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Abstract—We have demonstrated, for the first time, the photosensitive cladding achieved with Ge- and F-doping has
suppression of cladding mode coupling loss te-0.1 dB in 30-dB  peen used in a fiber in [1] to achieve a 0.5-dB cladding mode
fiber Bragg gratings for both nonhydrogenated and hydrogenated coupling loss in a 26-dB grating. A depressed cladding was

fibers. These fibers have also been optimized to give 0.04-dB . - . .
average splice loss to SMF-28 fiber. The suppression of cladding _used in [2] to achieve a 0.5 dB-cladding mode coupling loss

mode coupling is achieved by accurately characterizing and in & ~40-dB grating. The depressed cladding method is fur-
controlling the photosensitive profile. This low level of cladding ther studied in [3] to achieve 0.4 in a 20-dB grating. Recently,

mode coupling loss has opened up a new range of broadbanda report on a photosensitive cladding fiber achieved with Ge-
appllcatlo_ns, previously _restrlcted by the limited free spectral and B-doping achieved 1-dB cladding mode coupling loss in a
range of fiber Bragg gratings. 20-dB grating, without using hydrogen loading [4]. Splice loss
Index Terms—Fiber Bragg grating, fiber photosensitivity. to SMF-28 fiber is not addressed in any of the prior works. In
practical applications, a higher level of cladding mode coupling
loss suppression is required than what has been reported thus
_ ) _ __ far. The higher level of suppression also requires new mean of
F IBER Bragg gratings increasingly have become a criticglccurately characterizing photosensitive profile and high preci-
technology for wavelength-division-multiplexing (WDM) sion control of the photosensitive profiles in fiber.
systems. Very few other technologies can compete with fiber|n, this work, we report the effort for achieving cladding mode
Bragg gratings for their high optical quality and large spectrfdss below 0.1 in 30-dB gratings and 0.12 in a 40-dB gratings,
slopes. Combined with relative ease of fabrication, and, the{gpije keeping the splice loss to SMF-28 fiber to an average of
fore, potentially lower cost, fiber Bragg gratings have beconggos dB. This same method has been used to achieve 0.1-dB
an important technology platform for the implementation afjadding mode coupling loss in 30-dB grating, in both hydro-
a range of devices, including channel add-drop filters, multienated and nonhydrogenated cases, by adjustment in the com-
plexer-demultiplexers, gain—flattening filters, band splitters anghsitions used. It must be stressed that it is critical to have very
dispersion compensators. _ _ good control over photosensitive profile to achieve this level of
In a fiber Bragg grating, there exists a glass-air or glasgrdding mode loss. This differentiates this work from published
polymer interface, depending on fiber coating. This structugorks in the literature. The key to this low level of cladding
supports a large number of cladding modes. They can be eith@fde coupling is a novel technique to characterize accurately
guided modes or leaky modes, depending on the index of the g%nsverse photosensitive profile and the ability to control the
ternal media. Power coupled from the guided mode to claddiggstosensitive profile to a very high accuracy. This low level of
modes by a Bragg grating creates a series of loss peaks ondia@ding mode coupling loss has opened up a new range of ap-
shorter wavelength side of the Bragg wavelen§ifi...- Most  pjications resulting from the much broader free spectral range

commercial WDM grati_ngs are made in_ highfibers to extend (few hundreds of nm) available for WDM systems.

the onset of the cladding mode coupling loss to up to 10 nm

away fromAg;.,, to allow a 10-nm free-spectral range on the Il. THEORY

short wavelength side. This severely restricts the application of ,

fiber Bragg gratings in many WDM applications, where a much 1he strength of coupling between any two modes by a

wider spectral range is desired. At the same time, high spli@ting can be measured by a coupling coefficient, containing
losses between SMF-28 fibers and the hifibers also leads 2" overlap integral done over the cross section of the fiber (see
to higher insertion loss. [5] for example). As an example, the coupling coefficient of

Several previous efforts have been directed at the fabricatidl?de: and;j can be expressed as:

I. INTRODUCTION

of a specialty fiber for the suppression of cladding modes. A w
Kij = Z/ dr dy e; (x,y)e;(x, y)Any(z, y)
Aoco
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Fig. 2. Measured and predicated transmission for a not —yet-optimized fiber. Grating is 40 dB deep at peak. Fiber was hydrogenated.

