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Frequency-Resolved Polarimetry
Via a Tunable Interferometer

Avi Zadok and Avishay Eyal, Member, IEEE

Abstract—A novel method for frequency-resolved polarimetry of
broad-band optical signals is presented, in both theory and exper-
iment. The measurement method is based on dynamic filtering of
the signal by a nearly balanced interferometer with controlled dif-
ferential delay and differential phase. The technique can be instru-
mental in generating a feedback signal for polarization-mode dis-
persion mitigation schemes, characterizing optical networks and
more.

Index Terms—Optical vector analysis, polarimetry,
polarization-mode dispersion, spectroscopy.

I. INTRODUCTION

MEASUREMENT of the frequency-varying state of
polarization (SOP) of broad-band optical signals is

useful in a variety of applications. Examples include polar-
ization-mode dispersion monitoring in optical communication
networks [1]–[4], remote sensing and target recognition [5],
imagery [6], broad-band ellipsometry, etc. One manner in
which broad-band SOP measurement can be implemented is
by scanning a narrow optical filter in front of a polarization
analyzer. The SOP can also be found through four scans of an
optical spectrum analyzer (OSA), with different polarization
analyzing optics [7]. High-frequency resolution can be obtained
by using an OSA based on coherent detection [4]. The number
of necessary scans can be reduced to one with the application
of a channeled spectrum measurement [6], [8]. Other methods
include the application of dynamic two-port filtering [2] and
acoustic mode conversion [9].

The present work describes a novel method for spectral po-
larization analysis of broad-band optical signals, in both theory
and experiment. The technique is based on dynamic filtering
of the signal by a balanced interferometer, whose differential
phase and differential group delay (DGD) are both carefully
controlled. The experimental spectral range and resolution were
4 nm and 20 GHz, respectively. Both values were limited by
equipment constraints in a proof of concept experiment, but may
be enhanced significantly. The measurement resolution can be
greatly improved, beyond that of standard OSAs, with the in-
corporation of a longer delay line. In addition, the measurement
procedure does not require a broad-band detector or a local os-
cillator.

The underlying theory is given in Section II and a proof of
concept experiment is described in Section III.
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II. THEORETICAL MODEL

Let the optical field from a broad-band source be described by
, where is the detuning from a central optical fre-

quency , and let denote the
corresponding Stokes vector. According to the proposed tech-
nique, the input field is transferred through a frequency inde-
pendent unitary transformation , and then through a birefrin-
gent medium , characterized by its DGD and differen-
tial phase . Without loss of generality, we define the principal
axes of the medium as our base coordinates. The birefringent
medium is followed by a linear polarizer at an angle of .
The intensity at the polarizer output is given by

(1)

The right-hand side of (1) can be written in terms of the input
Stokes vector [10]

(2)

Here is the input intensity,
denotes a unit Stokes vector aligned with the transmission axis
of the polarizer, and are the Mueller rotation ma-
trices representing and , respectively. is explic-
itly given by [11, Table I]

(3)

Equation (2) can be inverted for the input Stokes parameters
given a specific choice of . For example, setting we
obtain

(4)

Where is the contribution to the intensity which is indepen-
dent of and . By controlling and , the Stokes parameters
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and are retrievable through sine and cosine trans-
forms of and

(5)

If we choose to represent a plate ori-
ented at 45 , we obtain an expression from which and

can be similarly extracted

(6)

It is, therefore, possible to obtain through two scans
of the birefringent medium DGD.

For a monochromatic input of the form
, (4) yields

(7)

and (6) yields

(8)

Equations (7) and (8) are used for establishing a consistent
phase reference frame as described in the next section.

III. EXPERIMENT

The experimental setup was based on a tunable
Mach–Zehnder interferometer with two orthogonally polarized
inputs and a single output (Fig. 1). Its transmission matrix
corresponds to in (1). The interferometer had a
polarization beam splitter (PBS) at the input and a directional
coupler (DC) at the output. A polarization controller was used
to align the SOPs at the DC inputs. The differential loss was
canceled by a variable attenuator. An optical bench enabled
the implementation of the transformation in front of the
interferometer [see (1)]. The intensity at one of the DC outputs
was measured by a narrow-band detector.

