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Abstract
Fiber Bragg gratings are important components for a great number of applications including DWDM lightwave
systems, ﬁber lasers, and sensors. A narrowband high-reﬂectivity response in a multimode ﬁber could have a dramatic
impact on lightwave communication systems and sensors. In this paper, we report what is, to our knowledge, the ﬁrst
demonstration of strong Bragg reﬂection gratings in a multimode ﬁber. Using a novel multimode ﬁber with standard
phase mask writing techniques, we have produced gratings with reﬂectivities of >98% and bandwidths of <0.5 nm at
1550 nm in very good agreement with modeling predictions.
Ó 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction
Since Hill and his coworkers [1] ﬁrst demonstrated the formation of permanent gratings in an
optical ﬁber in 1978, a great deal of worldwide eﬀort
has been put into the development of ﬁber Bragg
gratings. At present, Bragg gratings in single mode
ﬁbers have been used commercially in optical ﬁber
communications networks and in ﬁber sensor systems. However, Bragg gratings in multimode ﬁbers
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have received relatively little attention because of
spectral spreading and low reﬂectivity due to differing modal phase velocities. In 1994, Wanser et al.
[2] ﬁrst calculated the theoretical spectrum of multimode ﬁber Bragg gratings and suggested their use
for sensing microbends. Mizunami et al. [3] experimentally conﬁrmed the spectral properties of multimode ﬁber Bragg gratings. A grating was
fabricated in a graded index (GRIN) ﬁber with a
reﬂection spectrum 15 nm wide containing multiple
peaks and centered at 1560 nm. This group later
reported a detailed analysis of multimode ﬁber
Bragg grating behavior [4], including temperature
and polarization characteristics. Multimode ﬁbers
have the advantage of easy coupling to inexpensive
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light sources, such as light-emitting diodes (LEDs).
In particular, GRIN multimode ﬁbers have relatively low-modal group velocity dispersion. These
two factors, in conjunction, have led to the predominant use of GRIN multimode ﬁbers in local
area network (LAN) applications. However, the
characteristics of wide bandwidth and low-reﬂectivity in multimode ﬁber gratings provide fundamental limitations for their use in local area optical
networks and in other areas.
A recent breakthrough is the proposal of a
novel ﬁber structure with modal propagation
characteristics tailored to permit the fabrication of
narrowband high-reﬂectivity multimode Bragg ﬁber gratings [5]. It was shown that under suitable
excitation conditions, this ﬁber design permits
modal eﬀective index degeneracy for modes with
circular symmetry – which should be the only
modes excited with an axially symmetric coherent
laser beam. Under these conditions, Bragg gratings should provide a narrowband response with a
reﬂectivity approaching 100%.
In this letter, we report the ﬁrst experimental
demonstration of high-reﬂectivity gratings in this
novel ﬁber structure. These gratings had spectral
responses with widths of <0.5 nm in the vicinity of
1550 nm, and with >16 dB transmission loss on
resonance.
2. Fiber Bragg gratings in novel multimode ﬁber
In the case of step-index multimode ﬁber, the
interaction of a forward propagating mode with a
ﬁber grating will result in signiﬁcant reﬂection
when the Bragg condition is satisﬁed as follows:
2p
bi ¼
þ br ;
ð1Þ
K

mode in a multimode ﬁber grating will experience
resonance at a diﬀerent vacuum wavelength. As a
consequence, there is a limit on the bandwidth
narrowness that can be achieved by a multimode
ﬁber grating (MMFG) which is proportional to
the maximum spread in eﬀective index for the
various modes supported in the ﬁber. The spread
in resonant wavelengths also results in the lowpeak reﬂectivity observed in MMFGs written in
standard GRIN ﬁber [2].
Our novel multimode ﬁber structure consists of
alternating cylindrical shells of higher and lowerrefractive index material, as depicted in Fig. 1.
This structure is intended to minimize the diﬀerence in propagation constants of the various guided modes. To develop an intuitive understanding
for the design of a multimode ﬁber (MMF) that
will minimize the diﬀerence in propagation constants, we consider an analogy between the propagation of an electromagnetic mode within a ﬁber
and a bound quantum mechanical particle in a
potential well. In the scalar approximation for the
electromagnetic mode ﬁeld, the ﬁber problem can
be described by a Schr€
odinger equation similar to
that for a bound particle:
½r2T þ k02 ðn2 ðrÞ  n2eff Þ WðrÞ ¼ 0;

ð3Þ

where rT is the del operator for transverse spatial
co-ordinates, r is the radial position coordinate, k0
is the vacuum wave vector, nðrÞ is the radial index
proﬁle, neff is the eﬀective index, and WðrÞ is the
scalar ﬁeld. The energy eigenvalues of a bound
particle are analogous to the eﬀective indices of the
modes in the ﬁber. If a quantum well is made
suﬃciently shallow, it will contain one energy level, which would be analogous to a single mode

where bi and br are the incident and reﬂected light
longitudinal propagation constants, respectively,
and K is the period of the gratings. If the incident
mth mode couples to same mth mode in the
counter-propagating direction, we have bi ¼ br .
The resonant condition for mode m is
ki ¼ 2nm K

