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Bragg Gratings in Multimode and Few-Mode Optical
Fibers

Toru Mizunami, Member, OSA, Tzvetanka V. Djambova, Tsutomu Niiho, and Sanjay Gupta

Abstract—Bragg gratings in optical fibers in multimode prop-
agation are investigated experimentally and theoretically. Bragg
gratings formed in optical fibers in multimode propagation show
multiple reflection peaks or multiple transmission dips in the
reflection or transmission spectra, respectively. For standard
graded-index multimode fiber, the number of reflection peaks of
a Bragg grating depends on excitation condition of propagating
modes. The number of reflection peaks of a Bragg grating at
around 1.55 m is 19 for highly multimode excitation and 3–4
for lower order mode excitation. We analyze the phase-matching
conditions of the propagating modes and identify half of the reflec-
tion peaks as the reflection to the same mode and the rest as the
reflection to the neighboring modes. In dispersion-shifted fiber, a
Bragg grating at around 0.8 m in three-mode propagation shows
three reflection peaks in the reflection spectrum. The temperature
dependence of each reflection peak is similar to that of a conven-
tional Bragg grating in single-mode fiber. Polarization dependence
measured on a Bragg grating in multimode graded-index fiber
is negligible. An advantage of Bragg gratings in multimode fiber
(MMF) and the applications are discussed.

Index Terms—Fiber Bragg grating (FBG), multimode fiber
(MMF), optical fiber communication, polarization, principal
mode, propagating mode.

I. INTRODUCTION

F IBER Bragg gratings (FBG’s) have been recognized as
important fiber-optic devices used for spectral filtering,

dispersion compensation, wavelength tuning, and sensing in
optical communication and optoelectronics. Since the first
demonstration by Meltzet al. [1], FBG’s have been formed
only in single-mode optical fibers, and the spectral character-
istics have been well known [2]. However, single-mode fiber
(SMF) has a small core diameter and therefore is not easy to
couple with optical devices except SMF’s or laser diodes. On
the other hand, multimode fiber (MMF) has a merit of easy
coupling with other light sources such as light-emitting diodes
(LED’s). Especially, graded-index MMF has relatively low
dispersion and therefore is suitable for optical communication.
If Bragg gratings in MMF’s are possible and they have useful
characteristics, it would contribute to new applications in
optical communication and optoelectronics. Wasneret al. [3]
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calculated the reflection spectrum of a Bragg grating in MMF
and proposed application to bending sensors. It was shown
that a FBG near the cutoff wavelength had two reflection
wavelengths [4]. Okudeet al. [5] fabricated a Bragg grating
in a short piece of MMF with a core diameter of 17.5m
and spliced both ends with SMF’s. As their FBG was excited
with the fundamental mode only, the reflectivity exceeded
30 dB, and undesired coupling of the fundamental mode to
the cladding modes [6] was suppressed. The present authors
demonstrated formation of a Bragg grating in graded-index
MMF and briefly reported the transmission spectrum [7].
However, detailed characteristics or analysis of a Bragg grating
in MMF has not been reported.

In this paper, we report detailed spectral characteristics of
Bragg gratings written in optical fibers in multimode propaga-
tion, including the temperature and polarization characteristics,
present a theory of reflection of Bragg gratings in MMF, and
discuss the mechanism of Bragg reflection. This paper in orga-
nized as follows. Section II presents the experiments of fabrica-
tion and measurement of Bragg gratings at a wavelength of 1.55

m in standard graded-index MMF and those at a wavelength of
0.8 m in dispersion shifted fiber (DSF). The transmission and
reflection spectra are measured for different conditions of exci-
tation of modes. The measurement on temperature dependence
is also presented. In Section III, the analysis of the measured
spectra and their temperature dependence is described. Polariza-
tion measurement is also performed, and the uniformity of index
modulation in the core cross section is discussed on the basis
of the result of the measured polarization dependence. Applica-
tions of multimode FBG’s to bending sensors and laser tuning
are also discussed in this section. Section IV contains the con-
clusion.

