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Abstract. We have proposed a modernized nonlinear optical method for quality
control of optical fibre parameters utilizing four-wave mixing process (FWM).
Now it is possible, simultaneously with the core diameter 2a, the core-cladding
refractive index difference 6.n, the normalized frequency V and the cutoff wavelength ,\;, to determine the concentration C of a single dopant. To our knowledge
this is the first time that a nonlinear method is used to determine fibre parameters,
that might prove to be a valuable and highly accurate one.

1. Introduction
The knowledge of optical waveguide parameters with high precision is an ever growing
demand posed by the requirements of high density optical transmission lines as well as
nonlinear optical devices.
Several well worked out methods [1] for waveguide parameters evaluation use low
light power levels that eliminate the interference from nonlinear processes and allow the
determination of only one parameter of the waveguide. An alternative approach should
make use of a four-wave parameter process. This method would yield differential modal
delays [2] and fibre ellipticity [3] with generated frequencies being the measured values.
It is also possible to determine simultaneously the core diameter 2a, the core-cladding
refractive indices difference, the normalized frequency V, the cutoff wavelength and
the core refractive coefficient. There is however a certain ambiguity that might arise
when we impose a certain form of the refractive index distribution. This is especially
the case of a fibre with a dip in the refractive index profile in the center of the fibre
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[4]. A possible way to minimize this uncertainty is to use a suitable set of mode pairs
and make no initial guess of the refractive index profile [5]. A principal shortcoming
of other methods is that they use data for pure quartz and cannot determine doping
concentration and also the core diameter with high precision.
We have proposed a method that might cletennine the concentration of a fibre doped
with a single element and on this basis determine with high precision other fibre parameters. This method makes use of the Sellmeier formula in a fastly converging recurrent
way that yields fibre parameters with high precision. We experimentally demonstrate
this method in the case of a quartz fibre with a Ge doped core.

2. Description of the Method
The stimulated four-wave mixing is most effective when along with the energy balance
ratio phase-matching is being present !:::..k = k 8 + ka - 2kp = 0. For a medium with normal dispersion, that is !:::..k always greater than zero, the phase-matching is only possible
in the case of a birefringence material. As far as waveguides are concerned, intermodal
dispersion and material dispersion counterbalance so as phase matching condition is
being fulfilled. Thus the waveguide modes and fibre parameters will determine generated waves via FWM in a straightfonvard manner. So the generated frequencies will
be detennine<l by waveguide parameters. For the case of a weakly guided fibre [6] in a
divided pump process (i. e. the Stokes and one of the pump waves are propagating in
one fibre mode, while the anti-Stokes and the other pump wave propagate in another
fibre mode) the frequency shift !:::..vis determined by !:::..n, V, 2a and ncor in the following
manner [7, 8]:

!:::..

= !:::..n D(>.. ) [d(Ba V) _ d(Bas V)]
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>..p
P
dV
dV

n 2 -1 =
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where

2na V
V = --:>:"-21:::..nncor
and

5:.p is the pump wavelength, D(>..) = >.. 2 ~;~

-

(2)

the core material dispersion,

d~:)

are the differential modal delays of the propagating Stokes and anti-Stokes waves. These
modal delays are dependent only on the V parameter and the true profile of the refractive
index of the wavegu!de core. They do not however depend on whatsoever material
parameters.
The result for the frequency shift of Stokes and anti-Stokes waves propagating in
two different sets of waveguide modes can be summarized by the formula [4, 5]:
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used therein implies that a necessary mode pair should be selectec! (the best results are
obtained when no centrosymrnetric modes are used).
Core-cladding refractive index difference and core diameter have been obtained via
Eqs (1) and (2), where for 11cor and D(..\p) we used data for pure quartz. This assumption
might work for low doping concentrations but we perceive that at higher concentrations
there will be an inevitable error when the cited parameters are deduced.
We have proposed a procedure that might overcome this shortcoming of the method
for the specific case of a waveguide with a pure quartz cladding and a core doped with
one single element.
The method described makes use of an iterative process that in one step makes a
better fit to the doping concentration and the next one a better fit to the t:.n value. The
procedure itself is as follows :
(1) Via Eq. (3) the V value for the pump wavelength used is found out.
(2) For the first fit we select a zero value of the doping concentration and for ~~J
and D(..\)(1) we have the data for pure Si02.
(3) Eq. (1) yields the first approximation for the core-cladding refractive index
difference t:.n(l l .
(4) Eq. (2) yields the first approximation for the core diameter 2aCll.
(5) Next step we start with n~~J defined as:
n~~J = ncl + t:.nP l , where ncL is refractive index for pure Si02.
(6) This value we use to determine doping concentration c< 2l relying on the modified Sellmeier formula for two component mixtures:
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SAi, GAi, SLi, GLi are the Sellmeier coefficients.
(7) With the value for c< 2 l , using once again the Sellmeier fo1mula, we can deduce
the value of the dispersion D(.>.)< 2 ).
(8) Next we can return to step 3 for the next iteration.
Iteration will end when step by step the difference of the deduced parameters changes
less than 0.1 %.
The effectiveness of this procedure bas been demonstrated for the case of the experimental results described elsewhere of FWM process in two types of quartz fibres with
different levels of Ge0 2 doping of the core [5). It has been known from manufacturers
data that a strong dip of the refractive index in the center of the core is present.
For the case of a divided pump process the experimental result yields for one of
the fibres t:.v = 722 cm- 1 with the anti-Stokes wave and one of the pump waves
propagating in LP21 waveguide mode and the Stokes and the other pump wave - in
LP11 mode. For the second set of mode pairs these are LPo 1 and LPn modes with
frequency shift t:.v = 1089 cm- 1 . Modes for the second type of the fibre are the same
with respective frequency shifts t:.v = 384 cm- 1 and t:.v = 929 cm- 1 .
These measured quantities and Sellmeier coefficients for Si02 -Ge02 glass taken
from [9, 1OJ have been used as starting parameters for our calculation. Results for t:.n
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0.210

and concentration C of Ge0 2 dopants are presented in Figs 1, 2, 3. It is clearly seen
that no more than 4 to 5 iterations are necessary using our method to reach a steady
state value.
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Fig. 3. Dependence of the concentration C of a Ge02 dopant on the
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Table 1 is a comparison between our deduced values of fibre parameters with those
supplied by the manufacturer. These data diverge no more than 1 %, that can be either
an error inherent to the methodology used by the manufacturer or the method described
herein. We perceive that none of the methods used so far can serve as fully reliable
source for comparison.
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diameter on the number

3. Conclusion
We demonstrate that the proposed method (in this article) is a reliable one for final
quality control of fabricated fibre. All fibre parameters (ti.n, 2a, V, C) are determined
at the same time. As a matter of fact we determine integral quantities that characterize
the whole length of the fibre via a FWM process.
This can be used with any type of dopant in a two-component glass. However an
uncertainty will arise whenever a multiple component glass system is to be considered.
The basic cause for this is that n is not a well defined function of dopant concentration.
This work was supported by the Bulgarian Science Foundation with grant F-314.
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