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Examination of spliced telecommunication fibers
of the NZDS-SMF type adjusted
to wavelength division multiplexing
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Measurements of NZDS-SMF fiber parameters of the TrueWave ® and LEAF™ type adjusted to
wave multiplexing have been presented. The results of optimization of fibers splicing conditions
have been shown, as well as measurements of loss and mechanical strength of non-optimized and
optimized splices. The calculation results of diffusion coefficient of G e02dopant diffusing from the
core to the cladding during the splicing process are also presented.

1. Introduction

In single channel systems as well as in multiple channel systems effects occur which
have not attracted much attention until recently: optical nonlinear effects in glass.
For Wave Division Multiplexing (WDM) systems which are used more and more
nowadays the most destructive one is Four-Wave Mixing (FWM) which leads to
channel crosstalk [1], The FWM can be suppressed by dispersion —the more, the
better. This has consequences for the application of fibers in the WDM system. The
FWM is generated by the dependence of refractive index on light power density, and
causes generation of additional spectrum components. The additional components
are generated at frequencies 2fv—2 and 2f1—f | for two channels with frequencies
ft andf2 In the case of a higher number of channels there will be, accordingly, more
components [2].

The effectiveness of the FWM decreases with the spacing of channels and the
dispersion coefficient D increases. A high dispersion characteristic of the fiber causes
a significant differentiation of propagating wave group velocities, which reduces
phase adjustment, and in effect decreases the efficiency of generation of waves with
new frequencies [3], It means that the standard Single Mode Fibers (SMF), [4] with
zero dispersion in the second optical window (Fig. 1) fulfil the conditions very well,
even for Dense Wavelength Division Multiplexing (DWDM) in the third optical
window. In the third optical window, in the operating range of Erbium Doped
Fiber Amplifiers (EDFA) where multiwave transmission WDM is possible for
2= 1530—1565 nm, D a 18 ps/nm km for standard SMF is anticipated. On the
other hand, fibers with dispersion shifted DS-SMF [5] have their operating range
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Standard fiber

Fig. 1. Attenuation and dispersion of fibers of different types.

EDFA D « 0 ps/nmkm, which supports occurrence of the FWM. However, a big
dispersion in the third window of standard SMF, D a 18 ps/nmkm, limits
transmission rate. Expansion of the impulse At is related to the light source spectrum
line width A2. and to the fiber length L by the equation [2]

Ai = DA2L. @)

The values of D and L are determined for a given route. The value of A2 cannot be
reduced to zero. It is limited by the modulation information band. Due to this
fundamental limitation it is not possible to obtain transforming distances, for
transmission rate B = 10 Gbit/s for standard SMF, longer than 50—60 km.

Thus, when transmitting WDM and DWDM over very long distances with the
use of EDFA amplifiers, use is made of single mode fibers with not high, but
definitely non-zero dispersion (plus or minus), which are called NZDS-SMF (Non
Zero Dispersion Shifted-Single-Mode Fiber), [6], Examination of the splices of
NZDS-SMF fibers as well as NZDS-SMF and standard SMF fibers is the aim of this
work.

2. Parameters and measurement of NZDS-SMF fibers

At present four types of NZDS-SMF (Fig. 1) telecommunication fibers are being
used in practice. These are:

1 TrueWave® (+) — with positive dispersion in the range 1530—1565 nm
(Lucent Technologies).

2. TrueWave ® (— — with negative dispersion in the range 1530—1565 nm
(Lucent Technologies).

3. LS™ — with negative dispersion in the range 1530—1565 nm (Corning).

4. LEAF™ —with positive dispersion in the range 1530—1565 nm and bigger
effective area Aef{ (Coming).
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The parameters of three out of the above mentioned fibers, and their comparison
with standard SMF 1528 [7], [8] are shown in Tab. 1

Table 1 Different fibers used at transmission wavelength between 1530 and 1565 nm

Standard SMF 1528  TrueWave®+ LS™ LEAF™
(OVD) (MCVD) (OVD) (OVD)
Attenuation at 1550 nm
[dB/km] 0.19 +0.23 0.21 + 0.25 021 + 0.25 0.21 +0.25
Dispersion at 1530 +
T Ps 0> D> -35
D« 18 0.8+ 4.6 (1530+ 1560) 0.8 +6.0
[nm mkm
Xo fnml 1310 < 1530 > 1560 < 1530

Refractive index profile A A A

Mode field diameter at

1550 nm [pm] « 105 «8.4 «8.4 9.0+10.0
Afff[pm2] 80 «55 55 «72
Nonlinear refractive
index n2 1020m2W] 2.2 2.3 2.3
Nonlinear coefficient
n2Arf 10'9f1/W] 0.27 0.42 0.32
Numerical aperture «0.13 «0.15 0.16 «0.12
Core diameter [pm] « 85 «5.5 «6 «7