This coupling coefficient, as well as grating length, deter- To study quantitatively the extent of photosensitivity
mines the total coupling between two modes in a grating. It matching required for the core and cladding, the overlap
important to note that all the modes involved are from the setioftegral for all the relevant modes are calculated and compared
modes defined by the refractive index structure of the fiber, imith what is required for achieving certain cladding mode
cluding the core, cladding and its surroundings. Consequensiyppression. Fig. 1 shows the resulting tolerance in photosen-
the overlap integral will disappear for inter-modal coupling, dusitive profile for achieving certain levels of cladding mode
to modal orthogonality, if the grating is made constant over tlseippression for this fiber design. Three sets of lines define
fiber cross section, i.ec;; = 0. In a practical sense, the fundathe maximum overlap integral for achieving less than 0.1-dB
mental mode LE; only has nonzero power around the center afladding mode coupling loss for a 30-dB, a 40-dB, and a 50-dB
the fiber. It is, therefore, sufficient to make the grating profilgrating. As can be seen, for achieving 0.1-dB cladding mode
constant over the center part of the fiber. This includes core atwlipling loss for a 30-dB grating, cladding photosensitivity
a small ring in the cladding next to the core. We refer to the photust be matched to withif20% of that of the core. The core
tosensitive profile, when normalized to its peak, as normalizeaid cladding photosensitivity needs to be very closely matched
photosensitive profile. to achieve 0.1-dB cladding mode coupling loss in a 40-dB

As a design example to illustrate the requirements for tlygating. It should be also noted that 0.1-dB cladding mode loss
precision in photosensitive profile, a fiber is chosen withha for 50-dB grating could not be achieved in this case. This is due
of 0.69%, radius of 3.3:m, photosensitive cladding thicknesgo the fact that the photosensitive region is not large enough
of 3.3 um and cut-off wavelength of 1460 nm. A small thick-in this case. To achieve this, a larger photosensitive cladding
ness for the photosensitive cladding is desirable to reduce theaequired. It should be noted that cladding photosensitivity
size of the doped region, and also to reduce the sensitivitydb 80% (—20%) of that of core provides the same level of
blaze angle in the grating. A perfect nonblazed grating (gratintadding mode suppression as that of cladding photosensitivity
lines perpendicular to the fiber axis) will not couple the funef 120% (+20%) of that of core.
damental mode into asymmetrical cladding modes. This cou-
pling is forbidden by the symmetry requirement. In a practical
grating writing process, however, some amount of blaze always
exists. This will couple the fundamental modes into asymmet-In a conventional optical fiber, germanium-doping in the core
rical modes, and this coupling is not suppressed by this photmrmally is used to raise the refractive index of the core. Either
sensitive cladding approach. In fact, the sensitivity for this @®n undoped or a phosphorous- and fluorine-doped cladding is
happen increases with the diameter of the photosensitive regimed. In such a fiber, only the core is photosensitive, as a result of
in the fiber. It is, therefore, essential that blaze be minimizethe germanium-doping. The refractive index structure requires
The normalized photosensitive profile is modeled, as consistitigat the core and cladding be made of different compositions to
two uniform sections, one over the core and cladding, to reflagitze the core a larger refractive index. To first order, the photo-
the different compositions used in a fiber to achieve the refragensitive profile required for achieving cladding mode coupling
tive index profile required for achieving guidance of the fiber.suppression demands that the germanium level in the core and

I1l. D OPANT CONSIDERATIONS
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Fig. 3. Transmission of a 30-dB grating in a fiber optimized for nonhydrogenation. Fiber was not hydrogenated for this grating.
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Fig. 1. Tolerance on the level of photosensitivity match between core and cladding to achieve cladding mode coupling suppression of 0.1 dB falB30 dB, 40
and 50 dB gratingsA = 0.69%, core radius= 3.3 um, thickness of photosensitive claddiag3.3 pm.

