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Abstract—A new technique for comparing the Rayleigh scattering
coefficients of single-mode step index fibers is described and its theo-
retical limitations are discussed. The validity of the technique is proven
using telecommunications-grade fibers. Of particular interest is the
variation of scatter found with increasing core index. In addition, the
influence of small ( <0.1 percent) quantities of rare-earth dopant ions
on the fiber scatter losses is analyzed for the first time.

1. INTRODUCTION

ELECOMMUNICATIONS fibers are now being pro-

duced in which the losses approach the intrinsic Ray-
leigh scatter loss of pure SiO, [1]. However, although
such ultralow loss fibers have been fabricated in the lab-
oratory their routine fabrication in a production environ-
ment is proving more difficult. A technique which can
easily separate the scatter loss in a fiber from any other
loss sources (e.g., hydroxyl absorption or waveguide im-
perfections) is therefore required. Similarly, in the devel-
opment of fibers for use at longer wavelengths where the
Rayleigh scattering contribution to the loss is lower [2],
a simple technique which can separate this scatter loss
from the total fiber loss is also required. More recently,
fibers doped with small amounts of rare-earth ions have
become available [3], [4] in which it has been suggested
that the increased loss of such fibers may be due to in-
creased scatter caused by the presence of relatively large
rare-earth ions within the glass matrix.

To date, several techniques have been proposed for the
measurement of Rayleigh scattering loss «; in optical fi-
bers. These include microcalorimetry [5]-[8] the use of
integrating spheres [9] or cubes [10], [11], and a com-
parison of Brillouin and Rayleigh scattering [12]. In ad-
dition, the A™* dependent component of the fiber spectral
attenuation may be used to obtain «; in multimode fibers
[13], [14]. However, this technique can not be applied to
single-mode fibers since their wavelength dependent
losses due to geometrical imperfections are not generally
known [15]. All the above techniques suffer from the lim-
itations that they are either applicable only to multimode
fibers or do not give the scatter at the wavelength of op-
eration of the fiber. Consequently, a simple technique
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which can measure «, in low-loss single-mode fiber op-
erating at 1.3 or 1.55 um is required.

To this end, we present a new technique based on op-
tical time domain reflectometry (OTDR) that has been de-
veloped for the simple accurate relative measurement of
a, in single-mode optical fibers. The theory of the tech-
nique is developed and the sources of error in the mea-
surement are analyzed. Results are presented for both
standard telecommunications fibers and for fibers contain-
ing rare-earth impurity dopant ions. These show firstly
that the (concentration of GeO, )! /2 dependence of scatter
losses noted in multimode fibers [14] also holds for sin-
gle-mode fibers and secondly that the incorporation of
small amounts ( <0.1 percent) of rare-earth dopant ions
into the fiber core does not affect the fiber scatter losses.
The extension of the technique to more complex fiber de-
signs is discussed.

II. THEORY

In OTDR, a short optical pulse launched into an optical
fiber is both scattered and attenuated as it propagates along
the fiber. A small fraction of the scattered power is guided
backwards and monitored by a detector. The power re-
turning to the detector P(t) is given by

P(t) = PyWn(z) exp <— S; a(z)V, dt> (1)

where P, is the launched power, W the pulsewidth, « the
attenuation, and 7 is the backscatter factor [16], [17] of
the fiber, given by

n = 0.5V,a,B(z). (2)

Here V, is the group velocity, a; the Rayleigh scatter coef-
ficient, and B({z) the backscatter capture fraction.

Provided both the backscatter capture fraction B(z) and
V, are known, it is possible to determine a value for a;
by comparing the launched power with the backscattered
power [18]. However, an accurate comparison of the for-
ward and backward going pulses is difficult owing to the
large dynamic difference in power levels, which typically
exceeds 50 dB.

