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Abstract An optical low-coherence interferometry tech-
nique has been used to simultaneously resolve the mode
profile and to measure the intermodal dispersion of guided
modes of a few-mode fiber. Measurements are performed
using short samples of fiber (about 50 cm). There is no need
for a complex mode-conversion technique to reach a high in-
terference visibility. Four LP mode groups of the few-mode
fiber are resolved. Experimental results and numerical sim-
ulations show that the ellipticity of the fiber core leads to
a distinct splitting of the degenerate high-order modes in
group index. For the first time, to the best of our knowl-
edge, it has been demonstrated that degenerate LP11 modes
are much more sensitive to core shape variations than the
fundamental modes and that intermodal dispersion of high-
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order degenerate modes can be used for characterizing the
anisotropy of an optical waveguide.
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1 Introduction

When multiple transverse modes are simultaneously present
in an optical fiber, it is important to characterize the disper-
sion properties of all guided modes. For example, it is well
known that in a multimode optical fiber the transverse modes
possess different characteristic group velocities. The knowl-
edge of the intermodal dispersion characteristics of multi-
mode fibers is of interest for the design of optical transmis-
sion systems, as well as for other applications such as dis-
persion compensation [1], fiber refractive-index profile char-
acterization [2], and a variety of in-fiber devices [3]. In this
context it is necessary to identify the individual transverse
modes [2, 4] to precisely characterize the dispersion proper-
ties.

On the other hand, light beams, possessing special polar-
ization, have recently attracted a great deal of interest. Sev-
eral fiber techniques have been developed to generate such
beams while employing higher-order modes of respective
shapes [5–7]. A full characterization of the mode profiles
as well as the polarization state of these modes is essential
to successfully apply these novel techniques.

Optical low-coherence interferometry has been used to
characterize the dispersion properties of an optical fiber
since many years. The idea is that the excited modes in a
high-order-mode fiber can be separated in time owing to
their group-delay difference. By sweeping the wavelength,
the group velocity dispersion can be derived. This technique
can be classed into two catalogs: time-domain interferom-
etry and frequency-domain interferometry. Here we shortly
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Fig. 1 Modes of a circular step-index fiber. The first row represents
exact vector solutions of Maxwell’s equations. The second row repre-
sents common scalar modes which can be obtained by solving scalar

Maxwell’s equations under weakly-guiding condition. They can be
regarded as superpositions of the exact modes shown above

review these techniques. In time-domain interferometry the
optical delay line in the reference arm of the interferome-
ter is introduced to get the interference between the refer-
ence beam and the respective mode of the fiber in the other
arm. Several variations of this technique have been reported
[2, 4, 8]. In this technique either complex detection systems
had to be used to distinguish the fiber modes or it had to
be assumed that the dispersion properties of the fiber modes
were well known according to the prior knowledge of the
fiber profile. In traditional frequency-domain interferometry
[9, 10] the experimental setups were relatively simpler be-
cause the interference patterns were observed by an optical
spectrum analyzer and no reference arm was required. The
theoretic background of the technique is that different fre-
quency components in the light source propagate with dif-
ferent speed inside the fiber, which results in a frequency-
dependent time delay. However, without the mode identifi-
cation system, only a limited number of modes, i.e. the po-
larization mode dispersion of the fundamental mode or the
intermodal dispersion of the lowest two LP modes, could
be measured. In the new types of frequency-domain inter-
ferometry, the Fourier transform [11] and the pulse stretch-
ing technique [12] were used to extract the mode informa-
tion and to obtain a high temporal resolution. However, in
these techniques, no accurate mode profiles were obtained.
In [13] the frequency-domain technique and the mode detec-
tion system were applied simultaneously. However a fiber
pigtail had to be used to pick up the intensity distribution
of the transverse fiber modes and the spatial accuracy of the
mode profile detection was limited.

In the present work we proposed a time-domain low-
coherence interferometry using the traditional phase-shifting
method for direct measurement of the group-index differ-
ence and of the mode intensity profile of a short piece of spe-
cial fiber. Furthermore, the polarization distribution of each
mode was analyzed. We identified four LP mode groups
and analyzed the polarization properties of vector modes in
the LP11 mode group. The measurement technique is also
feasible for characterization of traditional glass fibers and
photonic crystal fibers without any prior knowledge of fiber

properties. On the other hand it was predicted recently in
[14, 15] that LP1m modes were more susceptible to asym-
metries of the fiber core than the fundamental modes. Using
the proposed technique we experimentally demonstrated this
effect.