cladding be similar, if other dopants do not have a large inflthe cladding similar to that of a undoped silica. Due to the lim-
ence on photosensitivity. Fluorine- and germanium-doping ited refractive index reduction achievable by fluorine-doping,
the cladding is used in ref [1]. Fluorine-doping reduces the ra-much higher germanium level is always expected in the core
fractive index and germanium raises it. Fluorine-doping in theith this choice of dopants. This is equivalent to saying that a
cladding was used in this case to achieve a refractive indexghotosensitivity matching between core and cladding is never
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Fig. 4. Transmission of a 40 dB-grating in a fiber optimized for hydrogenation. The fiber was hydrogenated at room tempevatirédaits for~2 weeks.

achievable in this case, and that the level of cladding mode ct

pling suppression is limited. 0.05
To achieve the photosensitive profile required for achievir 0.00 4 :
cladding mode coupling suppression, as well the index pr T ! ! |
file, a third dopant that either reduces the photosensitivity @ -0.05 4 -+ ; 4 L
the core or increases the photosensitivity in the cladding is | =
quired. Phosphorous co-doping in a germanium-doped core | 2 -0.10 T
the effect of reducing core photosensitivity [6], [7], and als % 015
raises core refractive index to allow a lesser amount of gernr - 2
nium to be used in the core is one option. Another option S -0.20
boron-co-doping in a germanium-doped cladding to enhance’
photosensitivity of the cladding [8]. Boron-doping also reduce 025 1 ey
the refractive index of the cladding, and allows an overall rc g 3q ] ,
fractive index profile similar to that of the undoped silica to b 1525 1530 1535 1540 1545 1550 1555 1560 1565 1570
achieved. In this work, the second option was chosen, asiit a Wavelength (nm)

gives a more photosensitive fiber.

Hyd_rogen-loa(_jlng [9] IS how C_O_mmonly used for achlevmg E]‘g. 5. Transmission of the grating in Fig. 4 on an expanded scale as well as
much improved fiber photosensitivity. It has to be noted that thig theoretical modeling results of the grating transmission.
mechanism for photosensitivity in a hydrogen-loaded fiber is

SUbStantia"y different from that of an unloaded ﬁber, and thergrocess_ The ab|||ty to characterize the normalized photosensi_
fore the normalized photosensitive profiles for these two casg@ge profile is critical to the success of highly accurate control of
are different for the same fiber. This is to say that a fiber, whighe normalized photosensitive profile for the level of cladding
achieves good cladding mode coupling suppression in a kyode coupling loss suppression desired. The only method
drogen loaded fiber, is generally not expected to perform as Wedhorted in the literature involves measuring the refractive
when the same fiber is not hydrogen loaded. It has been fouRdex profile of an exposed fiber with a near-field scanning
in this study that cladding mode suppression can be achiey@gthod [7]. This method measures the profile of the total index
in the same fiber for both hydrogenated and nonhydrogenat@thnge, and is limited to very high index changes on the order
cases, but not to the same extent. of 0.001. As was discussed earlier in this paper, what must
be characterized is the profile of index modulation, not the
total index change. There is typically an index change, which
does not vary along the fiber, and therefore does not contribute
to index modulation. Most gratings of interest have an index

The normalized photosensitive profile is the most importamiodulation much less than 0.001, and are not measurable by
parameter to control in the optimization of fiber fabricationhis technique.

IV. CHARACTERIZATION OF NORMALIZED PHOTOSENSITIVE
PROFILE
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Fig. 6. Index profile and normalized photosensitive profile for the grating in Figs. 4 and 5. The core photosensitivity is 81% of that of the cladding.

A new technique was developed for the characterization déta collected during the first stage is not sufficient to give a
normalized photosensitive profile. This technique uses an itéiral optimized design. It only provides a good approximation.
ative routine, in combination with a grating simulator, which is In the second stage, the cladding composition is fixed, and the
capable of simulating all the cladding modes of interests. Firspre composition is finely tuned by adjusting the level of boron
a grating is written in a test fiber to a depth of around 30 dB. & the core to achieve the desired photosensitive profile.
transmission spectrum is taken, covering all the cladding modes.

