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We demonstrate polarization-sensitive measurement of the modal content of waveguides by generalizing the classic
rotating wave-plate-based polarimeter to wide-field optical low-coherence interferometry. The spatial phases of the
modes are retrieved with principal component analysis. By applying this polarization-sensitive cross-correlation
(C2) imaging technique to the characterization of a few-mode fiber, we reveal that different modes experience dis-
tinct bend-induced birefringence in optical fibers. This polarization-resolved C2 imaging is well suited for analyzing
the impact of polarization on wave propagation in high-power fiber lasers as well as in mode-division-multiplexed
communications systems. © 2012 Optical Society of America
OCIS codes: 060.2310, 060.2270, 060.2320, 060.2330.

Novel designs of optical waveguides propel applications
such as the development of high-power fiber-laser sys-
tems and mode-division-multiplexed (MDM) communica-
tions systems [1,2]. The modal content of the fibers
impacts their performance, and it needs to be analyzed in
a reliable way. Lately, mode-measurement methods have
been demonstrated that make no assumptions about the
optical waveguide under test. These techniques, namely,
spatially and spectrally resolved (S2) imaging and cross-
correlated C2 imaging, utilize the principle that different
modes experience different group delays [3,4].
C2 imaging uses an external reference beam that sam-

ples all the modes of the fiber under test [4,5,6]. A distinct
advantage of this optical low-coherence interferometric
method over self-interferometric techniques (e.g., S2 ima-
ging) is the capability to measure arbitrary modal content
distributions. While both mode-imaging methods have re-
vealed the intensity and phase, the measurement of po-
larization states of modes has not been demonstrated
thus far. This is relevant for both the amplification dy-
namics of high-power fiber-lasers and signal propagation
in MDM systems [2,7]. Polarization-resolved mode mea-
surement on short time scales has been shown with a ho-
lographic apparatus [8]. However, this technique relies
on prior knowledge about the optical properties of the
waveguide, which may need to be measured beforehand.
In this Letter, we resolve the different states of polar-

ization (SOP) of modes in an arbitrarily constructed
beam of light. This implementation of C2 imaging enables
mode measurement with completeness hitherto not
demonstrated with any other technique, to the best of
our knowledge.
In a conventional polarimeter, as shown in Fig. 1(a),

the SOP of one beam is analyzed (in terms of Stokes
parameters) by rotating a quarter-wave plate (QWP) and
detecting the intensity after transmission through a polar-
izer in a fixed position [9]. However, this approach can-
not be employed for a superposition of modes since only
one beam is detected, and thus, it cannot discriminate the
different modes, each having their own SOP.

Figure 1(b) illustrates the combination of the polari-
meter principle with an interferometer. The different
modes that are contained in the probe beam are gated
by optical low-coherence interferometry, and the SOP of
each mode is analyzed by interference with a linearly po-
larized reference beam. As the interference projects the
polarization of the probe beam onto a linear polarization,
it essentially mimics the role of the polarizer in the con-
ventional polarimeter. In the probe arm of the Mach–
Zehnder interferometer, a QWP is placed behind the fiber
under test, and for every QWP position, the mode inten-
sities are retrieved from the interference term of the
cross-correlation signal. It is worth noting that the beam

Fig. 1. (Color online) (a) Conventional polarimeter for the
analysis of one beam, (b) interferometric analog that enables
gating of the modes by coherence, (c) schematic of the experi-
mental setup (PZ, polarizer; HWP, half-wave plate).
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combiner must exhibit equal transmittance/reflectance
for all SOP of light.
Figure 1(c) shows a schematic of the experimental set-

up. The light source is a superluminescent diode (SLD)
(wavelength of 1054 nm). The fiber under test is placed
in the probe arm. In the reference arm, a computer-
controlled translation stage scans across the temporal
delays of the modes of the probe waveguide. At each
stage position, an image of the interference between the
near-field of the fiber output and the collimated ex-
panded beam of the reference arm is taken with a cam-
era. In this way, at every pixel, the cross-correlation trace
between the reference field and the different modes can
be detected. In the reference arm, a polarization main-
taining (PM) single-mode fiber (Lr ≈ 90 cm) matches the
dispersion between the two arms and avoids beam-
walking. A filter with a bandpass of 5 nm is placed before
the camera to increase the coherence length.
The intensity at the output, I�x; y�, is the sum of a

delay-independent background term I0�x; y� and the
delay-dependent interference terms of the reference with
the different modes,