In Sect. 2 we discuss the topology and classification of
modes in circular waveguides based on the example of a
step-index fiber. In Sect. 3 the measurement principle and
the algorithm used for the reconstruction of the mode pro-
files and of the mode intensities are described in details. In
Sect. 4 the measured mode profiles and intermodal disper-
sion are presented and compared with the results of numeri-
cal simulations.

2 Theoretical background

2.1 Step-index fiber

Step-index fibers have the simplest index profile. Figure 1
shows the first few modes of a circular step-index fiber [1].
The true vectorial eigenmodes are displayed in the first row.
The arrows represent the electric field. Each eigenmode has
a unique propagation constant except of the even and odd
modes of the hybrid modes (HE and EH) which have dif-
ferent polarization patterns and are always degenerate in a
perfectly circular fiber. The modes shown in the second row
are commonly-used linearly-polarized (LP) modes derived
by using a scalar approximation [16]. These LP modes are
formed by the coherent superpositions of the true vectorial
eigenmodes shown above. They represent approximate solu-
tions of Maxwell’s equations valid for small core-cladding
index steps. In the weakly-guiding regime the propagation
constants of the modes in a perfectly circular fiber depend
only on the modal intensity pattern and are independent of
the polarization.

The normalized frequency V and the normalized propa-
gation constant bneff are described as

V = ak
(
n2

co − n2
cl

) 1
2 , (1)
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Fig. 2 Cross-section image of the tested few-mode fiber

Fig. 3 Spectrum of the low-coherence broadband light source used in
the experiments

bneff = (
n2

eff − n2
cl

)
/
(
n2

co − n2
cl

)

≈ (neff − ncl)/(ncl�) (2)

Here a is the core radius; k = 2π/λ is the wavenumber
in vacuum; nco is the refractive index of the core and ncl

is the refractive index of the cladding. The effective in-
dex neff = β/k is defined by the propagation constant β .
� = (nco − ncl)/ncl represents the contrast between core
and cladding. In weakly-guiding waveguides with � � 1
the simplification given in (2) can be used. The effective in-
dex of all modes is in between the index of the cladding
(bneff = 0) and the index of the core (bneff = 1), i.e. ncl ≤
neff ≤ nco.

Another important dispersion parameter is the group in-
dex ng , defined as

ng = neff − λ(dneff/dλ) (3)

It has been shown in [16, 17] that the sum of material disper-
sion and waveguide dispersion gives the total chromatic dis-
persion of the mode. The material dispersion is the same for
all fiber modes, and therefore, it could be neglected when the
group-index difference between the modes is to be studied.
Without taking into account the material dispersion, i.e. the

Fig. 4 Low-coherence interferometric setup for intermodal-dispersion
measurement with mode profile detection. EDFA—erbium-doped
fiber amplifier; NPBS—non-polarizing beam splitter; OSA—optical
spectrum analyzer; L1, L2—lenses; M1—gold mirror; M2, M3,
M4—dielectric mirrors

frequency dependence of nco and ncl, V changes monoto-
nously by λ and dV/dλ = −V/λ, and hence,

ng = neff − λ(dneff/dV )(dV/dλ)

= neff + V (dneff/dV ) (4)

Therefore, the group index on account of waveguide disper-
sion can be basically deduced from the derivative dneff/dV .
Similar to the normalized propagation constant bneff we can
define the normalized group delay bng [16]:

bng = (
n2

g − n2
cl

)
/
(
n2

co − n2
cl

)

≈ (ng − ncl)/(ncl�) (5)

For a few-mode fiber there is usually a considerable differ-
ence between effective indices and group indices.

2.2 Multimode fiber

Recently high-order-mode fibers with anomalous dispersion
properties [18] have found applications in dispersion com-
pensation, high-power fiber lasers and all-fiber mode con-
verters. All these applications are based on modifying the
dispersion properties of specific fiber modes by tailoring the
fiber refractive-index profile. In such special fibers, different
modes may exhibit significantly different dispersive behav-
ior. In this paper we investigated a fiber with a special index
profile: a central core and an outer ring. The cross-section
image of this fiber is shown in Fig. 2. This fiber was de-
signed for manufacturing polarization-insensitive fiber grat-
ings [19].