ð2Þ

where ki is the incident vacuum wavelength and nm
is the eﬀective index of the mth mode. Thus, each

Fig. 1. (a) Refractive index proﬁle. (b) Fiber side view. Shaded
regions represent areas of higher-refractive index and unshaded
regions represent uniform cladding regions with lower-refractive index.
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ﬁber. The situation of interest is that of closely
spaced potential wells. As the wells are brought
closer together, the energy level splitting increases.
The analogous result then implies that a ﬁber with
periodically varying radial index proﬁle as shown
in Fig. 1 should have many modes with very closely spaced eﬀective indexes or propagation constants, which would enable a narrowband
reﬂection response while still supporting multiple
modes. By minimizing the diﬀerence in propagation constants, all modes in this novel multimode
ﬁber will interact with Bragg gratings in approximately the same way. This allows a reﬂection response in the novel multimode ﬁber that is very
similar to that in a standard single mode ﬁber. The
close spacing of the eﬀective indexes for diﬀerent
modes is exactly what is needed for the design of
narrowband MMFGs.
In the special case in which the thickness of the
cylindrical shell (parts of higher-reﬂective index) is
small compared to its mean radius, the shell approximates a planar structure. Thus, the condition
for single-mode (ignoring polarization for the
moment) operation in each isolated cylindrical
shell can be appreciated using simple planar
waveguide analysis.
The restriction on the normalized parameter V ,
here deﬁned for an individual shell is
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2pt n2shell  n2cladding
V
<p
ð4Þ
k
for a TE mode, where nshell and ncladding are the shell
and cladding refractive indexes, t is the shell
thickness and k is the vacuum wavelength. However, there still exist modes with angular wave
vector components, and decreasing the index difference cannot eliminate these modes.
We have recently published simulations for a
novel MMF structure with four shells of ﬁxed
width, but varying position [5]. The normalized
frequency V used was 3.0807, corresponding to
nshell ¼ 1:505, ncladding ¼ 1:500, and t ¼ 4k. The radius of the innermost shell was varied from 10k to
30k, while the shell separation was independently
varied from 3k to 15k.
The normalized propagation constant b is deﬁned by

b¼

n2eff  n2cladding
;
n2shell  n2cladding
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ð5Þ

where neff is the eﬀective index of a particular
mode. From a study of the maximum spread in the
b parameter for modes with harmonic parameter
p ¼ 1, two signiﬁcant trends were apparent. The
spread in the b parameter ceases to signiﬁcantly
decrease as the shell separation is increased beyond
10k. Thus, we conclude that for our ﬁber design,
the shell separation need not be greater than 10k.
The second signiﬁcant trend was the decrease in
the spread of the b parameter as the inner shell
radius increases. As little decrease was seen beyond
an inner shell radius of 25k, this was the value we
used for our ﬁber design.
The dependence of b upon the p parameter for
the proposed MMF structure was also investigated. Simulation results for an MMF structure
with four shells of thickness of 4k, ﬁrst shell radius
of 25k, shell spacing 10k, and V ¼ 3:0807 are
presented in Fig. 2. A total of 240 modes (not including the multiplicity associated with p=2 rotations for HE and EH modes) were solved with p
ranging from 0 to 43. For values of p below four,
the b parameters are concentrated about the value
0.64. As p increases for the simulated MMF, the b

Fig. 2. Numerical simulation results for the b parameter as a
function of the p parameter. The concentric shell MMF was
simulated with shell thickness ¼ 4k, ﬁrst shell radius ¼ 25k, shell
spacing ¼ 10k, and V ¼ 3:0807 from [5].
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values ‘‘split’’ into four pairs, corresponding to
two polarization modes localized to each of four
rings.