A simpler technique is therefore required. This will be
described with reference to Fig. 1 which shows an ideal-
ized backscatter trace. Here, a high-quality low-loss fiber
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Fig. 1. The two launch configurations and idealized backscatter traces for
a measurement of the relative scatter coefficients of fibers 1 and 2. The
coefficients P,,, P, are the backscattered light powers from fibers 1 and
2 at the splice in configuration 1, and P,,, P;, refer to the backscattered
light powers from fibers 2 and 1 in configuration 2, respectively.

is used as a reference fiber to which is spliced the fiber
under test. The ratio of the backscattered powers at the
splice, using the test and standard fiber in turn as a launch
fiber, are then compared. Using (1) and (2), it can be
shown that the ratio R, = Py, /Py, is given by

Kg_Z_ E BZ(ZO) 2
Ver a1 By(zo)

where P,,, P,, are the backscattered powers at the splice
due to fibers 1 and 2, B,(2y), By(2o) are the correspond-
ing capture fractions at the splice, and T is the power
transmission coefficient of the splice. T can be measured
either by a cutback technique or by obtaining a backscat-
ter trace from both sides of the splice [19]. In the latter
case T is given by

R, = (3)

T = (RR,)""* (4)

where R, = P, /P, is the ratio of the backscattered pow-
ers as measured using fiber 2 as the launch fiber. It re-
mains, therefore, to determine V, and B(z).

For weakly guiding [20] single-mode step index fibers
with A = (n,, — ny)/n., << 1 percent, where n,, ng
are the core and cladding refractive indices, it is suffi-
ciently accurate to write ¥, = ¢/n,,. Here c is the vacuum
velocity of light. For normalized frequencies (V-values)
¥V > 1.7, the error introduced by this approximation is
typically less than 0.3 percent. Similarly, for these fibers
the mode field may be approximated to a high accuracy
by a Gaussian function [21]. Assuming a uniform scatter
loss distribution across the mode fields, B(z) is then given
by [17]

B = 6/(Knqw) (5)
where K = 27/ and o is the Marcuse spot size [21]
defined as the 1/e* power diameter of the Gaussian func-

tion obtained by maximizing the launch efficiency inte-
gral.
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It is clear therefore that the ratio of the Rayleigh scatter
coefficients may be written using (3)-(5) and the approx-
imations for V,, and V; as

g{l _ &>l/2 ﬂ>3<ﬂ 2 (6)
Qg R, hy Wy

where n,, n, are the core refractive indices of fibers 1 and
2. The ratio of the scatter coeflicients of two fibers can
thus be obtained by a backscatter measurement from both
ends of the jointed fibers and a knowledge of their spot
sizes.

The validity of the assumptions used to derive (6) are
analyzed in Appendix I. This shows that for V-values >2
any errors introduced are negligible and may therefore be
ignored in practice.

III. MEASUREMENTS

The experimental arrangement for backscatter measure-
ments is shown schematically in Fig. 2. Here, fiber 1 is
the reference and fiber 2 is the fiber to be compared to it.
A fusion splice was used to join the two fibers as this gave
greater stability during the measurement than a simple butt
splice. Errors due to detector saturation from Fresnel re-
flections from the launch end of the fiber were reduced by
incorporating either an acoustooptic deflector to blank off
the initial signal [22] or a suitable relay fiber to allow the
detector to recover from the initial saturation.

The coefficients R; in (6) are obtained by fitting expo-
nential curves to the backscatter traces before and after
the splice and hence determining the power ratio at the
splice. Since the measurement of the coefficients R; is in-
dependent of the splice losses, relatively bad splices may
be tolerated, limited only by the dynamic range and the
linearity of the measurement system. An extremely poor
splice may, however, have apparent additional losses due
to excitation of the lossy LP,, mode. To minimize any
errors arising from this, the first few measurement points
on either side of the splice are discarded when using the
fitting routine.