3 Experimental setup and measurement technique

In the current work we investigate the intermodal dispersion
and the mode profiles of a few-mode optical fiber using low-
coherence interferometry. As a broadband unpolarized light
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Fig. 5 The interferogram
corresponding to intensity of
one single pixel detected by the
InGaAs camera for a LP01
mode (red) and the envelopes
reconstructed using (7) (blue)

source we used an erbium-doped fiber amplifier (EDFA), the
spectrum of which was flattened by a tunable spectral filter.
The optimized spectrum of the spontaneous emission of the
EDFA, shown in Fig. 3, had a quasi-Gaussian shape with
27-nm bandwidth centered at 1547 nm. A Michelson inter-
ferometer was composed of the few-mode fiber in the fiber
arm and a free-air path in the reference arm, as shown in
Fig. 4. A step-motor translation stage was used to control
the path length. In the fiber arm, the light was coupled into
the tested fiber and was reflected back at the end of the fiber
by a gold layer produced in a sputtering machine. The in-
terference pattern of the beams at the output of the interfer-
ometer was recorded by an InGaAs camera. As the variable
delay was changed, an interference pattern appeared when
the optical path of the reference beam matched that of the
fiber beam for a certain transversal mode within the coher-
ence length of the light source. Other modes excited in the
fiber produced a background which just decreased the in-
terference contrast. In Fig. 5 the light intensity measured
at one camera pixel as a function of delay is shown when
matching was achieved for the LP01 mode. Due to the high
dynamic range of the InGaAs camera, we were able to re-
solve all transverse fiber modes using an appropriate offset
of the excitation without any additional frequency-filtering
electronic circuit to enhance the visibility of the interference
fringes [4].

A simple algorithm using the interference maximum and
minimum was used to reconstruct the mode profile and to
calculate the mode intensity: the intensity of the interference
signal of the two arms Inr, the intensity of the nth fiber mode
In, and the intensity of the reference beam Ir follow the re-
lation

Inr = I0 + Ir + In + 2
√

IrIn cosϕ (6)

where I0 is the intensity of all other fiber modes, the op-
tical paths of which do not match the optical path of the
reference arm; the intensity of the reference beam Ir was
obtained at the beginning of the measurement by block-
ing the fiber arm; ϕ is the relative phase between the two
beams which might depend on transverse position, giv-
ing rise to the appearance of fringes in the detected im-
age; Inr was obtained by the camera in real time. Ac-
cording to the N -bucket phase-shifting method [20] we
used the following algorithm to find the interference max-
imum and minimum, and hence, the mode intensity distrib-
ution,

Inr(max) = N−1
Max
i=0

(Inr(i)) = I0 + Ir + In + 2
√

IrIn,

Inr(min) = N−1
Min
i=0

(Inr(i)) = I0 + Ir + In − 2
√

IrIn, (7)

M = (Inr(max) − Inr(min))/2 = 2
√

IrIn,

In = M2/4Ir

where Inr(i) is the intensity of the interference signal for the
ith step of the translation stage in the reference arm. The step
size was 0.1 µm and a 9-bucket algorithm was used to find
Inr(max) and Inr(min). We reconstructed the two-dimensional
mode profile by using Inr(max) and Inr(min) for each single
pixel of the images detected by the camera. The blue lines
in Fig. 5 are an example of reconstructed envelops of the
interference signal. They correspond to the values of Inr(max)

and Inr(min) and have a full width at half maximum (FWHM)
of 45 µm. The total power of a certain transverse mode Pn is
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Fig. 6 Measured mode
intensity profiles and intermodal
dispersion of the few-mode fiber
at 1547 nm using unpolarized
beam excitation

proportional to the sum of the intensities recorded in all the
pixels in the transverse plane:

Pn =
∑

j

∑

k

In(jk) (8)

where j and k indicate the coordinates of a camera pixel.
Thus, it was possible to reconstruct both the mode profile
and the mode intensity of the fiber.

Furthermore, because the delay of each peak corresponds
to the group delay of the respective mode, we were able to
characterize the intermodal dispersion using the relative po-
sition of those peaks. The group-index difference between
the nth mode and LP01 mode �ng(n) can be described as
follows:

�ng(n) = OPDn/L (9)

where OPDn is the one-way optical path difference between
nth mode and LP01 mode. It is specified by the relative mir-
ror position in the reference arm. L is the length of the fiber.

4 Results and analysis

Using the measurement technique described in the Sect. 3,
we measured a piece of special fiber with 58 cm length. The
fiber design has been introduced in the Sect. 2.2. In this sec-
tion we will firstly present some experimental results. Then
the results of numerical simulations of modal dispersion and
of mode profiles for the tested fiber will be presented. At the
end we will discuss the effect of fiber ellipticity on modal
dispersion and mode profiles and show that birefringence
affects degenerate high-order modes much stronger than the
fundamental mode.

