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Pulse spreading in multimode optical fibres is caused primarily by
a) transit-time differences which exist between modes and b) material
dispersion effects which are apparent when using non-monochromatic
sources. The resultant pulse spreading may be minimised, respectively,
by designing graded-core fibres with optimal refractive-index profiles, 1%
and by operating in the wavelength range 1.27-1.35um, where the
material dispersion effect is small 1]. In order to optimise
refractive-index profiles in this longer-wavelength region it is
essential to possess accurate refractive-index data on commonly-used
fibre materials over a wider spectral range than has been hitherto
available. 1In this paper we present for the first time results .
giving the required optimum index profile over the extended wavelength
range 350nm to 1900nm, thus allowing fibre design for the 1.3pum B
region. Furthermore, the expansion which has been achieved in the
wavelength range of the measurements has resulted in a considf?fble
2

improvement in accuracy over the results reported previously

In the case of silica fibres doped with germania, phosphorous or
boron, a large amount of data is now available, albeit over a
restricted wavelength range, concerning the dispersive properties of
the materials. The data has been obtained on fibres[?,B] and on bulk
glasses 4,5,6] and should serve to aid the design of fibres with
minimal pulse spreading. Unfortunately, however, considerable
discrepancies appear to exist between data reported from different
sources, leading to confusion as regards the optimum index profile
for a given wavelength of operation. These discrepancies are that

a) both fibre and bulk-glass results differ between samples having
different compositions and (b) bulk-glass results differ from
those found in fibres. Two suggestions have emerged to explain these
inconsistencies. Firstly, it is arqued that the glasses exhibit in-
homogeneous dispersion, i.e. that the dispersive properties of the
materiads are not linearly related to their composition, leading to
results which differ according to the particular sample composition.
Secondly, it is thought that the wavelength-dispersive properties of
the glasses are affected by the thermal histories of the samples and
thus an annealed bulk sample yields results different from those
obtained from a fibre, the latter having experienced severe chilling
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during drawing.
The improved accuracy which has resulted from the extended wavelength &
range of the measurements has enabled us to test the above-noted
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hypotheses for germania-doped glasses. Firstly, the.wavelength dis-
persive properties as a function of composition may be determined by
measuring a range of step-index fibres having different germania E
concentrations.Secondly, by measuring a fibre sample annealed so as to i
simulate the coolingof a bulk glass sample it is possible to discover :
the differences which exist in dispersive properties as a result of
thermal. history.

Theorz

Olshansky and Keck l}]considered pulse broadening due to inter-modal
delay differences in the class of fibres with a-law profiles and
predicted the optimum profile which maximises the bandwidth as
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where A is the relative index difference between core centre and
cladding and P is the profile dispersion parameter defined as

N, 8 ax
Here nl

(2)

is the index at core centre, A is the operating wavelength
and Nj= nj3- Adnj/dA is the group index.

Implicit in this theory is

the assumption that the parameter P is a constant throughout the core,

i.e. that P is independent of material composition.

This may be re-

stated as a requirement that dn/d)A varies linearly with the index n

for all-compositions.
example, it were found that over a

Such a relationship would result if, for

range of wavelengths the refractive

index of a binary silica/germania glass varied linearly with germania

content.
low dopant levels used.

e

This would not appear unlikely in view of the relatively

If on3f'ef€ther hand the profile dispersion is found to be a contin-

uous £

ction of core radius in a graded-index fibre, then other_more

complex and conceptually less-appealing analyses are required 8]and

the optimum profile is no longer of the power-law_type.

A further

possibility which has been recently analysed.@,lo is that two or

more dop

ts may be incorporated in the core, the doping profile
being different for each component.

In this case, the profile dis-

persion is clearly not a constant within the core; however, if the
assumption may be made that the profile dispersion for each component
is-independent of its concentration, considerable simplification of
the analysis results and it may even be possible by appropriate choice
of doping profiles to design waveguides having optimal properties

over a broad wavelength range[}ol.

Thus it i1s crucial that a know-

ledge of the behaviour of the profile dispersion as a function of
dopant concentration is obtained, particularly since earlier results
4 show that major variations exist which would preclude the above-

noted simplified analysis.

Experiment

Details of our experimental technique for the meas

directly on the fibre have already

ement of P

been reported[z Expansion of

the range of the measurement further into the infra-red to 1900nm has

been achieved by using a germanium

as well as a silicon PIN photo-

detector, in conjunction with a prism monochromator for wavelength

selection.
considerably improved the accuracy

In addition, further attention to experimental detail has

and reproducibility of the method.

