondinq to the point where M\ im terc, is very

important in' monomode fiber des=ign. Depending on the waveguide

- disperaion effect, in Eq. (44), this )\o can be moved arosund,
"% Y LASER RaMAN [} from 1.2 to even 1.55 microns, thun opening the possibility of
120
0 - making monomode fiberm with almost infinite bandwidths at any
€ - c
X po —_ » ~ wavelength,
H -20 1;:_,
£ - The Haman laser configuration just described offers large
w 80 | ol
o
e TN .30 : inteneity pulges at almost any wavelengthof Interest. On the
z \\--.—0-"/ ]
o L] w other hand. this system is very bulky, dangerous, expensive and
w a3 {A)
x / ah "4a ; suffers from jitter and different instabilities. It im most
a -] +
E * A o / +4 h"‘ ta *roprlate for laboratory environment. The other configurations
{um)

ol Ot .- are also limited in terms of availabllity of diode laser lines to
[ 5
g ool X Two Laser cover a wide range byt the system can be made very compact and
g Beating Method simple to uyse.

120 Some other measurements technigues based on detecting

80 modylated gignals 1nstead of pulses, are being also used. If a

Bi1nusoidal modulated signal Propagates down the fiber, the
detected intensity will be
FIG. 31 - Chromatie delay and dispersion measurement P =P cos (wt + f ) (54)
o o

of a multimode graded Index fiber using
@ Raman laser source.

where w 15 the frequency and # any constant phase. When the

wavelength changes by AN . for 4 @iven frequency, the change 1n
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phage ip
at :”%
Q¢ = w ;;‘— LYY + -:é-)-. ax (55)
From (53) we have thep
1]dg o
M(A) = —) -2 - (56)

wLld A 353:

Thus, the chromatic dispersion can be determined by Beasuring the
phase shift as a function of wavelength. The second term in Eq.
(56) im a systematic eéxperipental parameter that can be
determined in a 8eparate experiment in which only a =mall length
of fiber is measured,

To‘perform this phase shift measurements, the same type of
apparatus as shown in Figure 29 €an be used, substituting the
oscilloscope by a phase sensitive detector such as an vector
- voltmeter and disregarding the delay line. Usually modulation
fréquenc:es abovg a few tens of MHz are needed to have an
arreciably phase change, since the phase shift is proportional to
w. The light gource employed can be one or more LED's to cover
the region of interest with a monochromator for wavelength
nelectioﬁ*ﬁ%ar;ous laser diodes with different wavelength (oee
Figure 30b).

Also, with respect to frequency domain techniques, if tweo

84

lasers with different wavelengths are modul ated synchronously,
the detected signal plotted as a function of frequency will be
modulated by cos (wAl) where 4at ;s the difference in delay time
between the two wavelengths as shown in Figure 32. A experimental
value obtained with this technique 1s ghown in Figure 31 and it
compares well with the Raman lasmer technique.

Finally, it must be emphasized here, that all the above
described methods apply for multimode and for mcnomode fibers,
where chromatic dispersion is the critical parameter limiting

fiber bandwidth.
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FIG. 3

FREQUENCY (sq MHz/div)

~ Beating of two frequency modulated laser signal
with different -avelengthgafter propagating In
an optical fiber.
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6. MEASUREMENT oF MONOMODE FIBER PARAMETERS
6.1. INTRODUCTION

All meamuring techniquen deacribed mo far are applicakle to
multimode as well for Bonomode fibera. For this last type of
liqht Quide, there are two MOre measurements that needs to be
Bade. One of them ig the determination of the wvavelength above
which, only*;hndalental #ode, the LP , jp present. The other
one, is the characterization of the E}eld distribution nf the
fundamental mode, particularly itg diameter. The knowledge of
this value, at a given wavelength, permits one to evaluate the
aplicing characteristics of the fiber and ita sensitivaty te
microbending loas, induced by cabling and lay out. If the
dependence of the mode diameter with wavelength ins known, the cut-
off wavelength as well as the waveguide dispersion can be also
obtatned.

But before we go through the details of the specific
measuring techniques, some of the basic relationship for the

Parameters of the fundamental mode Wwill be given.

6.2. FUNDAMENTAL MODE BASIC RELATIONS

The index of refraction profile of a monomode fiber can be
of any shape, either Ron-intentionally becaume of fabrication
limitations or top oplimize some fiber characteristics such as
loss or dispersion properties. But generally, the fundamental
mode shape wil] not depend very Strongly on the exact index

profile, since the spatial dimensions involved are of the order

of the wavelength itself,
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The field dimtribution for the step index profile can be

exactly calculated as weil am other parameters such as cut off
wavelength and dispersion. If the core index is given by An and

P
i*8 radius by a, the cut off wavelength im then

ANow o2l (57)

This im the theoretical value that holds only for ideal
conditions. In reality, since the field distribution of the
Becond order mode (LP ) extends out in the cladding, the losa of
this mode is very sen:}tive to micro and macrobending, specially
hear the cut-off region. So in practice, there exist an effective
cut-off wavelength that depends on fiber length, index profile,
curvature and other extrins:c conditions.