To obtain maximum accuracy under varying measure-
ment conditions, the OTDR resolution and launch power
must be matched to the fiber loss; higher fiber loss re-
quiring shorter, high-power pulses to maintain the accu-
racy obtained for long lengths of low-loss telecommuni-
cations-grade fibers. In our experiments pulses of between
15 and 400 ns were used, corresponding to a fiber length
resolution between 3 and 75 m. The high spatial resolu-
tion measurements were performed using a pulsed dye
laser system operating at wavelengths of 640 nm and 1
pm with the lower resolution results obtained at a wave-
length of 1.3 um, using a commercial OTDR system [23].
With the dye laser up to 2500 and for the 1.3 pm mea-
surement up to 1 X 10° waveforms were averaged to
achieve a measurement accuracy of 1 percent for the coef-
ficients R;.

The equivalent-step-index value of A for the fiber core
was calculated from measurements of the fiber refractive
index profile using the refracted near-field technique [23],
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Fig. 2. Arrangement for measurement of backscatter traces. Each end is
used consecutively as the launch.

[24]. For experimental convenience, the spot sizes were
obtained using the (1/2) truncated least-square-fitted
power transmission transverse offset technique [25]. Since
(6) requires only relative measurements of the spot sizes,
no absolute calibration of the equipment was necessary.
However, the measurement repeatability was checked and
found to have a standard deviation ¢ of 0.1 um. In addi-
tion, owing to the data fitting routine used to obtain the
“‘best’” Gaussian fit, V-value-dependent standard errors
of up to | percent in the range 1.76 < V < 2.64 are
introduced [25]. However, since only the ratio of the spot
sizes is required, these standard errors tend to cancel giv-
ing a typical residual standard error of <1 percent, which
is within the repeatability of the measurement discussed
above. Thus, for a typical telecommunications fiber with
a mode field diameter of 10 um it is estimated that the
relative scatter loss may be obtained to within 5-percent
accuracy. Assuming a scatter loss of 0.3 dB/km at 1.3
pm, differences of 0.015 dB/km of scatter loss may
therefore be detected.

Two series of investigations were carried out using this
technique. Firstly, the effects of GeO, concentration on
the Rayleigh scatter in telecommunications fiber operat-
ing at 1.3 um was investigated. This was intended to both
compare the accuracy of the technique to previously pub-
lish results and also to gain experience in the measure-
ments. An investigation of possible excess scattering loss
due to the introduction of low levels of rare-earth ions into
the fiber [4] was then undertaken.

IV. RESULTS
A. Telecommunications Grade Fibers

The first part of the measurements was aimed at inves-
tigating the effects of GeO, concentration on the Rayleigh
scatter levels of standard single-mode step-index telecom-
munications fibers at their design wavelength of 1.3 pm.
Six fibers were used in this study and their properties are
summarized in Table 1. Fibers 1-3 were manufactured by
Pirelli General plc using the VAD process and fibers 4-6
were manufactured with the MCVD process by Pirelli
General, York VSOP, and Southampton University, re-
spectively. The fiber refractive index profiles are shown
in Fig. 3. All fibers had a GeO,-doped silica core, an ap-
proximately matched silica or phosphorus flourine doped
cladding and were operated at V-values between 2.2 and
2.3 to minimize the error due to inhomogeneous radial
scatter distribution (Appendix 1). Fiber 1 was chosen as

0.008| . .
A Standard
okt fibre

0.008
F 2
o Test
° i 1 fibres
o.oosr:-
L 3.
]

Sllica
1.4578

l ]
Index 009 ] .
difference 1
w.r.t. 0 L
Y 3
]

=50 0 50
Radius (pm)

Fig. 3. Refractive index profiles of the telecommunications fibers used in
the measurements. Fiber 1 is the reference fiber. Fibers 1-4 have a
matched cladding while that of fibers 5 and 6 is slightly depressed.

TABLE I
SUMMARY OF TELECOMMUNICATION FIBER PROPERTIES
(Fiber 1 is the standard fiber and fibers 2-6 are the test fibers)

Fibre NA a Manufacturing
d_B/—kt;l_ process
1 .10 .39 VAD
2 .12 .54 VAD
3 .12 .56 VAD
4 .13 .60 MCVD
5 .15 .64 MCVD
6 .17 .70 MCVD

the standard fiber, since it exhibited the lowest total loss
of 0.39 dB/km and the scatter levels of the other fibers
were compared to this.