II. EXPERIMENT

A. Fabrication of Multimode Fiber Bragg Gratings

The experimental setup of Bragg-grating formation is shown
in Fig. 1. We employed both the phase-mask method [8] and the
two-beam interference method [1]. The ultraviolet light source
was a narrowband KrF excimer laser [9]. The typical energy
density per pulse was 0.27 J/cmfor the two-beam interfer-
ence method and 0.07 J/cmfor the phase-mask method, re-
spectively. The exposure length was 6 mm. The transmission
or reflection spectra of the formed grating were measured with
two different light sources: a halogen lamp and an edge-emitting
LED with a SMF pigtail. These spectra were measured using an
Ando AQ-6310B optical spectrum analyzer with a resolution of
0.1 nm.
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Fig. 1. Experimental setup for fabrication of multimode and few-mode fiber
Bragg gratings.

We used graded-index MMF and DSF for fabrication of
Bragg gratings. The MMF was standard graded-index fiber
with a core diameter of 50m and a numerical aperture of 0.2.
The DSF had a mode-field diameter of 8.2m and a numerical
aperture of 0.2. We performed hydrogen loading on both fibers
for 10–14 days at a pressure of 100 atm.

The observed spectra of a Bragg grating in MMF were very
different for the two light sources. Fig. 2 shows a transmission
spectrum obtained by an LED with a SMF pigtail. The Bragg
grating in MMF was fabricated using the phase-mask method
with an energy density of 0.07 J/cm, a repetition rate of 10 Hz,
and an exposure time of 3 min. Four reflection wavelengths ap-
peared, and the maximum reflectivity was 96.6% at 1559 nm.
On the other hand, using a halogen lamp as a light source, the
transmission spectrum of the same grating was measured as in
Fig. 3. 19 dips (denoted “a”–“t”) appeared, which corresponds
to highly multimode excitation. The separation between these
transmission dips is 0.8 nm, and the wavelength range of these
dips is 16 nm. The maximum reflectivity is 36% at 1551.8 nm,
and the total bandwidth defined by half of the maximum reflec-
tivity is 10 nm full-width at half-maximum (FWHM). A reflec-
tion spectrum measured using a fiber coupler was the reverse
of the transmission spectrum in Fig. 3. These results show that
the measured spectra depend on the conditions of excitation of
modes. Measurements using an LED with a SMF pigtail corre-
spond to lower order mode excitation, and those using a halogen
lamp correspond to highly multimode excitation. We applied
index-matching oil on the surface of the Bragg grating shown
in Fig. 3, but the reflection or transmission spectrum did not
change. This means that these multiple transmission dips are
not due to coupling to the cladding modes [6].

Fig. 4 shows the growth characteristics during fabrication of
Bragg gratings in MMF comparing the two-beam interference
method and the phase-mask method. The Bragg wavelengths of
these FBG’s were all about 1.55m. The reflectivity in Fig. 4
was measured with a SMF-pigtailed LED as a light source. For
the phase-mask method at 50 Hz, a reflectivity of 90% was
achieved within 40 s. For a repetition rate of 10 Hz, it took 200 s

Fig. 2. Transmission spectrum of a Bragg grating in graded-index MMF for
lower order mode excitation.

Fig. 3. Transmission spectrum of a Bragg grating in graded-index MMF for
highly multimode excitation.

Fig. 4. Growth of reflectivity of Bragg gratings in graded-index multimode
fiber for two-beam interference method at with repetition rate of 10 Hz (
),
the phase mask method at 10 Hz () and the phase mask method at 50 Hz (4).

to reach 90% reflection. By the two-beam interference method
at 10 Hz, the growth was more rapid than that by the phase-mask
method at the same repetition rate. This is because the two-beam
interference method was free from damage of a phase mask, and
a higher energy density of 0.27 J/cmwas possible.

Next, Bragg gratings at 0.8m were fabricated in DSF using
the two-beam interference method. A typical transmission spec-
trum measured using a halogen lamp as a light source is shown
in Fig. 5. The energy density was 0.27 J/cm, the repetition rate
was 10 Hz, and the irradiation time was 3 min. Three transmis-
sion dips (denoted “a”–“c”) appeared. The separation between
the transmission dips is 1.6 nm. The reflectivities were 35–50%.