3. Experimental results
A ﬁber preform was made with four higher-refractive-index shells and pulled into ﬁbers with
optimized dimensions suggested by our previous
modeling results. These dimensions (ﬁrst shell radius 25k; shell thickness 4k; and shell spacing 10k)
were shown to provide excellent Bragg grating
performance when circularly symmetric light is
coupled into the ﬁbre. The refractive indices of the
shells and cladding for our test ﬁber are 1.4501 and
1.4446, respectively, at k ¼ 1554 nm. The increased index in the shells of the ﬁber was created
by GeO2 doping. This dopant also increases the
sensitivity of the fused quartz to the UV light used
for writing the Bragg gratings, and thus we expect
gratings to be written primarily into the high-index
shells. Initial tests of the special ﬁbers were made
by coupling light into the ﬁber and analysing the
output with a video camera. The coupling of light
into the novel ﬁber was tested by observing the
transmitted light through a 1.63-m segment of ﬁber at the exit face. When the entire entrance face
was uniformly illuminated, the transmitted light
was observed to be tightly conﬁned in the highindex shell regions. For broadband ‘‘white light’’
excitation, the output rings had no visible structure, while for narrowband (He–Ne laser or Er
ﬁber ampliﬁer ASE) excitation, some angular intensity variations were observed. In all cases the
output light was observed to maintain the polarization of the input.
We wrote Bragg gratings in these ﬁbers using
standard phase mask techniques. The ﬁbers were
pre-soaked with H2 gas at 1900 psi for 30 days at
room temperature to increase the UV photosensitivity. We wrote the gratings using a 2.5-cm long
uniform phase mask designed for writing gratings
at 1550 nm with a nulled zeroth-order diﬀraction
peak. The ﬁber was exposed to 248 nm pulses with
an energy of 18 mJ for a total duration of 13 min
using a KrF excimer laser operating at a repetition
rate of 40 Hz. The gratings in the multimode ﬁber

Fig. 3. Transmission spectrum of a Bragg grating written in the
novel multimode ﬁber by the use of a uniform phase mask and
measured using an Er ﬁber ASE light source.

were interrogated with an Er-ﬁber ampliﬁed
spontaneous emission (ASE) light source. An optical spectrum analyzer (Ando AQ 6317B) was
used to measure the spectrum of the light transmitted through the ﬁber gratings. The deepest
transmission nulls were obtained with the smallest
diameter ﬁber (32 lm inner-shell diameter, 128 lm
cladding diameter). High-reﬂectivity Bragg ﬁber
gratings centered at 1554 nm were written in the
novel multimode ﬁber as evidenced by the spectra
shown in Fig. 3. The transmission loss at the 1554nm center wavelength is greater than 16 dB. This
corresponds to a grating reﬂectivity of approximately 98%. The bandwidth of the grating response is <0.5 nm at the 3 dB point.

4. Discussion
In a previous publication [5], we presented a
theoretical simulation of Bragg grating performance in this novel multimode ﬁber. Under conditions where only modes of circular symmetry are
excited, we can expect to be able to achieve peak
reﬂectivities of 100% with full-width at half-maximum (FWHM) bandwidth of 2.5 104 k which is
0.4 nm for a Bragg grating wavelength of 1554
nm. In this regime, the bandwidth is determined by
the intrinsic width of the grating resonance associated with each nearly degenerate ﬁber mode excited. In our experiments, we observed a
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transmission dip corresponding to a reﬂectivity of
98% with a 3 dB bandwidth of <0.5 nm. The
conditions for our experiments were somewhat
diﬀerent from those assumed in the theoretical
simulations, but we believe that the close agreement with the simulations indicates that the multimode ﬁber grating is basically performing as
expected.
To determine the eﬀective index of the modes
that contributed to the transmission spectrum of
Fig. 3, we used the same phase mask that we had
previously used for the novel multimode ﬁber to
write gratings in a single-mode ﬁber (Corning
SMF-28) for which the ﬁber parameters are well
characterized. The eﬀective index for the modes
excited in the novel multimode ﬁber could then be
calculated from a comparison of the wavelength of
the grating resonance in the SMF-28 ﬁber with the
wavelength for the grating resonance in a largediameter novel multimode ﬁber for which the
conditions of our modeling analysis in [5] apply
(ﬁrst shell radius 25k; shell thickness 4k; and shell
spacing 10k). We found that the eﬀective index
corresponds to a normalized propagation constant
b ¼ 0:64, in very good agreement with the calculated constant b for the low-order near-degenerate
modes (see Fig. 2). This is consistent with our
analysis of coupling into modes of the novel ﬁber
that indicates that coherent light couples primarily
into low p modes of circular symmetry [7].
The spectra in Fig. 3 show a signiﬁcant (2 dB)
loss on the short wavelength side of the Bragg
resonance. This is somewhat larger than the 1 dB
radiation loss usually seen with single mode ﬁber
gratings [6]. We speculate this larger radiation loss
is due to the asymmetric nature of the Bragg
grating written with lateral UV exposure. The
substantial path diﬀerence between one side of the
outer shell and the other results in a blazed grating
being written, and one would expect the asymmetry to cause mode mixing and thus produce a
broad reﬂection pedestal. A symmetrical exposure
technique would likely improve the grating per-
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formance, and permit larger-diameter ﬁbers to be
used.

5. Conclusions
We have successfully realized the goal of enabling narrowband high-reﬂectivity gratings to be
written in a novel multimode ﬁbre structure consisting of alternating high- and low-refractive index shells. We believe that multimode ﬁbre Bragg
gratings will provide another option to the local
area network designer, and also inﬂuence the development of ﬁber optic probes in biomedical applications.
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