The results of the scatter measurements are plotted in
Fig. 4 as relative scatter levels against fiber NA. The error
bars here were estimated from the measurement accuracy
of the coefficients R; and the mode field diameters. Within
this measurement accuracy the scatter levels are found to
be linearly dependent on the numerical aperture of the fi-
bers for NA-values ranging from 0.10 to 0.17. These re-
sults compare well to measurements made by other work-
ers [14] on GeO,-doped multimode fibers, where generally
higher GeO, doping levels were considered.
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Fig. 4. Dependence of «,/a, i.e., the ratio of the scatter loss of single-
mode step-index GeO, doped silica fibers to that of a reference fiber,
plotted as a function of numerical aperture. An approximately linear de-
pendence of scattering on numerical aperture is observed for the range
investigated.

B. Rare-Earth-Doped Fibers

To the authors knowledge, no exact measurements have
ever been made on the scattering performance of rare-earth
impurity dopants in glass. The obvious problems here are
the high absorption losses due to the concentration of rare-
earth ions incorporated into the glass, which leads in turn
to a reduced scattered light power and difficulties in cal-
ibration. With the recent production of rare-earth-doped
fibers [4], these problems could be partially overcome. As
may be seen in Fig. 5, despite absorption bands with
losses of typically several 10 000 dB /km per 100 ppm of
the impurity dopant there remain low-loss windows with
an attenuation of only a few decibels per kilometer. How-
ever, the question arises as to why the total loss does not
reduce to that of pure SiO, /GeO, fibers outside these ab-
sorption bands. It has previously been suggested that this
additional loss is due to increased scattering from the rare-
earth ions within the glass matrix [4].

To investigate this, two Nd** doped fibers were chosen
as representative of typical rare-earth-doped fibers and
their scatter levels were compared to those of undoped
fibers of similar design. The fiber properties are summa-
rized in Table II. The large variation in fiber properties
evident here is due to the Nd** doped fibers having dif-
ferent design considerations to telecommunications fi-
bers. Nevertheless, it transpires even for this range of A
values, the measurement accuracy is limited only by that
of the mode field diameter measurements. The measure-
ments were carried out at both 640 nm and 1 um, and the
results are shown in Table III. The ratios of the scatter
coefficients are given both as determined experimentally
and as extrapolated from the measurements on the tele-
communication fibers 1-6. It can be seen that within the
measurement accuracy (which here was about 10 percent,
due to the smaller spot sizes that had to be measured than
for the telecommunications fibers) the incorporation of
several 100 ppm of Nd*>* into silica does not lead to an
increase in «,. This indicates that at the dopant concen-
trations encountered in these fibers, the Nd** ions are in-
corporated interstitially within the silica matrix. The small
increase in loss outside the absorption bands noted pre-
viously is therefore due to residual ‘‘tails’” of these ab-
sorption bands.
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Fig. 5. Absorption spectrum of a silica fiber doped with 30 ppm Nd**
Note the low-loss absorption window between 950 and 1350 nm, where
the absorption is only about 1 dB/km higher than in standard telecom-
munications fibers.
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TABLE 11
SuMMARY OF Nd** DoPED AND UNDOPED REFERENCE FIBER PROPERTIES
(a = total loss at the measurement wavelength A, [Nd**] is the Nd** con-
centration in the fiber in parts per million.)