Even though ., the fundamental mode field distribution is not

-; exactly Gaussian, this analytical representation gives a very

vood approximation, specially in?ide the core. Thus. the

transverse field can be represented by

2
r
E{r) = Eo. exp (- --) (58)
2

Yo
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2 .
where VW, 18 the spot radius at 1/e of the intensity distribution.

When Eq (58) is confronted With the exact field

distribution, the dependence of W,Wwilh other fiber parametera can

-be determined

A 32 2.6
W= a|0.65 + 0.434 (&) + 0.149 ()\) (59)
A
<

Lol

This expression. known a= the Marcuse relation, permits the
determination of fiber Parameters a and )\ once the wavelength
dependence of W, 18 knhown. ©

When the index profile of a Given fiber, is not a step
function, the fundamental mode field distribution still reseables
a4 Gaussian function and Bo the fiber characteristic can be
approximate by an equivalent step index fiber. Of course, this
type of approximation 18 not to be used for Very accurate
purposes but only for a first glance. Anvhow, for g¢graded index
profile with and without the central dip, this approach works
very well.

In the equivalent step index approximation, the equivalent
radius and index difference are given by

o
_,(o Anir)rdr
a =Tl L (60)

e !” n{r)dr

and
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oD
/An(r)dr
[+]

noe e (61)

wvhere An(r) 1= the measyred index of refraction difference
between core and cladding. Thus, if these effective Parameters
are used, all the other relationship may be employed, by

substituting a and An by the above valuen.

6.3. CUT-OFF WAVELENGTH MEASUREMENT

There are two bamic methods of‘neasurino cut off wavelength.
one of them consist of determining the wavelength in which the
loss of the second mode increases abruptly. This €an be detected
by comparing fiber transmission with and without a bend around a
mandrel, Comparing the transmission curves between 3 multimode
and the single mode teat fiber, wil} also detected this increase
in loss. The other method is5 by measuring the diameter of the
mode field aw a function of wavélength, In thas technique, by
decreasing the wavelength,where the mode field is measured, there
will be a point in which the field of the second mode will
superimpose the fundamental one that is very much confined in the
core at this point. The measured field will increase abruptly

Just at the cul- of f point and eventually stabilize aaaaaven value

g0

In thia 8section, we wi]] deucribe_juat the firgt method ang
comment the other one at the next eection.
To measure the cut.off uavblenoth by detecting the high lops

point of the Lp mode, an eAPerimental ast UD similar to the ane

Lhe MEeaBuring syatem 18 given in Figure 33 To aveoid exerting any
constraint, such as clamping down the tent fiber, that will
induced ANy non controllegd increage of the LP loss, it i

11
better to aplice it to Bultimode fibers in the input and output

completely strajght and without any external pressure on it. For
the second measurement, 3 mingle loop of radius g {l6cm or any
other value) ia made. In drawing (a) both Beasurements are shown
and the log of the ratio is plotted. The cut.off wavelength ja
the far right point shown. If the value of K in changed, tie rar
left point of the Curve will change ag shown.

If the reference transmiasion is Not done | with the bent
fiber, but with a multimode fiber (can be the Zame as the gpliced
fiber MF) the results will be ag given by (b} in Figure 33, a
real measurement curve is shown 1n Figure 34. Apart from the )\
point in A . 1.28 um, the cut off wavelength of the thara )
mode  is evident at A« 0.gq. This is confirmed by the fact that
the two cut-off wavelengths ratyop (0.84/1.28 = 0.66) is the mame
28 ratio of theoretical cut-off v velues for the Lp and Lp +
Lp modes, 1.e 2.405 and 3.8az (2.405/1.832 « 0.63). #

02
Another 1nteresting feature ig the 4.8 dn transition near
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FIG. 33 - Experimental set-up for measuring cut-off wavelength.

(a} bending methad; (b) multimode fiber comparison,
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A . Since the mode degeneracy of the LP and LP  modes is 2 and q
r:spectlvely. the ratio of power carryig; -odeélia 244/2 = 3 or
4.77 d8. If equa) mode excitation 18 agsumed, then it folilows
what 19 seepn ip Figure 34.