P
mImr�x; y; τ�, which can be written

as follows [4]:

Imr � 2αm
�����������������
im�x; y�

p ����������������
ir�x; y�

p
Re�gmr�x; y; τ��; (1)

where αm is the (amplitude) modal weight of the mode,
im�x; y� and ir�x; y� denote the transverse (normalized)
intensity patterns of the fields, and gmr stands for their
cross correlation, which is given by

gmr � �j�m · jr��x; y�cmr�τ − τmr� exp�iψ� exp�iδϕ�x; y��;
(2)

where jm and jr are the local unit vectors (Jones vector)
of the mode and the linearly polarized reference, respec-
tively. Altering the polarization of the fiber output with a
retardation plate allows determination of the SOP. The
phase δϕ�x; y� is the spatial phase of the mode, and ψ
is given by �βm�ω0�L − βr�ω0�Lr − τω0�, where βm�ω0�
and βr�ω0� stand for the mode-propagation constants
(at the center angular frequency ω0) of the probe and re-
ference fiber with lengths L and Lr , respectively. The sig-
nal of the cross correlation is illustrated in the inset of
Fig. 1(c). In the cross correlation, several peaks appear
for different modes at τmr , which is the group-delay dif-
ference between each mode and the reference beam.
The high-frequency oscillation of the cross-correlation
arises from the term (τ · ω0) in ψ . The envelope of the
cross-correlation trace is expressed by the function
cmr�τ − τmr�, which is slowly varying with the delay vari-
able τ � d ∕ c0 where d is the delay-stage position. This
“coherence gate” function cmr , which is well known from
optical coherence tomography, is related to the spectrum
and the dispersion mismatch between the arms of the
interferometer. An expression can be found in [4].
The data acquisition works as follows: we sample the

cross-correlation trace at coarse steps (typically, less
than 100 points per millimeter). At each of these points,
we move the delay stage by a fraction of the wavelength
(we chose λ ∕ 12). This fine stepping allows us to subtract
the background intensity (which is the mean of the local

high-frequency oscillation) and to obtain the envelope
(which is the maximum point). Furthermore, we retrieve
the spatial phase based on the principal component ana-
lysis (PCA) algorithm [10]. It is asynchronous and does
not need any a priori assumptions about the step size
or the background term.

The SOP is characterized in terms of the Stokes para-
meters. As shown in Fig. 1(c), for different rotations of
the fast axis of the QWP by an angle (Θ) with respect
to the orientation of the polarization of the reference
beam (which is parallel to the optical table), we acquire
the interferometric signal as a function of translation-
stage position. Analysis of the signal for every QWP posi-
tion yields intensity maps of the retrieved modes as a
function of Θ, Mm�x; y� � α2mim�x; y�jj�m�Θ� · jrj2. For
one mode, these intensity maps M will, at every pixel
(r, s), show the following form over Θ [9]:

Mr;s�Θ� � c0 � c2 · cos�2Θ� � c4 · cos�4Θ� � s2 · sin�2Θ�
� s4 · sin�4Θ�: (3)

The (local) Stokes parameters are related to the (local)
coefficients c0, c2, c4, s2, and s4, which can be obtained by
discrete and finite Fourier-series analysis (with respect
toΘ) [9]. By minimizing the number ofΘ-angle positions
to six, i.e., 0; 1 ∕ 6π;…5 ∕ 6π, we shorten the time of the
data acquisition.