Fibre NA a A [Nda*]
dB/km Jm ppm
7 14 11 64 -
8 09 22 64 30
9 11 3 1.00 -
10 .21 14 1.00 300
TABLE III

THE SCATTER Loss RATIOS «;/«; OF Nd** DOPED AND UNDOPED SILICA
Fi1BERS COMPARED TO THE SCATTER L0SS RATIO AS ESTIMATED FROM (9)

Fibre Scatter loss ratios
ai/aj ui/aj
Measured Predicted
Fibre 7
1.22 1.18
Fibre 8
Fibre 9
0.70 0.74
Fibre 10

In addition, the temperature dependence of the scatter
levels of Nd**-doped fibers was investigated by heating
the standard and test fibers in turn and was found to be

1 da;
w dT (7)

This is the same figure as measured for silica fibers and

= 0.016 percent °C ™!,
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is due solely to the temperature dependence of the back-
scatter capture fraction [26].

V. DiscussION

Two mechanisms are known to lead to the observed in-
crease in Rayleigh scattering with increasing GeO, con-
centration in the fiber. The first effect is the higher scat-
tering due to density fluctuations in GeO, as compared to
SiO, [27]. Secondly, the random statistical distribution of
GeO, in SiO, leads to additional small variations of the
dielectric constant and hence to concentration scattering
[11]. From Fig. 4 and the well-known dependence of re-
fractive index on GeO,-concentration [28], we may write
for the relative Rayleigh scatter coefficient of the SiO,-
GeO, binary system

a/a, = 1 +23(CV? - Cl/?) (8)

where «,, o, are the scatter losses, and C, and C, are the
GeO, concentrations in the standard and test fiber, re-
spectively. An upper limit for the scatter loss of fiber 1,
«f is given by

(9)

where o, is the total fiber loss and aoy is the excess loss
due to hydroxyl impurities which may be calculated from
the intensity of the absorption peak at 1390 nm [13]. From
spectral attenuation measurements, the hydroxyl concen-
tration in fiber 1 was found to be 90 ppb which gives agy
= 0.08 dB/km. From Table I, o,, = 0.39 dB/km and
hence o) = 0.31 dB/km.

Substituting this value into (8) allows the calculation of
upper limits to the scatter losses ap,, of fibers 2-6. These
are shown in Table IV along with values of ¢, calculated
using (8). It may be seen that scatter losses and hydroxyl
absorption do not totally explain the higher total losses of
fibers with high GeO, concentration. The reasons for this
are not entirely clear and may be attributable to excess
losses caused by specific manufacturing conditions.

The undetectable scatter loss due to the presence of rare-
earth ions within the host silica matrix suggests that higher
doping levels than presently demonstrated with negligible
increase in scatter losses, are possible. For very-high dop-
ing levels, however, it is expected that the silica matrix
will be modified, thus leading to increased scattering due
to the presence of relatively large Nd,O; molecules. The
technique described here may then provide valuable in-
formation about the structure of such glasses. The high
attenuation levels expected, however, may require a high
resolution OTDR [29] to obtain acceptable measurement
accuracy.

A reduction in measurement time may be obtained, if
required, by simultaneously measuring the backscatter
traces for test fibers using the arrangement of Fig. 6. Here
fiber B is the reference fiber and fibers A and C are used
in turn as the launch fiber. Thus for each relative mea-
surement of «,/, only one splice must be made and one
measurement each of spot size, refractive-index profile,
and backscatter trace need be obtained.

! = pu—
ay = Ohot Q0oH

TABLE IV
THE UPPER LIMIT FOR THE SCATTER LOSSES OF THE FIBERS AS CALCULATED
USING (9) ARF SHOWN
(0 18 the total loss minus hydroxyl absorption, [GeO,}. [OH "] represent

GeO, and OH  concentrations. )
Fibre [GeO,] [OH] LI o,
% ppb dB/km dB/km
1 2.3 90 .31 31
2 3.5 220 .36 .34
3 3.5 220 .38 .34
4 4.0 130 .39 .34
5 5.3 30 .62 .37
6 6.8 220 .52 .39
Directional
coupler
\ Launch Splice, Splice,
v
¥
Amplifier | FipreA  FibreB  FibreC

Computer

Fig. 6. Suggested experimental arrangement to measure the relative scat-
ter coefficients of two fibers simultaneously. Fiber B is the standard fiber
and fibers A and C are the test fibers.