In this table, OVD and MCVD indicate the type of fiber technology, and the
values of fiber numerical apertures are estimated. The nonlinearity of glass materials
is described by the Kerr constant, also called nonlinear refractive index n2 It is
related to the refractive index n by

n= n(u>)+n2—p , )
Neff
n(co) accounts for dispersion, depending on the frequency of light. The power P of the
light pulse and the area over which the power is distributed in the fiber,
Ad[ mediate nonlinear effects. The LEAF™ fiber is a non-zero dispersion-shifted
fiber with a large effective area which reduces the nonlinear coefficient in comparison
to other dispersion shifted fibers (LS™, True Wave®).

2.1. Measurements of TrueWave ® and LEAF™ fibers

Catalogue parameters of TrueWave ® and LEAF™ fibers have been verified by
measuring their parameters. Besides, precise knowledge of the parameters such as
numerical aperture, mode field diameter, core diameter, refractive index profile is
indispensable in optimization of the fiber splicing process. For verification of the
catalogue parameters, measurement systems Model 2400 and 2500, Photon Kinetics,
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dB/km

Wavelength [pm]

Fig. 2. Run of the TrueWave ® fiber attenuation a,310 = 0.375 dB/km, a1550 = 0.213 (+ 3 nm resolution
power).

SINGLE MODE FIBER CHROMATIC DISPERSION

Wavelength Dispersion

nm ps/nm/km
1520.000 «0.012
1530.000 «0.689
1540.000 «1.345
1550.000 «2.008
1560.000 «2.653
1570.000 «3.306

1510 1520 1530 1540 1550 1560 1570 1580
WAVELENGTH nm

SINGLE MODE FIBER CHROMATIC DISPERSION

Wavelength Dispersion

nm ps/nm/km
1285.000 *17.442
1290.000 -17.029
1300.000 -16.225
1310.000 -15.417
1320.000 -14.556
1330.000 -13.755
1550.000 «2.004

Fig. 3. TrueWave® fiber dispersion.

were used as well as Model CD 300 of the firm EG&G in the case of dispersion
measurement. Measurements of fiber parameters with the use of these systems are
based on methods recommended by ITU-T [4],
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The following parameters for particular fibers were obtained from measurements:

TrueWave ® fiber:

— spectral attenuation (Fig. 2),

— dispersion (Fig. 3),

— mode field diameter (Tab. 2),

— numerical aperture (calculated), NA = 0.154,

— cut-off wavelength in the fiber Xc= 1131.63 nm,
— core diameter 2a = 5.62 nm,

— core radiation intensity profile (Fig. 4).

LEAF™ fiber:
— attenuation a1550 = 0.203 dB/km,
. . _ ps _ ps
dispersion D153S = 1.908 nmokm® 2188 4.902 am-km’
— mode field diameter (Peterman 1I) MFD1550 = 10.16 pm,
— cut-off wavelength in the fiber Xc= 1503 nm,
— core radiation intensity profile (Fig. 5).
The measurement results confirm catalogue data within the limit accuracy.

3. Examination of NZDS-SMF fiber splices

In examinations of splices, TrueWave ® (+) and LEAF™ have been used, as well as
six types of standard fibers of various makes manufactured according to MCVD
(Modified Chemical Vapour Deposition), OVD (Outside Vapour Deposition) and
VAD (Vapour Axial Deposition) technologies, in all connection combinations.

Splicing fibers NZDS-SMF and standard SMF ones despite differences in
numerical apertures, that is, differences in core Ge02 dopant concentrations, profile
of refractive index and mode field diameters can certainly be used because a few
kilometer-distances of standard SMF do not affect negatively WDM transmission
systems with use of NZDS-SFM.

Splices were produced by a fusion splicer Ericsson FSU-925 after modifying,
according'to the fiber types, its three-step splicing process. Splice loss measurements
were performed with the use of OTDR method in two directions, for » = 1310 and
1550 pm.

3.1. OTDR splice loss measurements

The OTDR is now commonly used to estimate splices loss for single-mode fibers.
According to [9], the backscattered power detected by OTDR from a point
immediately preceding the splice is given by

pt =P0Slexp(-2alLl) €))

where PO is the initial power level, Li — the fiber length, ax — the attenuation
coefficient, and SI — the capture fraction, the latter being given by [10]
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Table 2. Mode field diameter (Peterman 1) MFD

X [nm] MFD  [pm]
1200 6.0961
1300 6.6415
1500 7.8813
1550 8.2405
1600 8.6193

Fig. 5. Core radiation intensity profile in LEAF™ fiber.
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S.= 0.038"— )]
AV
where X is the wavelength, wxand nl —the mode field radius and the core refractive
index, respectively. The subscript 1 refers to the input fiber.
The backscattered power detected by OTDR from a point immediately following
the splice is given by [9]

P2= P0S2TI2T2i" - 2 0 tiLi) ©®)

where TI2 is the splice transmission value in the forward direction, and T2l — the
corresponding quantity in the reverse direction. The capture fraction S2 is given by

S2= 0.038( n—2W2J| (6)

where the subscript 2 refers to the output fiber.