The raw data in the form of the variation of the fibre numerical

aperture (na) with wavelength over
Processed by a method developed in
technique the experimental data is
equation of the form

(ma)? = ¥ = ax® + b/A2 +

Having determined the coefficients
the parameter P and hence a may
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the range 350nm to 1900nm is
reference[i} Using a least-squares
fitted to an expanded Sellmeier

c eese (3)

a, b and ¢ of the fitted curve,
be computed, using eqns(l) and (2).

In order to obtain a realistic estimate of the certainty with which
Copt is determined by the experiment, an error analysis has been
implemented on the set of data points ¥(A) representing the variation

of the square of the numerical aperture with wavelength.
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variance of ¥ can be found as
var() =at et v ce D2 s EnZ 4 ... (1)

where A = var(a), B = var(b), C = var(c), D = 2cov(a,c), E = 2cov(b,c), -
F = 2cov(a,b). These variances and ¢ovariances of the coefficients :
are readily calculated at the same time as the least-squares deter-
mination of a,b ang c. 2

Defining @ = 2(aA® - b/A“) ce. (5)

we find from (2) and (3) that

LB1aay _Mig
PER YD W, ¥ «ee (6]
The variance of P is then given by
k8
_n n 2
var (P)= _1 var(g) |1 |var + g—var(?J eee (7)
Nl b4 Nl y ly4

where higher order terms on the r.h.s. of (7) are usually negligible.
In order to evaluate this expression we require var (@) which, from
var(g)= 4(AA" + B/A" - F) ces (8)

Equations (5), (7) and (8) permit a simple evaluation of the variance
of the deduced value of P, and hence of oyt as a function of wave-
length. As expected, we find that the variance of Gopt increases
rapidly towards the extremities of the 350 to 1900nm measurement range .
and indicates moreover that attempting to extrapolate outside of the . -
range would be unwise. The analysis reveals that the predicted value
for aony is most accurate over the wavelength range 700-1500nm, a
typicaE error being 10.02.

Results

Measurements have been performed on B>,03 and P70g-doped step-index
fibres, together with a range of GeOy~doped step-index fibres. The
fibre characteristics are given in Table 1. The maximum GeO; content
tested (13.1m/0) is

Concentration typical of the level used
Fibre Sample | Dopant m/o at the core centre of
\ _ - ~graded-index fibres manu-
A P20g 12.0 - factured by the CVD process. -
B B203 10.0 Thus the three GeO, fibre
c GeO 8.1 samples enable a test to
2 ° be made of the variation
D GeO2 11.0 of the profile parameter
, : P at three dopant levels
E Ge0, 13:1 - 0 monly found within the
F GeO 8.1 core of a graded-index
anfealed fibre.
Table 1

In order to test the effect
of thermal history on the fibre samples the 8.1m/o GeO.,-doped fibre
was subjected to an annealing schedule of 30 mins at 153000, followed -
by a gradual cooling to room temperature over a period of several
hours. Although the thermal history of the bulk glass samples used

in references [4~6]is not given, it is thought that the above

schedule represents an adequate simulation.

The measured values of (na)2 for the three dopant materials (samples .
A, B and D)together with the least squares fit using eqn(3) are given
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in figs. (la), (2a) and (3a) .It should be noted that the variation of
numerical aperture is extremely small, particularly in the case of
phosphosilicate glass and that, consequently, great care must be taken
to ensure experimental accuracy. The variation of Aopt With wave-
length deduced from the experimental data is illustraged in figs. (1b)
(2b) and (3b) and we see that for both GeO-and By03-doped fibres
0opt changes considerably with wavelength, whilst for P,0g-doped
fibres little variation exists over a wide wavelength range. Also
shown on the figures are the computed 99% confidence limits obtained
from the data using the error analysis outlined earlier. Note that
such an analysis gives no indication of the extent of any systematic
error; however, numerous experiments using different fibre samples
and changing the experimental parameters indicate that this is of a
similar order to the statistical error.