The grating simulator uses the measured fiber refractive index
profile and an initial guess of the normalized photosensitive pro- VI. RESULTS AND DISCUSSIONS

file to calculate the cladding mode loss spectrum covering 100AS we have mentioned earlier, cladding mode coupling sup-

cladding modes for the measured grating depth. The result ther@ssion needs to be optimized independently for use with non-

Is compared with the measured cladding mode loss to gene'ﬁit‘c:irogen—loaded and hydrogen-loaded fiber. Two different op-

the next normalized photosensitive profile. The procedure is rtfhéijZEd fiber fabrication process were developed. In both non-
v

peated until a close match between the measured and mod% ogen-loaded and hydrogen-loaded cases, we have achieved

is obtained. . . .
A two-step photosensitive profile was found to be adequagu;ot?r:gssmn of cladding mode coupling to 0.1 dB for a 30-dB

for most fibers. The ratio of photosensitivity of the two step Al the gratings were written with a phase-mask technique

and the position of steps is adjusted in each iteration. Thisuigin 2 KIE excimer laser. Tvoical arating lenath-i«2 mm
equivalent to taking effective step photosensitivity in the core 9 - ypieal g gleng '

. . IN a typical hydrogenated fiber, the grating depth would reach
and cladding. Fig. 2 shows the modeled and measured transmﬁ'dl?ay%etwegn 095 and 2 minutes a% 5-H£zJ rep%tition rate. The

sion for a not-yet-optimized fiber, asan example demonstratlpﬁq%t gratings in this paper were written a long way from growth
the level of accuracy of the established model. Grating Stren%aturation. In fact, a lower repetition rate was used to slow down

in this case is 40 dB. writing to enable accurate control of grating depth.

Fig. 3 gives the cladding mode measurement for a fiber op-
timized for nonhydrogenation, with a cladding mode coupling
loss of 0.1 dB for a 30-dB Bragg grating. This fiber was not

A two-stage process has been adopted for the optimizatiopdrogenated for this grating. Figs. 4 and 5 show the 0.12
of fiber fabrication process, since compositions are controll@B-cladding mode coupling loss in a 40-dB grating for another
during fiber fabrication, not the desired photosensitivity. A sdiber optimized for hydrogenation. The fiber was hydrogenated
ries of fibers, with systematic changes of composition in the coaé room temperature at200 bars for~2 weeks. Fig. 6 gives
and cladding, are made at stage 1. Due to the complex natur¢hef index profile of the fiber and its photosensitive profile.
the photosensitivity where core and cladding photosensitivityhe higher level of photosensitivity in the cladding is derived
are not entirely independent of each other, the accuracy of fhem previous systematic composition study. It cannot be

V. OPTIMIZATION PROCEDURE
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Fig. 7. Dependence of maximum cladding mode coupling loss on peak grating strength modeled for the hydrogenated fiber shown in Fig. 6.
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Fig. 8. Transmission of a 50-dB grating written in a hydrogenated fiber similar to that in Fig. 6 together with that of a 40-dB grating written inith fdb29/v
A. ltis shown that a maximum cladding mode coupling loss@s2 dB for the cladding mode suppression (CMS) fiber while it is 1.5 dB for the/R%iber.

derived from a single grating measurement, as a lower claddiog selected gratings were also measured, with a tunable single
photosensitivity by the same amount would give the sanfilequency diode laser with a detector. No discernible difference
cladding mode structure. It is shown clearly in Fig. 6 that the@as noted.

photosensitivity in the core and cladding is matched to within It needs to be noted that the growth characteristic of index
20%. The results, presented in this paper, have been measumnedulation in core and cladding is expected to be different, due
with an ASE source and a high resolution OSA. Measuremenmdsthe large difference in compositions in these two regions of
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Fig. 10. Distribution of splice loss measured at 1539 nm for a finally optimized fiber.