4.1 Mode intensity pattern and group-index difference

At 1547 nm four LP mode groups have been identified as
illustrated in Fig. 6. In the figure the mode intensity and
the mode profile as insets via time delay are shown. The
mode intensity profiles are normalized to the maximal inten-
sity in the transverse plane. The measured group indices of
LP11, LP21 and LP02 modes relative to the LP01 mode are
�ng11 = 0.0025, �ng21 = 0.0055, �ng02 = 0.0087. Fur-
thermore, we observe all of the four vector modes of the
LP11 mode group separately, although they are almost de-
generate in the standard step-index fiber.

In order to investigate the polarization properties of the
four modes within the LP11 mode group we adjusted the
coupling conditions for excitation of all the four modes
with significant magnitude. As shown in Fig. 7(a) they are
clearly resolved without using any polarizing component in
the setup. To check the polarization properties of the modes,
a polarizer was used in front of the camera. The red curve
in Fig. 7(b) was obtained by orienting the polarizer along
the direction of the dark bar which appeared in the profile
of the mode with the largest magnitude. Two modes with
the same vertical polarization but with orthogonal intensity
patterns, are seen in Fig. 7(b). They correspond to the two
HE21 modes. The other two modes, TM01 and TE01, are
suppressed. As shown in Fig. 7(b) by the blue curve for
the orthogonal polarizer orientation, TM01 and TE01 modes
have a polarization orthogonal to that of HE21 modes. They
have the same polarization and orthogonal intensity patterns
similar to the HE21 mode pair.

It is noted that the TM01, TE01 and the HE21 modes
in the LP11 mode group in Fig. 7 appear as typical scalar
mode patterns with nearly linear polarization. This can be
explained by the anisotropy of the fiber [14, 15], as will be
discussed in Sect. 4.3.
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Fig. 7 Intensity profiles and intermodal dispersion for four vector
modes within the LP11 mode group using unpolarized beam excita-
tion: (a) no polarizer in front of the camera; (b) with a polarizer in
front of the camera. The polarizer axis indicated by the black arrow
was oriented vertically or horizontally for red or blue curve, accord-
ingly

4.2 Modeling of the dispersion properties of the fiber
modes

In this section we will present results of the numerical sim-
ulations of the effective indices and group indices of dif-
ferent modes in the tested few-mode fiber. Figure 8 shows
the normalized propagation constant bneff and the normal-
ized group delay bng of the lowest 12 modes relative to the
normalized frequency V (see (1), (2), (4), (5)). The commer-
cial software “COMSOL Multiphysics” and MATLAB were
used for the numerical simulations. The fiber model was cre-
ated in the graphic environment of COMSOL Multiphysics
using the “Eigenfrequency analysis” of the RF application
module. The model was then exported as a m-file, which
meant the entire modeling session was saved as a sequence
of commands. Then the m-file was run in “COMSOL with
MATLAB”. The codes were modified to study the parameter

dependencies. In the calculations λ = 1.547 µm, the core ra-
dius a, and the refractive index of the cladding ncl = 1.444,
assumed to be the typical refractive-index value for pure sil-
ica at 1.55 µm wavelength and room temperature, were kept
constant and V was changed by varying the refractive index
of the core nco.

The red points in Fig. 8(b) are the experimental data. The
vertical line V = 5.94 corresponds to the designed fiber con-
figuration. In Fig. 8 one can see that the dispersion properties
of such a fiber are very different from those of a traditional
step-index fiber, especially for the LP11 mode. The splitting
of the group indices of the TE01 and HE21 modes, or the
HE21 and TM01 modes is about 2 × 10−4, while in step-
index fibers the four modes are almost degenerate.