B. Temperature Dependence

We measured the temperature dependence of each reflection
wavelengths of a Bragg grating in MMF. For temperature mea-
surements, the Bragg grating in MMF was placed on the Peltier
heat pump, and the transmission spectrum was measured for the
temperatures from 14.5 C to 132.5 C using a fiber coupler
and a halogen lamp as a light source.
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Fig. 5. Transmission spectrum of a few-mode FBG in dispersion shifted fiber.

Fig. 6 shows measured results of wavelength shifts of four
dips near the center of the spectrum as a function of tempera-
ture. The four dips of “6,” “7,” “8,” and “9” in Fig. 6 correspond
to “g,” “h,” “i,” and “j” in Fig. 3, respectively, and the identifica-
tion may include an error of plus/minus one dip. The solid lines
in Fig. 6 show the best-fit linear curves. From this figure, we can
obtain the temperature sensitivity of 11.5 pm/C at room tem-
perature or 12.5 pm/C as an average from14.5 C to 132.5
C.

III. D ISCUSSION

A. Analysis of Phase Matching Condition

The phase-matching condition, or Bragg reflection condition,
of an index modulation with the periodis given by

, where and are the propagation constants of forward
and backward propagating modes, respectively. For reflection to
the same mode, . Then the phase-matching con-
dition is simply . For graded-index MMF, the number
of propagating modes is usually calculated by the equation

(1)

where
core radius;
wave number;
refractive index of the core;
maximum relative index difference.

In the case of our MMF, the number of modesis 103 at 1.55
m. However, some of these modes have almost the same prop-

agation constant. Therefore, we introduce the concept of prin-
cipal mode: the modes having the same propagation constant is
classified into the same principal mode [10],[11]. The propaga-
tion constant for the th principal mode is approximated by the
equation

(2)

where
normalized frequency: ;
numerical aperture.

The calculated propagation constants for our MMF are shown
in Fig. 7. 10 principal modes are bound modes at around 1.55

m. Open circles in Figs. 3 and 7 show the corresponding
Bragg wavelengths in the experiment. Therefore, these ten

Fig. 6. Temperature dependence of reflection wavelengths of a Bragg grating
in graded-index multimode fiber.

Bragg wavelengths in the range from 1545 to 1560 nm are
due to the reflection to the same mode. We also consider the
reflection to the neighboring modes: reflection from the
mode to the mode and that from the mode to
the mode. In this case, we consider reflection of
mode to mode. As the phase-matching condition is

, the wavelength to be reflected is related
to the average , which means the Bragg
wavelength is in the middle of those of the to reflection
and the to reflection. The experimental results
agreed with these values are shown by black dots in Figs. 3 and
7. A theoretical reflection wavelength “b” was not observed
in the experiment. Therefore, it was shown that the ten Bragg
wavelengths were attributed to the reflection to the same mode,
and the rest between them was attributed to the reflection to the
neighboring modes.

Next, we discuss the measured spectrum of lower-order mode
excitation in Fig. 2. In Fig. 2, the wavelength of the lowest- order
mode ( ) reflection is 1560 nm. The wavelength of
reflection in Fig. 3 is also 1560 nm. The wavelength separations
between the neighboring dips are 0.7 and 0.8 nm in Figs. 2 and
3, respectively. As these values agree well, the mechanism of
reflection by a Bragg grating in MMF does not depend on the
condition of excitation of modes.

On the other hand, for step-index multimode fiber, the rela-
tion between the normalized propagation constantfor the th
principal mode for normalized frequencyis given by [10]

(3)

Using this equation, can be calculated from and , and the
propagation constant is given by

(4)

The calculated propagation constants for DSF and the Bragg
wavelengths are shown in Fig. 8. Three propagating modes
exist. The calculated Bragg wavelengths were 828.2, 826.9,
and 824.9 nm for , respectively, for a writing angle
of two laser beams of 26.5. These wavelengths agree with
those of experiment (828.3, 826.8, and 825 nm, respectively) in
Fig. 5. The reflection to the neighboring modes did not appear
in Fig. 5. This is considered to be because the difference in the
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Fig. 7. Mode diagram of a Bragg grating in graded-index MMF. Lines show
calculated propagation constants for a multimode graded-index fiber. Circles
show the corresponding Bragg wavelength in Fig. 3. Open circles correspond to
the reflection to the same mode, and filled circles correspond to the reflection
to the neighboring mode.

propagation constants is larger than that in graded-index MMF
at 1.55 m.

