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This paper focuses on the spectral analysis of �ber Bragg gratings written in nanostructured large
mode area and few-mode �bers when fundamental and higher mode(s) are simultaneously excited. For
this purpose, an advanced numerical tool was developed and validated. A method for modal decom-
position and superposition was proposed, which overcomes the limitations of commercial software. In
the presented approach, the intermodal coupling as a consequence of non-ideal fringe pattern spatial
distribution in �ber Bragg gratins is also considered. The numerical tool increases the versatility of
�ber Bragg grating spectral analysis, especially taking into account the unconventional optical �bers
having independent photosensitivity and refractive index pro�les and few-mode operation.
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1. Introduction

In recent years, �ber Bragg gratings (FBGs) writ-
ten in large mode area (LMA) and few-mode (FMF)
optical �bers have become increasingly important
due to their practical applications. Fiber Bragg
gratings written in LMA �bers act as high re�ec-
tion (HR) and low re�ection (OC� optical coupler)
mirrors in all-�ber high-power lasers [1]. Due to the
larger core diameter of LMA �bers (and therefore
the larger mode area with respect to the conven-
tional single-mode optical �bers (SMF)), much more
optical power can be guided without destructible
nonlinear and material damage e�ects [2]. To pro-
vide single-mode or at most few-mode guidance in
such �bers, it is necessary to decrease the numer-
ical aperture (NA), i.e., to decrease core-cladding
refractive index di�erence, which unfortunately re-
sults in a signi�cant increase in bending losses. So, it
is usually a trade-o� between modality and bending
sensitivity of LMA. This makes it necessary to con-
sider the possibility of simultaneous excitation and
propagation of the fundamental and higher modes
in the spectral analysis of FBG written in LMA.

Few-mode �bers are intentionally designed to
support multiple spatial modes. In the mode-
division multiplexing technique, these modes act
as individual communication channels, increasing
data-carrying capacity [3]. Due to the di�erent re-
sponses of fundamental and higher modes to exter-
nal factors, such as bending, FMF with in-written
FBG o�ers new opportunities for multi-parameter
sensing. Moreover, FBGs written in FMF can in-
duce mode coupling between propagating modes,
leading to a more sensitive response to external per-
turbations [4]. FMF-based FBGs are also promising
in advanced �ber lasers [5].
The development of new FBG-based devices and

sensors in both LMA and FMF �bers requires
reliable modeling and optimization. Commercially
available software o�ers many possibilities in model-
ing �ber Bragg gratings, considering such aspects as
the structure (refractive index pro�le) and modality
of the �ber, photosensitivity pro�le, grating types
and their dispersion properties. However, these soft-
ware have their drawbacks, which limit the possi-
bility of spectral analysis of FBG written in non-
single-mode �bers. Although commercial software,
such as OptiGrating, typically uses a mode solver to
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Fig. 1. The proposed algorithm of FBG spectral response calculation in LMA and FMF �bers under multi-
mode excitation.

Fig. 2. Scheme of the FBG fringe pattern inhomogeneity implementation.

TABLE I

Parameters of nFMF �ber utilized in the simulations.

Parameter Value

cladding diameter [µm] 140

cladding refractive index 1.44969

core diameter [µm] 17

core refractive index 1.45094

numerical aperture (NA) 0.06

V at 1060 nm 3.06

analyze the modality of optical �bers and takes into
account the interaction of gratings with both core
and cladding modes, it only allows the calculation
of FBGs spectral responses when excited by a sin-
gle, fundamental or higher mode. However, in prac-
tice, the few-mode (or more generally multi-mode)
�bers exhibit multi-mode operation due to the si-
multaneous excitation of fundamental and higher
modes.
In addition, for a reliable analysis of FBGs

written in few-mode or multi-mode �bers, it is
necessary to take into consideration the inhomo-
geneity in induced periodical fringe pattern dur-
ing UV side-writing grating inscription. This non-
uniformity causes intermodal coupling, which af-
fects FBG spectral response [6].
To overcome the above limitations, a numeri-

cal tool has been developed that extends the ca-
pabilities of the commercial OptiGrating software.
The idea of implementation of a complex excitation

(with two or more modes simultaneously) scheme
and its experimental validation are presented in
Sect. 2. Subsequently, in Sect. 3, the spectral re-
sponses of FBGs written in nanostructured large
mode area (nLMA) and nanostructured few-mode
�bers (nFMF) are analyzed using this software. In
particular, optimization of higher-order modes in-
teraction with grating structures is examined by
independent shaping of refractive index and pho-
tosensitivity pro�les of optical �bers. Such an ad-
vanced tailoring of optical �ber properties �ts the
capabilities of recently developed free-forming (or
nanostructuring) technology [7]. Section 4 summa-
rizes the results of this work.