The one-way OTDR splice result is determined from the ratio of these two power
levels

a2 = 20 log +10 log W+10 log U

In Equation (7) the first term describes the true splice loss caused by MFD mismatch,
the second and third terms imply the apparent losses due to MFD and refractive
index mismatch of the two fibers, respectively.

From Equation (7) the one-way splice loss obtained via OTDR technique is equal
to the true splice loss plus two apparent losses. Therefore the contribution of the
third term can be neglected because of its value being much smaller compared to that
of the second term. As the absolute value of the second term may be much larger
than the true splice loss, a one-way OTDR result may exceed the splice loss by far, or
even turn into an apparent gain. Similarly, the one-way OTDR value when measured
from the opposite direction is given by

W n
a2l= 20 1lo +10 log —+10log —.
g 0 log —+10log — (8)
Obviously, the true splice loss is obtained by averaging Egs. (6) and (7)

=20logyr s M i ©)
12\w2 W/j

3.2. Loss of NZDS-SMF fiber splices

Spliced connections of fibers of the TrueWave ®—TrueWave ® and LEAF™
—LEAF™ type are performed easily with the use of splicing programs for standard
SMF. The above mentioned losses of splices are observed for both X= 1310 and
1550 nm with values a, < 0.08 dB in a repeatable way. However, the TrueWave®
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—LEAF™ TrueWave ® standard SMF and LEAF™ —standard SMF splices
require optimization process.

Without optimization in three steps of the splicing process the splice loss of the
above mentioned splice combination ranges from 0.15 to 0.3 dB, and is considerably
higher than the expected values in telecommunication fiber links. It should be
emphasized, though, that losses of LEAF™ splices with standard SMF are in the
lower limit of the above range.

33. Optimization of NZDS-SMF fiber splicing process

Splices with small loss and good optical return loss are obtained when, due to proper
migration area of doping in cores and clades which are being connected, a proper
intermediate area (redistribution dopant) is obtained [11], [12], Fig. 6. Obtaining
optimal intermediate area is a function of time and splicing current in the three steps
of splicing - FSU-925 RTC (Tab. 3).

Exemplary microscopic pictures of non-optimized splices are shown in Fig. 7.

Fig. 6. Schematic presentation of doping migration area—intermediate area.

Table 3. Results of reflectometric measurement of splice loss (mean value from minimum three
splicing tests, optimized program, fusion splicer FSU-925 RTC)

SMF Siecor SMF AT&T SMF SMF
(OVD) (MCVD) Fujikura Optical TrueWave
(VAD) Fibres
dB DB DB dB dB
A= 1310 TrueWave 0.05 0.04 0.06 0.04
nm LEAF 0.08 0.08 0.08 - 0.06
X= 1550 TrueWave 0.05 0.02 0.05 0.04
nm LEAF 0.06 0.05 0.06 - 0.035

3.4. Loss measurement of optimized splices

When the core diameters and numerical apertures of spliced fibers are comparable,
the splice loss is higher for X= 1550 nm than for X= 1310 nm. This results from
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Core Intermediate area of splice

Fig. 7. Microscopic picture of a splice without optimization, the left core of TrueWave ®and the right core
of SMF Lycom.

a bigger mode field diameter for A= 1550 nm. It means that the defect field, i.e., the
splice, is larger for A= 1550 nm, which causes a bigger loss of optical power. This
phenomenon is not explicitly accounted for in Eq. (9).

On the other hand, loss of fiber splices which differs significantly with core
diameters and numerical apertures shows higher values for A= 1310 nm than for
A—1550 nm. This refers mainly to non-optimized splices. For optimized splices
these differences are smaller (Tab. 3). An opposite dependence of the splice loss on
the wavelength A for fibers which differ significantly in core diameters and numerical
apertures, proves, in our opinion, that the effective field of the defect, i.e., the
splice has been reduced for A= 1550 nm, that is for a bigger MFD mode field than in
the case of A= 1310 nm (Fig. 6). Assuming the dopant diffusion within the splice
(Fig. 6), for the optimized splices with higher dopant diffusion it means exclusion
of the cladding from the defect field and the reduction of the splice loss for
A= 1550 nm. The results of splice loss measurements using one-way OTDR confirm
significant dopant diffusion during the splicing process. Fibers spliced at longer times
and with higher splicing currents lower one-way show lower one-way losses. This
means equalisation of the refractive index values nl and n2 and mode field diameters
2wl, 2w2 in intermediate area of splicing fibers as well (Egs. (7), (8), Fig. 6)).