the fiber. Consequently, the photosensitive profile is expectd8 and 0.24 dB at 60 dB. In a similar fiber, the transmission
to vary slightly during grating growth. Indeed, we did observef a 50-dB grating was measured (see Fig. 8). The maximum
a small change in cladding mode loss in gratings written to diffadding mode loss is 0.2 dB, in this case. In the light of growth
ferent depths from what is expected, if the photosensitive profiiependence of photosensitive profile, it needs to be noted that
is constant. The projected maximum cladding mode loss at vaur fiber is optimized for gratings at test grating depth, i.e., 30
ious grating depths for the fiber in Fig. 6, if the photosensitiveB for nonhydrogenated fiber and 40 dB for hydrogenated fiber.
profile is constant during growth, is given in Fig. 7. This fibeShould a different grating depth is preferred, final fine optimiza-
has a measured maximum cladding mode loss of 0.12-40 dBn should be done at the desired grating depth to achieve a
The projected maximum cladding mode loss is 0.175 dB at B@etter result. The transmission of a 40-dB grating written in a
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2% A-fiber is also shown in Fig. 8. The 40-grating in the 2% [4] K. Oh, J. M. Kim, H. S. Seo, U. C. Paek, M. S. Kim, and B. H.

A-fiber gives a maximum cladding mode loss of 1.5 dB. Chol, “Suppression of cladding mode coupling in Bragg gratings
As mentioned earlier. minimizina the blaze anale in the using GeQ-B,0O; codoped photosensitive cladding optical fiber,”
, g g Electronics Lettersvol. 35, pp. 423—-423, 1999.

grating writing process is very important in suppression of all [5] T. Erdogan, “Fiber grating spectra}: of Lightwave Technglvol. 15,
cladding modes. Cladding mode coupling loss into asymmet-__ Pp. 1277-1294,1997.

. . L . . . _[6] L. Dong, J. Pinkstone, P. St. J. Russell, and D. N. Payne, “Ultraviolet
rical claddlng modes can become Slgnlflcant, if the grating I1s absorption in modified chemical vapor deposition preforndsyirnal of

blazed. The coupling loss to the LPmode in a 30-dB grating the Optical Society of American, Bol. 11, pp. 2106-2111, 1994,
|S Calculated for Varlous blaze angles for a flber Slmllar to [7] P.J.Lemaire, A. M. Vensarkar, W.A. Reed, andD.J. DiGiovanni, “Ther-

. . . L . mally enhanced ultraviolet photosensitivity in Ge@nd R Os doped
that in Fig. 6, using the measured refractive index profile and optical fibers,"Applied Physics Lettersol. 66, pp. 2034-2036, 1995.

photosensitive profile, and is plotted in Fig. 9. To achieve a[8] D. L. Williams, B. J. Ainslie, J. R. Armitage, R. Kashyap, and R. Camp-
coupling loss less than 0.1 dB into LPmode in this case, bell, “Enhanced UV photosensitivity in boron codoped germanosilicate

fibers,” Electronics Lettersvol. 29, pp. 45-47, 1993.
blaze angle needs to be less than 0.13-degree. TherhBde [9] P.J.Lemaire, “Enhanced UV photosensitivity in fibers and waveguides

loss peak is clearly seen in Fig. 8 between the Bragg grating by high pressure hydrogen loadingptical Communications Confer-
peak and the symmetrical cladding mode peaks. In this case, ence Technical Digestol. 8, pp. 162-163, 1995.
the LP;; loss peak is comparable with that of the maximum

symmetrical cladding mode loss peaks. , , . , -
The final fiber has also been optimized for reduction of Splicléang Dong, photograph and biography not available at the time of publication.

loss to SMF-28 fiber, by balancing the needs for ease of manu-

facturing, minimizing blaze sensitivity and modal field dlameteéang Qi, photograph and biography not available at the time of publication.

matching to SMF-28. With the aid of the fast diffusion constant

for the highly doped core and cladding, an average splice loss of

0.04 dB to SMF-28 fiber has been achieved on a Conventiownene Marro , photograph and biography not available at the time of publi-
splicer, while maintaining the cladding mode coupling suppresation.

sion performance. A optimization procedure based on a factorial

process was used to develop the splice recipe. Fig. 10 gives the

distribution of the splice loss with an optimized splice recipe_Vikram Bhatia , photograph and biography not available at the time of publi-

To conclude, we have been able to design, model and fa ton.

ricate fibers for cladding mode coupling suppression in fiber

Bragg gratings. We have demonStrat_ed Cl_addl_ng mOd? COUplm& L. Hepburn, photograph and biography not available at the time of publi-
loss less than 0.1 dB for 30-dB gratings in different fibers fQfation.

both hydrogenated and nonhydrogenated cases. The fiber also
has been optimized for splicing, with a low average splice loss,
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