B. Temperature Dependence

We discuss the temperature dependence of reflection wave-
lengths of a Bragg grating in graded-index MMF. The tempera-
ture dependence of the Bragg wavelength is given by the differ-
entiation of (2). For simplicity, we assume that the second term
in the square root of (2) is much smaller than the unity and that
the numerical aperture is approximated by , then
the following equation is obtained:

(5)

where is the refractive index of the cladding. for
GeO2-doped silica core and for silica cladding are al-
most the same value of 1 × 10/ C at 589 nm [12]. As the
thermal expansion coefficient is a small value
of 0.55 × 10 [1], [13], the first term in (5) is one order less
than the second term. At 1.55m, the terms having increase

by 1.3% for maximum , if and are
equal. According to a recent measurement on long-period fiber
gratings [14], for a GeO concentration of 10 mol%
is larger than by 6 × 10 , then the terms having
decrease by 1.5% for maximum . As these values
are small, the reflection peaks have almost the same tempera-
ture dependence of 11.4 pm/C for all . This is the same for
reflection to the neighboring modes. This result agrees with the
measured temperature sensitivity of 11.5 pm/C at room temper-
ature in Fig. 6. In addition, the spectral profile did not change
with the temperature. If the temperature distribution along the
Bragg grating is controlled [15], the spectral profile will change.

Fig. 8. Mode diagram of few-mode fiber Bragg grating. Lines show
calculated propagation contants for dispersion-shifted fiber. Circles show the
corresponding Bragg wavelengths in Fig. 5.

C. Polarization Dependence of a Multimode Fiber Bragg
Grating

As the core diameter of the MMF is a large value of 50
m, ultraviolet writing beam may not be uniform over the

core cross section due to attenuation by absorption. To study
this uniformity, we measured the polarization dependence of a
Bragg grating in MMF. Fig. 9 presents three possible models
of FBG’s. The reflectivity of a conventional axially symmetric
grating [Fig. 9(a)] does not depend on the polarization. It has
been known that the reflection from a type II grating [16]–[18]
[Fig. 9(b)] is strongly polarization dependent [18]. The damage
tracks localized on one side of the core [16], [17] are respon-
sible for this polarization sensibility. The axially asymmetric
grating [Fig. 9(c)] is considered to be weakly polarization
dependent.

We measured the polarization of the reflected light from
a Bragg grating in MMF using a setup shown in Fig. 10.
Amplified spontaneous emission from an erbium-doped fiber
pumped with a 1.48-m laser diode was used as a nonpolar-
ized light source. The amplified spontaneous emission was
introduced through a fiber coupler with a branching ratio of
50 : 50 into the MMF with a Bragg grating. The reflected light
was introduced into a halfwave polarization controller and
filtered with a polarization dependent isolator. The light with
a specific polarization was measured with an optical spectrum
analyzer. The Bragg grating used for the measurement was
made in MMF using the phase-mask method with a 0.534-m
periodicity and a 6-mm length. Therefore, the fibers in the
measurement system were all SMF’s except that the MMF with
a Bragg grating was spliced with a port of the coupler.

Fig. 11 shows the dependence of the reflectivity on the angle
of polarization. The measured variation in the reflected power
is less than 1 dB, which is within the error of the measure-
ment. From this result, we consider that the grating in the present
experiment is axially uniform grating, and the refractive index
change is considered to be uniform over the core cross section.

D. Applications

As MMF has a large core diameter of typically 50 or 62.5m,
it is easy to couple with other lasers or optical sources. A solid
state laser is difficult to couple with SMF, and therefore it can
be a candidate to be tuned with a Bragg grating in MMF. We
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(a) (b) (c)

Fig. 9. Models of various fiber Bragg gratings and their polarization dependence: (a) axially symmetric grating with no polarization dependence, (b) type II
grating with strong polarization dependence, and (c) axially asymmetric grating with weak polarization dependence.