2. Numerical tool and its validation

2.1. Description of the simulation method

To calculate the spectral response of FBGs in op-
tical �bers under few-mode excitation, the following
algorithm was proposed. At �rst, the refractive in-
dex pro�le and photosensitivity pro�le were imple-
mented in OptiGrating to calculate modes. Then,
for established modes, the excitation scheme de-
composition method was applied. It relies on the
calculation of FBG responses when each �ber mode
is separately excited. Then partial results, corre-
sponding to every mode in the excitation scheme,
are superposed, and thus, the �nal spectral response
of FBG was obtained. The subsequent steps of the
algorithm are shown in Fig. 1.
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Fig. 3. Comparison of numerical (a) and experi-
mental (b) results of the transmission spectrum of
the FBG written in nLMA �ber under maximum
excitation of the LP01 mode.

Additionally, to implement the inhomogeneity
of induced periodic refractive index variations in
the �ber core, the simple method was proposed
according to the scheme shown in Fig. 2. When
FBG is written using side-illumination with ultravi-
olet (UV) radiation, the amplitude of refractive in-
dex changes (∆n) approximately linearly decreases
along the writing laser beam propagation direction
due to the UV absorption. Thus, the linear decrease
in ∆n can be easily transformed into the triangular
shape of the azimuthal photosensitivity pro�le Pϕ.

2.2. Validation of the numerical tool

In order to validate the proposed numerical tool,
simulation results were compared with experimen-
tal ones. For this purpose, FBGs were written in
designed and fabricated nanostructured large mode
area (nLMA) �ber [8]. The �ber was optimized to
operate at 1060 nm for Yb-based laser application.
The nLMA parameters used in FBG fabrication
(and in simulation) are presented in Table I. The
step-index pro�le of nLMA �ber and V = 3.06 en-
sures that at 1060 nm, two-mode operation (LP01

and LP11) is supported.

Fig. 4. Comparison of numerical (a) and experi-
mental (b) results of the transmission spectrum of
the FBG written in nLMA �ber under maximum
excitation of the LP11 mode.

Prior to the FBG inscription, nLMA �ber was
hydrogen-loaded under high pressure (130 bars) for
3 weeks in order to increase its photosensitivity.
Then FBGs with Bragg wavelength c.a. 1060 nm
were written using a KrF excimer laser operating
at 248 nm and a phase mask with a period of
729.6 nm. Spectral responses of in-written FBGs
were measured using a broadband source (super-
luminescent diode � SLED) and optical spectrum
analyzer (OSA) with 0.01 nm resolution. The se-
lective mode excitation was achieved through the
precise adjustment of light coupling from SMF to
nLMA optical �ber. For this purpose, an ultra-
precise XY Z translation stage and microscope ob-
jective were used. In addition, the mode �led distri-
bution excited in nLMA �ber was observed by the
CCD camera.
In the experiment, two cases were analyzed in

which LP01 mode (Fig. 3) and LP11 mode (Fig. 4)
were maximally excited. Finally, to compare col-
lected spectra with numerical results, spectral re-
sponses of FBG in nLMA were calculated using
proposed numerical tool for the following excita-
tion conditions: (i) 95% of optical power in LP01

mode and 5% in LP11 mode (Fig. 3) and (ii)
12% of optical power in LP01 mode and 88% in
LP11 mode (Fig. 5). Additionally, images of spatial
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Fig. 5. Simulation results (a�d) of spectral responses of FBGs written in two-mode nLMA �ber with various
radial photosensitivity pro�les.

distribution of light in nLMA measured by CCD
camera are presented as insets. Numerical calcula-
tions of FBG written in nLMA were carried out for
grating parameters established through estimations
based on experimental results (∆n = 10−4) or ad-
justed to obtain similarity in transmission minima
and the relationship between them (modal excita-
tion scheme).
When the LP01 mode is maximally excited