For completeness, the value of Oopt for all three materials is re-
plotted in fig.4. 1In addition, tge figure gives the results obtained
on the three samples C, D and E having different GeO2 concentrations.
The curves are very nearly identical, being within the thickness of
the line, clearly indicating that for the range of compositions tested
%opt 15 independent of concentration. This result differs consider-
abgy from those reported on bulk glasses |4,5,6 | and leads us to
believe that at least for germania-doped graded-index fibres profile
dispersion is homogeneous throughout the core. We note also that our
results for P205- and By03-doped glasses differ somewhat from earlier
published results [3]

The effect of heat treatment on the wavelength-dispersive properties
of a GeOp-doped glass is illustrated in fig.5. The value of a4

found for sample F is seen to be very similar to that obtained on the
as-drawn fibre (sample C), a slight drop in Gopt being all that is
evident. Since this reduction is of similar magnitude to the con-
fidence limits computed for the untreated fibre, it is not at present
clear whether even this small change is experimentally significant.
We conclude, therefore ,that the difference in thermal histories
between samples of germania-doped glasses is insufficient to explain
the presently-observed differences in profile dispersion measured on
fibres and bulk glasses.

Implications for Fibre Systems

The choice of dopant material has a profound effect on fibre bandwidth
if we consider the possibility of up-dating a system optimised for
operation at 850nm to work in the 1.3um window region where the
material dispersion is negligibly small. Whereas a move to longer
wavelength is accompanied by a reduction in the intra-modal dispersion
caused by material dispersion, this will be offset to some degree by
the increase in intermodal delay differences as the profile becomes
non-optimal. The effect is shown in fig. (6a) and (b) where the Bit
Rate x Length product is calculated as a function of operating wave-
length from the theory of reference[ﬁ} Using the values for og t
given earlier, the curves are plotted for P,05 and GeO,-doped fgbres
which have been designed to operate at 850nm. Fig. (6a) gives the
curves for a laser of 2nm spectral spread while (6b) gives the equiv-
alent for an LED of 40nm. We see that in the case of the laser
Operating in conjunction with a germania~doped fibre the bandwidth
actually decreases as we move to longer wavelength, while for P Og-
doped fibres with their characteristically low wavelength-variation of
%opt, We obtain the expected bandwidth improvement. The effect is
€qually marked for LED operation where for the GeOj-doped fibre very
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little improvement in bandwidth is gained by moving the operating
 wavelength to the 1.3um region. In contrast, the P205—doped fibre.
exhibits an increase of nearly two orders of magnitude.

Conclusions

Improvements in the direct method for the measurement of the profile
dispersion parameter P have enabled a major extension of the wave-
length range, allowing the 1.3um region to be covered. An accompany-
ing improvement in accuracy has permitted for the first time a
comparison of the values of P measured on fibres having different
dopant concentrations, together with a determination of the effect of
thermal history on the wavelength-dispersive properties of the glass.
From our results it would appear that the profile dispersion is not
dependent on the dopant concentration, at least for Geoz-doped fibres
having concentrations in the range measured. In addition, we find
that the thermal history of a GeOz-doped fibre has only a small effec
on the measured value of P, thus eliminating the effect as the reason
for observed differences between measurements on fibres and bulk-glas
samples. '

The profile dispersion results have been used to predict the bandwidth
of fibres designed for operation at 850nm when subsequently employed:
at other wavelengths. The calculations indicate that in the case of -
germania-doped fibres excited by a laser diode a reduction in band-
width occurs and thus uprating of such a fibre to 1.3um operation
would be of no advantage. Exploitation of the longer wavelength
region therefore requires either the design of fibres specifically
for 1l.3um operation, or the development of fibres which exhibit low
pulse dispersion over an extended spectral range @Iﬂ
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ons-doped fibres

(a) variation of (na)2 for a step-index fibre
having a silica cladding (sample A)

(b) Optimum profile as a function of wavelength
Dotted lines show certainty limits
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Fig.2 8203—doped fibres

(a) variation of (na)2 for a step-index fibre
having a silica core (sample B)

(b) Optimum profile as a function of wavelength
potted lines show certainty limits
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Fig.3 Geoz-doped fibres

(a) Variation of (na)2 for a step-iudex fibre
having a silica cladding (sample D)

{b) Optimum profile as a function of wavelength
Dotted lines show certainty limits
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Fig.4 Optimum profile for the three dopants shown
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concentfations (samples C, D, E) which all lie
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Fig. 5 Effect of thermal history on measurc3 agpt of a
GeO,-doped fibre

sol1id line: As-drawn fibre (sample D)
Dotted line: Annealed fibre (sample F)
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Fig.6 Variation of bandwidth with wavelength for fibres having

a profile designed for operation at 850nm. The curves
are plotted for fibres having P,05 and GeO, content at
core centre of 12Mm/o0 and 13.1M/0 respectively.

(i) aives the result for a laser of 2nm spectral spread,
(b} that for an L&D of 4Onm
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