Two sequences of intensity measurements were taken. In the
first sequence, the optical bench was left empty and
in the second a plate was placed in the optical bench and
was oriented at 45 with respect to the principal axes of the
PBS . In each sequence, the output intensity
was recorded for different values of the interferometer delay. To
enable use of (5), it was necessary to record the output inten-
sity for particular values of . This was achieved by modulating
the differential phase and determining the instance for which

Fig. 1. Experimental setup for frequency-dependent Stokes vector
measurement of a broad-band signal. Dotted lines denote high birefringence
fibers. PC denotes a polarization controller.

. The modulation waveform was a sawtooth of ampli-
tude and period 40 ms. Due to slow environmental drift the
resulting sinusoidal output intensity [see (4) and (6)]
was weakly chirped.

Extraction of required a monochromatic reference signal
launched in parallel with the signal under test, and detected in
a second channel. With knowledge of and it is pos-
sible to determine from using (7) or (8). Since the
reference signal SOP was not controlled, and had to be
found from the data. This was achieved using the redundancy
in the measurement of . For each guess of and , two
versions of were calculated, one from each measurement
sequence. The optimal choice of and resulted in the closest
agreement between the two calculations of .

The signal under test was that of a superluminescent
light-emitting diode (SLED) source, with a central wavelength
of 1555 nm and a 3-dB bandwidth of 35 nm. Due to equip-
ment limitations, the reference laser, whose wavelength was
1551.1 nm, spectrally overlapped the test signal. In order to
eliminate the reference from the signal under test, an optical
bandpass filter, whose central wavelength and full-width at
half-maximum were 1565 and 4 nm, respectively, was used.
The filter limited the spectral range of the measurement. A
reference laser at 1310 nm, for example, could facilitate a
measurement range of over 100 nm. No filtering was required
in the reference channel, as the laser power was 15 dB higher
than that of the SLED.

The two measurement sequences were performed for a dis-
crete set of delays . The differential
length increment was mm, short enough to prevent
aliasing. The spectral resolution of 20 GHz, was limited by the
adjustment range of the manually variable delay line.

To check the proposed technique and the experimental setup,
a test signal of known spectral dependence of the SOP was pre-
pared. Light from the SLED was transmitted through two sec-
tions of high-birefringence fiber spliced at 45 . The two sec-
tions had approximately the same DGD of ps
and differential phases denoted by , respectively. The input
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Fig. 2. Optical power spectrum I (!) of the filtered test signal, reconstructed
using the proposed technique (solid), and measured by an OSA (dashed).

SOP was tuned to be linear at 45 with respect to the principal
axes of the first section. The principal axes of the second section
were aligned with those of the PBS. Based on the above align-
ments, the anticipated can be expressed as

(9)

The phases and can be determined from .
We applied our formalism to measure of the

test signal. In Fig. 2, the reconstructed power spectrum
is seen to agree with that of an indepen-

dent measurement of an OSA. Fig. 3 compares the measured
with the theoretical prediction of (9). The phases

and were obtained from . The validity of
the proposed technique was, thus, successfully demonstrated.

IV. DISCUSSION

In the specific implementation of the method described
above, a reference signal was used for establishing a consis-
tent differential phase reference. Other approaches for phase
control, such as phase stabilization, are also possible. The
processing of the reference signal may have been simplified by
controlling its SOP, however, the implemented approach also
accounts for phase offsets introduced by chromatic dispersion.
This approach is, therefore, advantageous with a large detuning
of the reference laser, thus facilitating a broader spectral range.

The method proposed in the present work is based on care-
fully controlled interference of the signal with itself followed
by narrow-band detection. The measurement resolution was
20 GHz, limited by the detuning range of the variable delay
line. It can be improved with the use of commercially available

Fig. 3. Measured (dashed) versus predicted (solid) normalized Stokes
parameters of the test signal.

longer delay lines. With the application of a spectrum analyzer
based on a local oscillator and coherent detection, superior
resolution of several megahertz had been reported [4]. Other
methods required the use a grating-based OSA [7], [8].

In summary, a novel method for spectral SOP analysis had
been formulated. The method was successfully demonstrated in
a proof of concept experiment.
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