As would be expected, the cut off wavelength 15 3 function

of fiber length and curvature. Thia dependence ip shown in Figure

35 and can be Parametrized ftor Btep index profiles) am

A *XN (L =], R ago) - A log (L) - p/n (623

where L ig the fiber length, R the curvature radius and the A and
B constants, that depend on fiber type, €abling and other
coenditions. This shows that it is very important in any
determination to 8pecify completely the conditiona in uh:cﬁ the

Redgurements were performad,

G.4. MODE FIELD DIAMETER MEASUREMENT

The most obvious way of measuring the mode field
Mrstributios ang its diameter ;g by performing a near field
Stanming in the same waY as described in section 3.2, Assuming a
Caussian fielgd 43 given by Eg. {58) the nearfield data im fitted
to this EApPression to yietd vy The fitting criteria is one
that woulg maximize the toupling between a Gaussian and the real
field distribution. 86, the integra] to be maximized 1g the

followan:

Change in cut-pre wavelength (10am/giv)

94

1 10 100

Fiber Length (m)

FIG. 35 _ Change in the Mmeasured cut-off wavelength as 3
function of fiber length,
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o0
/rt(r) E{r)ar
0 "

T e L (63)

L) 2 a0
frf(r ) ar J(el:(r)dr
o =]

where f(r) is the square root of the measured near field data.

Apart from being a very direct method, the near field
BCanning is not an easy meazurement to be done, specially if the
wavelength dependence of Wy is sought. Among the problems are,
focusing for every A and low detected power (poor signal to noise
ratio)

A variation of the near field is to do the more ¢agy onhe,
far field scan. There are mathematical ways of transforming far
field distribution to the correspondent near field and the same
pracedures a8 given above are executed. But this 18 a rather
messy calculations and a more direct way 1s to fit a Caussian
transformed field distribution to the actual far field data. The

fitting criterium in now to maximize,

>0
@E(9). g(8) de

o™

D e e (64)
o

- b
_/ E®@} do . j 9le) do

o o
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where © ig the far field angle and 9{®) 15 the 8quare root
angular power distribution and
2

2
-% e (65)
E(@) = Eo e w

Once the @ value is obtained from the fitting, the mode radius
w
is given by

Wy m T (66)

Thelexperinental aet-us to perform far field scan in nonumode
fiber is the pame as the one Bhown in Figure 7. This technique
also muffers from low detected signal as in the case of all
monomode fiber measurements.

A very direct way, as far as fiber splicing is concern, to
weasure mode field diameter, is the transverse offset method. In
this case, the fiber is cut in two pieces, couple face to face
and the tranamission through this interface is measured as a
function of transverse offset. Assuming Gaussian fields, the

tranamission as a function of offset d is then

T(d) = To.e 2 (67)
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Thus, doing 4 simple fitting of En. (67) to the Measured data

The variation of the mode diametey with wavelength i3 ip Figure
37{b) . The cut-orf wavelength igp very clearly shown

The :increanme n 2w with wavelength, an 9iven by Eq. t59) inm
aleo apparent. Fitting thege data with this equation iga an
alternative wvay of obtaining fiver parameter sych as A and

a4
equivalent radius 4 4 from Eq. 57, An 13 then calculateq
e

()

UNITS)

INTENSITY (ARA

MODE FIELD CIAMETER (microns)
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(a)
e
e
w4 ~ BGaussian fit
a2l !
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N - -
; 3 : : :
L]
Transverse off-set (microns}
14
{b)
144
12 )
T
¥
1! = A !

Wavelength (microns)

FIG. 37 - Mode field diameter measurement by the transverse
off-set method. (a) transmission power as a
function of off-set; (b) mode diameter as a
functieon of wavelength,
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——a1rﬁ-<: 5 um
LS ao ME_ Sy TF : f v g
MP

LI

—
C
[

LS - Light Scurce MO
CH - Chopper S
WS - Wavelength Selection D
LI - Lock-in Amplifier D

C - Computer MP
P - Plotter MF
TF

- Microscope objective

- Splice

~ Detector

- Transistion Driver

~ Motorized Micropositioner
~ Multimode Fiber

- Test Fiber

FIG. 36 - Experimental set-up for measuring mode field diameter
by the transverse offset methaod.
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7. CONCLUSIONS

Throughout this text we tried to cover most of the optica)
Beasuring techniques that are used today in fiber optics
technology. Many other techniques, even though very interesting
ones. were nol mentioned here rather because they are outdated or
8till in 1ts infancy and subjected to many studies. Now, the main
objective of people involved in this field 18 to find ways
of getting reliahle results in the most s1mplest way. This is
very important, since fiber optics are 9elting out the
laboratories and into the commercial worild. In this setting cost
and performance will eventually determine the tull applicability

of optical commMunications technology in the future,
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