(Fig. 3), a high similarity between the computa-
tional and experimental results is achieved. The
numerical results reveal a comb-like structure of
the cladding modes, which corresponds to the sim-
ilar envelope on the shorter-wavelength side of the
Bragg wavelengths in the measured spectrum. This
envelope is a consequence of the limited OSA reso-
lution. Nevertheless, in both cases, Bragg minima,
resulting from the interaction of the grating with
the LP01 and LP11 modes, as well as the central
minimum associated with the intermodal coupling,
are clearly visible. When LP11 mode is maximally
excited, a strong correlation between experimental
and simulation results is also noticed. As before, the
relationship between the Bragg minima correspond-
ing to LP01 and LP11 modes and intermodal cou-
pling is preserved. As in the previous case the comb-
like cladding modes structure is visible in the mea-
sured spectrum in the form of a short-wavelength
side envelope.

3. Numerical analysis of FBG written in

nLMA �bers

Recently developed nanostructuration technology
opens new possibilities in the design and fabrica-
tion of optical �ber [7]. Because in this technology,
the optical �ber preform is composed of hundreds
and even thousands of arbitrarily arranged nano-
rods of di�erent types (including various dopants
and their concentration), the refractive index and
photosensitivity pro�les can be designed indepen-
dently. Based on this advantage of free-forming
technology, the specially designed nLMA and nFMF
were numerically analyzed in terms of the interac-
tion e�ciency of grating structure with high-order
modes.

3.1. Step-index nLMA �bers with radially shaped
photosensitivity pro�le

In order to optimize interactions between par-
ticular propagating modes with in-written grat-
ing, one can consider shaping the photosensitivity
pro�le of the �ber core. In the OptiGrating envi-
ronment, the photosensitivity pro�le P (r, ϕ) is de-
�ned as the product of the radial photosensitivity
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pro�le Pr(r) and the azimuthal photosensitiv-
ity pro�le Pϕ(ϕ), according to the following
relationship

P (r, ϕ) = Pr (r)Pϕ (ϕ) , (1)

where r and ϕ are the radial and azimuthal coordi-
nates, respectively. Thus, by choosing an appropri-
ate radial photosensitivity pro�le of the �ber core, it
is possible to in�uence the e�ciency of FBG re�ec-
tion of light that propagates in a particular mode
distribution. For this purpose, the same step-index
refractive index pro�le of the nLMA �ber and vari-
ous radial photosensitivity pro�les were assumed, as
shown in Fig. 6. The nLMA �ber parameters used
in simulations are the same as in Table I. Moreover,
two-mode operation (LP01 and LP11) of nLMA and
equal mode excitation were considered. The tri-
angular azimuthal photosensitivity pro�le Pϕ en-
sures that intermodal coupling is also considered.
In Fig. 5, simulation results are presented. All spec-
tral responses consist of two clearly visible Bragg
minima that correspond to the LP11 (lower wave-
length) and LP01 (higher wavelength) modes. There
is also the third minimum between them that cor-
responds to the LP01-LP11 mode coupling.
Simulation results reveal that the radial photo-

sensitivity pro�le in�uences the re�ection e�ciency
of particular modes by the grating. It can be noticed
that the strong re�ection of a particular mode is ob-
served when the mode pro�le overlaps well with the
photosensitivity pro�le of the �ber core. Extreme
cases are presented in Fig. 5b and 5c. In Fig 5b,
where the triangle pro�le �ts well with the spatial
(Gaussian) distribution of fundamental LP01 mode,
the re�ection of this mode is the most e�ective. On
the other hand, Fig. 5c shows that for the donut-
like photosensitivity pro�le the, LP11 mode is even
more e�ectively re�ected than the LP01 mode. This
is due to the relatively better overlap of the donut-
like photosensitivity pro�le with LP11 spatial mode
distribution than with LP01 one.