Fig. 10. Experimental setup for polarization measurement of a Bragg grating
in graded-index MMF.

fabricated a Bragg grating at 0.84m in MMF, and it was used
for tuning of a Cr : LiSrAlF laser [19]. The spectral width
decreased from 7 to 2.5 nm by using a Bragg grating in MMF,
although single-longitudinal-mode operation was achieved only
by a Bragg grating in SMF. This technique may be applied
to other solid-state lasers such as Ti: Al O lasers. Another
laser tuned with a Bragg grating in MMF will be a semicon-
ductor laser. Especially, a vertical-cavity surface-emitting laser
(VCSEL) for optical communication has a large emitting area
and therefore is suitable for coupling with MMF. Fig. 12(a)
shows the concept of a MMF communication system using a
VCSEL tuned with a Bragg grating in MMF. As a preliminary
experiment, we demonstrated the decrease in the spectral width
to 1/2–1/3 from the initial values. The details of the experiment
will be reported elsewhere. It will also be possible to reduce
the number of propagating modes in MMF and thus to reduce
the modal dispersion in communication, because mode selec-
tion will occur in laser oscillation.

The sensing applications were proposed by Wanseret al.[3].
When MMF with a Bragg grating is bent, the reflection and
transmission spectra change. In our experiment, the reflectivity
of the lower order mode increases and that of the higher order
mode decreases when the fiber is bent. This is almost consistent
with the calculation by Wanseret al. [3]. In our measurement,
the bending dependence of DSF with a Bragg grating was sim-
ilar. A Bragg grating in DSF has a simple spectral structure of
only three reflection wavelengths as shown in Fig. 5. Also, a
Bragg grating in DSF had a higher sensitivity to bending. Some
of the other characteristics of bending sensors are reported in
[20]. A practical bending sensor can be constructed as shown
in Fig. 12(b). In this sensor, transmission or reflection spectrum
is observed using a tunable source, and then bending is given
on the MMF having a Bragg grating. The tunable source can be
replaced by a combination of a broadband source and a tunable
filter. Also, a displacement sensor as shown in Fig. 12(c) is pos-

Fig. 11. Measured result of polarization dependence of a Bragg grating in
graded-index MMF.

Fig. 12. Concept of application of multimode or few-mode fiber Bragg
gratings: (a) multimode-fiber communication system using a vertical-cavity
surface-emitting laser (VCSEL) coupled with a multimode fiber Bragg grating,
(b) fiber-optic bending sensor to detect the bending angle�, and (c) fiber-optic
displacement sensor using bending dependence of a multimode or few-mode
fiber Bragg grating.

sible, where the displacement is translated into bending using a
deformer, and interrogation is the same with that in Fig. 12(b).

IV. CONCLUSION

We fabricated Bragg gratings in graded-index MMF and in
DSF, and measured their reflection and transmission character-
istics. For lower order mode excitation by coupling with an LED
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through a SMF pigtail, the Bragg grating in MMF at around 1.55
µm had four reflection wavelengths, and the reflectivity was
as high as 96.6%. In contrast, for highly multimode excitation
using a halogen lamp, the same FBG showed 19 reflection wave-
lengths in the reflection spectrum. We performed an analysis on
the phase-matching condition, and attributed the ten reflection
wavelengths to the reflection to the same mode, and attributed
the rest to the reflection to the neighboring modes. The Bragg
wavelengths of the fundamental principal mode on the two dif-
ferent excitation conditions agreed with each other. A Bragg
grating at 0.8 m in DSF had three Bragg wavelengths. These
wavelengths also agreed with the mode analysis. However, re-
flection to the neighboring modes did not appear, because the
difference in the propagation constants is large. The temperature
dependence of each reflection peak of a Bragg grating in MMF
agreed with the analysis. We also performed a polarization mea-
surement of a Bragg grating in MMF, and concluded that the
index modulation is sufficiently uniform in the core cross sec-
tion. Bragg gratings in MMF will be useful for spectral control
of a laser having a relatively large beam diameter and difficult
to couple with SMF. Bragg gratings in multimode or few-mode
fibers can be used for bending or displacement sensors.
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