To quantify the accuracy of the interferometric polari-
meter, we compare it to the conventional polarimeter.
For this we insert PM single-mode fibers in both arms.
The conventional polarimeter is obtained by blocking
the reference arm and inserting a polarizer before the
camera. For both types of polarization measurements,
we produce polarized light along the horizontal direction
and the 45° direction with wave-retardation plates after
the fiber in the reference arm. In theory, these configura-
tions correspond, respectively, to polarization states with
Stokes parameters �S1; S2; S3� ∕ S0 � �1; 0; 0� and (0, 1, 0).
With the conventional polarimeter, the following experi-
mental values (weighted by intensity, i.e., S0) are ob-
tained: (0.85, 0.10, 0.04) and (0.11, 0.99, 0.02). In
independent interferometric measurements, we obtain
(0.998, 0.04, 0.03) and (0.15, 0.97, 0.05). In this proof-
of-principle configuration of our interferometric techni-
que, the error in Stokes-parameter estimation is less than
15% and 5%, respectively, compared to the conventional
polarimeter.

To demonstrate simultaneous SOP measurement in
multiple modes, we use an anomalous dispersion higher
order mode (HOM) fiber (L ≈ 90 cm) [11]. Generally, C2

imaging allows different fibers to be analyzed. We have
previously characterized LMA fibers containing other
modes such as LP11 and LP21, which are known to dele-
teriously affect the performance of high-power fiber
lasers [4]. In the present HOM fiber, a long-period grating
partitions 46% energy into the LP01 mode and 54% into the
LP02 mode of this fiber, over a 4 nm band centered at
1050 nm—our measurement wavelength range. Figure 2
displays the retrieved modes as a function of the rotation
angle Θ of the QWP. It can be seen that the two modes
show maximum amplitude values at different Θ angles.
This results in a different Stokes parameter for the two
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modes. Figure 3 shows the retrieved Stokes parameter
for the LP01 and LP02 modes. The LP01 mode shows a
Stokes parameter S1 ∕ S0 close to 1, corresponding to a
dominant polarization orientation along the x or y direc-
tion. The LP02-mode shows a Stokes parameter S2 ∕ S0
close to –1, indicating a linear polarization direction
along 45° or −45°. It is evident that the output SOP of
LP01 and LP02 are not the same in spite of similar polar-
ization at the input. This is expected of fibers, since dif-
ferent modes experience different birefringence, e.g.,
due to bending.
The phases of the individual modes are retrieved by the

PCA algorithm. While the output of the test fiber is im-
aged on the camera, the collimated reference beam will
generally show a residual phase. Thus, a retrieval of the
phase of the fundamental mode (which should be flat)
enables us to measure this phase. We subtract it from
the retrieved phase of the HOMs, yielding the phase pat-
terns for the HOMs. The phase of the LP02 mode exhibits
the expected π-phase step, as shown in Fig. 4. This
π-phase shift corresponds to a flip of the polarization,
which cannot be resolved from a Stokes-parameter
measurement.

In conclusion, we have demonstrated cross-correlated
imaging of the modal content with the capability of resol-
ving the polarization, as well as the spatial phase, for
every mode in a superposition of modes. The accuracy
of our method is within 15% of conventional SOP mea-
surement techniques, but with the advantage of measur-
ing multiple modes simultaneously. We employ our
polarization-resolved mode imaging to the analysis of a
non-polarization-maintaining few-mode fiber, and reveal
that the SOP varies differently for distinct modes as pos-
tulated by waveguide theory. This makes the method va-
luable for studying the evolution of polarization in
multimoded and few-moded fiber and waveguide
systems.
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Fig. 2. Retrieved mode-amplitude for LP01 (top) and LP02 (bot-
tom) as a function of QWP angle Θ.

Fig. 3. (Color online) (a), (b) Stokes-parameter maps for the
LP01 and LP02 modes, respectively.

Fig. 4. Retrieved phase of the LP02 mode.
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