3.2. nFMF �bers with radially shaped refractive
index pro�les

The optimization of the interaction of high-order
modes with grating structure can also be achieved
by modifying the mode pro�le while keeping the
photosensitivity pro�le unchanged. Some of refrac-
tive index pro�les may promote higher-order mode
guidance while suppressing or not changing the fun-
damental mode. However, the previously researched
�ber is un�t for this kind of modi�cation as the
refractive index di�erence is low and causes weak
guiding of the LP11 mode (only around 67% of opti-
cal power in this mode is con�ned in the �ber core).
To increase the power con�nement factor of LP11

mode, the numerical aperture of the �ber was in-
creased by enlarging the di�erence between the core

Fig. 6. Refractive index pro�le (a) and four radial
photosensitivity pro�les (b�e) of nLMA �ber used
in the simulations.

TABLE II

Parameters of nFMF used in simulations.

Parameter Value

cladding diameter [µm] 140

cladding refractive index 1.44969

core diameter [µm] 16

core refractive index 1.45192

numerical aperture (NA) 0.08

V at 1060 nm 3.81

and the cladding refractive indices. In this way, the
proposed �ber can be assumed as nFMF. The pa-
rameters of nFMF used in simulations are presented
in Table II.
These �ber parameters ensure that c.a. 83% of

the optical power of LP11 mode is con�ned in the
�ber core and two-mode operation is maintained.
The equal mode excitation is assumed as well.
It is worth noting that FMFs usually have higher

core diameters than SMF, which allows for the prop-
agation of higher optical power in a few modes si-
multaneously without the occurrence of destructive
nonlinear e�ects. Based on previously presented re-
sults, it was proven that the best interaction of grat-
ing structure with higher mode (LP11) occurs for
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Fig. 7. The refractive index pro�les (a�c) of nFMF and spectral responses of FBG in nFMF for these pro�les
(d�f).

the donut-like photosensitivity pro�le of the �ber
core. Thus, this radial photosensitivity pro�le was
used in these calculations, together with the pre-
viously mentioned triangular azimuthal photosensi-
tivity pro�le, while three di�erent refractive index
pro�les of nFMF were evaluated, as shown in Fig. 7.
Speci�cally, graded-index and trench-assisted re-
fractive index pro�les were chosen because of their
higher-order mode promoting characteristics [9].

Ring-core refractive index pro�le comes directly
from the higher Ge concentration near the core-
cladding interface, according to the assumed donut-
like photosensitivity pro�le. The refractive index
of the inner core can be increased by using non-
photosensitive nanorods with a higher refractive in-
dex than pure silica. It is bene�cial as the higher
refractive index of the ring increases the LP11 mode
con�nement, enabling propagation with less attenu-
ation. Graded-index pro�le promotes LP11 guidance
with a di�erent mechanism. Due to the parabolic
pro�le's higher overall refractive index, the di�er-
ence between the core and cladding can be applied
while maintaining two-mode operation. This pro-
�le can be achieved by using the combination of
nanorods (for example, F-doped) that decrease the
refractive index in the area of higher Ge concen-
tration and nanorods with a higher refractive index
than pure silica in the inner core (un-doped area).
The trench-assisted pro�le can be realized in a com-
parable way, however, additional refractive index
reduced nanorods should be applied in the trench
area of the �ber cladding. Simulation results are
shown in Fig. 7. In each case, a stronger re�ection
of LP11 mode than of LP01 mode is observed. It is
due to the donut-like radial photosensitivity pro�le.

However, it is noticeable that the refractive index
pro�le strongly in�uences both the re�ection rela-
tion between Bragg minima associated with LP01

and LP11 modes and their spectral separation. This
is because the refractive index pro�le in�uences the
modal characteristics of nFMF �ber [10]. The inter-
modal coupling is also observed as a low minimum
between the Bragg resonances.

4. Conclusions

The numerical tool for spectral analysis of FBGs
written in few-mode excited optical �bers was pro-
posed and successfully validated by comparison
with experimental results. This tool, when sup-
ported by commercially available OptiGrating soft-
ware, increases the versatility of spectral analysis of
FBGs written in unconventional optical �bers, such
as nLMA and nFMF. It was proven that due to
the free-forming technology, the spectral behavior
of Bragg gratings can be widely optimized by appro-
priate and independent tailoring of both modal and
photosensitive properties of such few-mode optical
�bers. It opens new possibilities in applications of
FBGs written in specially designed FMF and LMA
�bers in optical communication, �ber lasers, and
sensing.
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