We should emphasize that in the future OTDR measurements of splice losses will
be modified by two-point measurements of transmission.

3-5. Measurements of splice mechanical strength

Measurements have been performed for all combinations of splices, for optimized
and non-optimized ones (Fig. 8). The Ericsson tensile testing machine EFR 100 was
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Fig. 8. Splice mechanical strength, a — TrueWave-SM Siecor (standard splicing), b — TrueWave-SM
Siecor (optimized splicing), c — TrueWave-SM Lycom (standard splicing), d — True Wave-SM Lycom
(optimized splicing).

used for the examinations. Optimization of splicing conditions does not decrease the
mechanical strength of splices (strength of all > 5 N) which proves to show the
structure continuity and lack of inclusions other than the amorphous structure.

4. Diffusion of Ge02 in Si02 during splicing

In order to evaluate the diffusion processes Ge02 a single-mode fiber with
NA = 0.217 and content of Ge02 in the core of CGQ = 10.4% mol/mol, and
a quartz rod of ~ 130 pm in diameter were used. Diffusion coefficients were
calculated on the basis of changes, along splices, of thermoluminescence profiles of
the above mentioned spliced fibers. The splice temperature was 2000 °C [13]. The
time of the second step of splicing was changed from 1 to 6 s (Fig. 9). A linear
dependence of thermoluminescence on Ge02 concentration in Si02 was assumed
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[14]. Curves of thermoluminescence intensity changes for different splicing times as
a function of the distance from the splice front are shown in Fig. 10, [12], [13].

Fig. 9. Exemplary thermoluminescence intensity profile for t = 6 s.

For the purpose of calculation of the diffusion coefficient the following conditions
and parameters have been assumed:

— diffusion from unlimited dopant source, i.e, N(0,t) —NO,

— initial concentration inside the quartz rod is small in comparison with NO.

Thus, Ge02 concentration in the quartz rod may be rendered by the following
expression:

N (x,t) = iV0erfc (10)

Density of Si02 has been assumed as p =220 g/cm2. The content
Coeo2 = 10.4% mol/mol corresponds with the concentration of GeOz in Si02:
NO= 227-1021 cm-3. With N O, x, t being known and N(x, t) evaluated on the basis
of luminescence, the values of diffusion coefficients D have been estimated for
germanium in SiOz at the temperature » 2000 °C. The coefficients were calculated
for the distances x = 7.5 pm and x = 125 pm from the splice front. The values
obtained were found to change in the range D = 310-7—2-10~6 cm2s. Higher
coefficient values were obtained for shorter splicing times and smaller distances from
the splice front. Dopant diffusion coefficients can be rendered by the following
equation [15]:

D= D00 (11)

where: Dx — diffusion coefficient for T= 00, Ea —dopant activation energy in Si02.
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Fig. 10. Thermoluminescence intensity changes and assignment of Ge02 in Si02 concentration for
different splicing times at a distance from the splice front function

Having accepeted theoretical values Ea [12], [15] for interatomic dopants
Eal~ 1 eV and diffusing dopants by means of substituting E&S- 3.0 eV, values
of Dx were calculated. For E”: Dx - 20—130 cm2s, for Eal:
1.2-10-4 - 810-4 cm2’s. The calculated values Dx for Eal are close to the theoretical
value = 17-10-3 cm2s [15].

In the literature, there is no information about values of diffusion coefficient
GeOzin SiOz at temperature 2000 °C. Theoretically foreseeable diffusion coefficient
for interatomic dopants in Si02 for temperature 1000 °C is D = 4.110~7 cm2s
[15]. Using Eq. (11) theoretical value of diffusion coefficient at 2000 °C is
D = 2.6- 10“5%cm2s and it is higher than estimated value of diffusion coefficient in
this paper.

5. Conclusion

The NZDS-SMF fibers of one type can be spliced with the use of standard splicing
programs designed for standard SMF fibers. Due to differences in core diameters,
numerical apertures and refractive indices, the splicing of different types of
NZDS-SMF as well as NZDS-SMF fibers with SMF standard fibers requires
optimization. Optimization means changing parameters of the three-step splicing
process in order to obtain diffusion of the Ge02 dopant from the core to the
cladding of the spliced fiber such that the migration area can be formed, in which
mismatches between refractive indices and core diameters of the spliced fibers will
disappear.
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