4.3 Birefringence of high-order modes in an anisotropic
fiber

In this section we will consider the effect of fiber ellipticity
on the differential group delay for the HE21 modes. Exper-
imental results presented in Fig. 7 show that the anisotropy
of the fiber core results in not only the two-lobe TE01,
TM01 and HE21 modes with nearly linear polarization, but
also the separation of the HE21even and HE21odd modes
to be 260 fs/m in group delay. This interpretation is con-
firmed by the mode profiles of the LP21 and LP02 modes
displayed in Fig. 6. In practice, both geometric ovality and
stress may contribute to this problem. But in order to sim-
plify the model, we assume that the fiber anisotropy is only
due to geometric ovality of the fiber core and that the cen-
tral core and the outer ring core have the same ellipticity.
Using the fiber index profile corresponding to V = 5.94,
we studied the dependence of group indices of modes on
the ellipticity of the fiber core. The results are shown in
Fig. 9(a). The ellipticity is defined as e = (1 − b2/a2)1/2,
where a is the semi-major axis of the elliptical core and b is
the semi-minor axis. Our measurements show that the split-
ting of the HE21even and HE21odd mode in group index
is �ngHE21 = 7 × 10−5. Based on this value the estimated
ellipticity of the fiber is e2 = 0.068. In Fig. 9 the measured
group indices of all resolved modes are shown by red points.
As one can see, ellipticity does lead not only to the split-
ting of the degenerate modes in group index, but also in-
fluences the relative group index of each mode group. This
is why for V = 5.94 our experimental data do not fit the
calculated group-index value any more, as can be seen in
Fig. 9(a). In order to fit the simulation results to our mea-
surement data, we had to slightly change the refractive-index
difference between the core and the cladding of the fiber,
i.e. V = 6.04 and calculated the group indices of modes de-
pending on the ellipticity of the fiber core once again (see
Fig. 9(b)). As demonstrated in Fig. 9(b), with V = 6.04
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Fig. 8 Results of numerical
simulations of lowest 12 modes
of the tested few-mode fiber:
(a) dependence of normalized
propagation constant bneff on
normalized frequency V ;
(b) dependence of the
normalized group delay bng on
normalized cutoff frequency V .
Vertical line: V = 5.94; red
points: experimental data

and e2 = 0.068, our measured group indices fit the simu-
lation results very well. Hence we conclude that V = 6.04
corresponds to the refractive-index profile of the fiber and
e2 = 0.068 is the ellipticity inadvertently induced in the
manufacturing process.

Our simulations show that the group birefringence of the
LP01 mode, �ngLP01 is just about 7 × 10−6. It is ten times
smaller than the birefringence of the HE21 modes in the

LP11 mode group, i.e. �ngHE21 of 7 × 10−5. Thus, it is
much more efficient to use the value of �ngHE21 to deter-
mine the anisotropy of the fiber because the birefringence
effect is about one order of magnitude stronger on HE21
modes than on the fundamental mode. Furthermore, HE21
modes belong to the lowest high-order-mode group and us-
ing a Gaussian beam excitation with a slight offset it is pos-
sible to excite them with large magnitude. It is also noted
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Fig. 9 Results of numerical
simulations on ellipticity
dependence of the group index
ng for modes of the tested
few-mode fiber: (a) for
V = 5.94; (b) for V = 6.04. Red
points: experimental data

in the simulations that the splitting of HE21 modes in group
index being very sensitive to the ellipticity of the fiber, is not
that sensitive to the V value of the fiber. This allows us to
estimate the anisotropy of a fiber even if the fiber profile is
not well known.

In Fig. 10 the calculated mode intensity profiles of the
tested fiber with V = 6.04 and e2 = 0.068 and the measured
mode profiles are displayed.

The obtained fiber ellipticity has been confirmed by a
separate direct measurement using a frequency-domain in-
terferometer [9, 10]. A longer piece of fiber (about 8 m)
has been used to determine the birefringence of the LP01

mode experimentally. The group-index difference of the
LP01 mode �ngLP01 = 10−5 was obtained. This value
is close to 7 × 10−6 obtained in the numerical simula-
tions.

5 Conclusion

In this paper we have reported on the characterization of
fiber modes using low-coherence interferometry. The mea-
sured intermodal dispersion has been compared with cor-
responding simulation results. Very good agreement has
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Fig. 10 Intensity profiles for all
guided modes in the tested fiber
at 1547 nm: (a) calculated mode
profiles of the fiber with
V = 6.04, e2 = 0.068;
(b) measured mode profiles.
Each row shows one mode
group; each column shows
vector modes in one mode
group. White arrows indicate the
dominant polarization of the
modes

been obtained. The mode profiles and the intermodal dis-
persion of the degenerate high-order modes offer us infor-
mation on anisotropy of the fiber which was introduced
in the manufacturing process. For the first time, to the
best of our knowledge, we demonstrated that the disper-
sion properties of high-order modes instead of fundamen-
tal mode in an optical fiber provide valuable information
for the characterization of fiber anisotropy. This makes the
work easier, especially when the fiber is short and the
birefringence of fundamental modes is too weak to mea-
sure.

Open Access This article is distributed under the terms of the Cre-
ative Commons Attribution Noncommercial License which permits
any noncommercial use, distribution, and reproduction in any medium,
provided the original author(s) and source are credited.
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