In addition to the relative scatter loss of quasi step-in-
dex fibers described above, the scatter loss of fibers with
an arbitrary index profile may in principle be measured,
provided the light power distribution in the fiber is known
with sufficient accuracy. The backscatter capture fraction
may then be calculated using (10) and «; obtained as de-
scribed above.

V1. CONCLUSIONS

The idea of a standard reference fiber in conjunction
with an OTDR-technique has been introduced for the
measurement of Rayleigh scattering in single-mode opti-
cal fibers. The technique for the accurate comparison of
a test fiber to this reference fiber has been described and
a detection capability of less than 0.015 dB /km of scatter
loss difference at 1.3 um estimated. The increase of scat-
ter losses with core GeO, concentration has been observed
and this underlines its importance for the optimum design
of optical fibers. The effect on fiber scatter losses of the
addition of small amounts of Nd*>* ions to the fiber core
was also investigated and found to be negligible.

The theoretical minimum Rayleigh scatter loss in silica
optical fibers has not yet been achieved in the manufac-
turing process [1]. A careful application of the present
measurement technique may thus prove valuable in find-
ing parameters to optimize fiber production.
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Fig. 7. Theoretical accuracy of the Gaussian approximation for the ratio
B, (V,)/B,V,). i.e., the ratio of the backscatter capture fractions for
two fibers with different V-values, calculated from (10) for uniform scat-
ter loss distributions.

APPENDIX |
THE ErrecTs OF NON-GAUSSIAN FIELDS AND
INHOMOGENEOUS SCATTER L0sS DISTRIBUTION
As pointed out in Section II, (6) is only exact for
Gaussian fields and uniform scatter loss distributions.
Using the exact form of the backscatter capture fraction
[17]

L BB VR R

T an2v?

o

S: Res (R) Ya(R) dR SO RYA(R) dR

(10)

where Y (R) is the field distribution in the fiber as a func-
tion of radius, the accuracy of (6) may be evaluated. Fig.
7 plots the error for g, /ay, for a constant scatter loss
distribution in a step index fiber as a function of V, and
V,. Here

r= (BZ(VZ)/BI(VI)g/(BZ(VZ)/BI(VI)) (11)

is the ratio of the Gaussian approximation for
(B, (V;)/B,(V))), over its exact form. For V; = V, the
ratio r = 1 and (6) is exact. However, about 1-percent
error is introduced per 0.1 difference in V-value between
the two fibers. For most applications, only the compari-
son of fibers near LP,, mode cutoff is of interest (i.e., ¥
= V, = 2.3) and thus this error may then be neglected.

For nonuniform scatter loss distributions «; may be de-
fined as the weighted average of the scatter over the modal
field [17]. However, in practice o, and «,, the scatter
loss in the fiber core and cladding, may each be assumed
to be constant and the scatter loss of the fiber may be
approximated by «,. Thus, due to the implicit depen-
dence of B on the scatter loss distribution, small errors
are introduced in (6) when using this approximation. Fig.
8 plots the parameter r (assuming Gaussian fields) as a
function of V, and V,, where r is given by

r = (B:(V2)/Bs(V1) e/ (Bi(V2)/B1 (V1)) (12)

Here the extreme case is assumed that for fiber 1 (e /ot,)
= 0.5 and for fiber 2(ay /) = 2. For V = 2.4, the

exact

exact’
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Fig. 8. Theoretical accuracy of (6) for the scatter loss ratio of two fibers
that exhibit significantly different scatter loss coefficients for core and
cladding. Here the assumed values for the ratio of the scatter loss coef-
ficients of core and cladding are: (a./a.), = 0.5 for fiber 1 and
(/o) = 2 for fiber 2.

error in (6) is less than 6 percent compared to a difference
in the ratios of (o /o, )1, and (e / e, ), of 400 percent.
For smaller V-values the error increases, but it remains
below 15 percent for V,, V, > 2. Thus the effect of non-
uniform scatter loss distribution is relatively small and
may be neglected in (6).
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