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Abstract—Frequency-selective polarimeters measure the
state of polarization of the individual spectral components of a
modulated optical signal. They can be used either as stand-alone
measuring devices or as parts of adaptive polarization-mode
dispersion (PMD) compensators. This paper presents a novel
frequency-selective polarimeter based on coherent detection,
which has superior accuracy compared to previously proposed
direct detection-based counterparts. This is due to the high-fre-
quency resolution and power sensitivity of coherent detection,
features that minimize the systematic and random error, re-
spectively, in the measurement of the state of polarization of the
individual spectral components of the received optical signal. The
accuracy of the measurement is independent of the received signal
bit rate and modulation format. The proposed frequency-selective
polarimeter is studied both theoretically and experimentally.
The primary theoretical contribution of this paper is a unified
formalism, which allows the modeling of both direct and coherent
detection-based frequency-selective polarimeters. Analytical ex-
pressions for the output signal of both types of frequency-selective
polarimeters are derived. Based on these expressions, a common
algorithm is proposed for the evaluation of the Stokes parameters.
In addition, an example error signal is used as a metric in order
to test the agreement of the theoretical model with the experi-
mental measurements. The successful operation of the coherent
frequency-selective polarimeter is demonstrated experimentally
for a 10-Gb/s intensity-modulated nonreturn-to-zero (NRZ)
optical signal in the presence of first-order polarization-mode
dispersion. There is an excellent agreement between theory and
experiment.

Index Terms—Coherent detection, polarization-mode dispersion
(PMD) compensation, polarization-mode dispersion (PMD) moni-
toring.

I. INTRODUCTION

POLARIZATION-MODE dispersion (PMD) [1] limits the
capacity of the majority of deployed optical fibers. In order

to overcome this limitation, several optical and electronic adap-
tive PMD compensators have been proposed (see, e.g., [2] and
the references therein). These compensators universally con-
tain some form of PMD-monitoring device. These devices gen-
erate a feedback signal (in the following, referred to as error
signal), which is used for driving the control unit of adaptive
PMD compensators.
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Several attributes of the received optical signal, which are af-
fected by the presence of birefringence in the link, can be used
for PMD monitoring. For example, a well-known manifestation
of PMD is the variation of the state of polarization (SOP) along
the spectrum of the received modulated optical signal, for fixed
transmitted SOP [1]. Visualized in Stokes space, the received
SOP traces a curve on the Poincaré sphere as a function of fre-
quency. In principle, the shape, handedness, and length of the
trajectory can all provide information about the PMD in the
system.

This is the motivating factor for several proposed PMD-mon-
itoring devices that measure the SOP of the individual spectral
components of the received optical signal [3]–[6], [27]. In the
following, we will refer to such devices as frequency-selective
polarimeters. Conventional commercially available polarime-
ters, which cannot frequency resolve the SOP of a modulated
signal but measure instead the degree of polarization (DOP),
can be considered as a special case of frequency-selective po-
larimeters with low resolution.

In addition to their use in adaptive PMD compensators, fre-
quency-selective polarimeters can be also used as stand-alone
PMD measuring devices, in order to estimate the differential
group delay (DGD) and the principal states of polarization
(PSPs), in conjunction with standard PMD characterization
techniques [4].

Frequency-selective polarimeters can be implemented using
either direct [3]–[5] or coherent detection [6], [27]. In prin-
ciple, these two detection methods provide identical function-
ality. However, it will be shown below that coherent frequency-
selective polarimeters offer superior accuracy compared to their
thermal noise-limited direct detection-based counterparts. This
is due to the inherent high-frequency resolution (selectivity) and
power sensitivity of coherent detection. These features mini-
mize the systematic and random errors, respectively, in the mea-
surement of the SOP of the individual spectral components of
the received optical signal. This increase in measurement preci-
sion is achieved at the expense of an additional semiconductor
laser (local oscillator).

This paper presents a detailed theoretical and experimental
study of a novel frequency-selective polarimeter based on
coherent detection, proposed recently by the authors [6], [27].
As a starting point, we develop a unified formalism that allows
the modeling of both direct and coherent detection-based
frequency-selective polarimeters. The formalism highlights the
similarities and differences between both types of polarimeters.
Analytical expressions for the output signal of both types of
frequency-selective polarimeters are derived. Based on these
expressions, a common algorithm is proposed for the evaluation
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of the Stokes parameters. Finally, the use of frequency-se-
lective polarimeters as monitoring devices in adaptive PMD
compensators is considered. An example error signal based on
the variance of the frequency-resolved Stokes parameters is
used as a metric to test the agreement between the theoretical
model and the experimental measurements. Experimentally,
the successful operation of the coherent frequency-selective
polarimeter is demonstrated for a 10-Gb/s intensity-modulated
nonreturn-to-zero (NRZ) optical signal in the presence of
first-order polarization-mode dispersion. There is an excellent
agreement between theory and experiment.

It is worth noting that all the above results are original since
there is no previous technical literature on the subject apart from
the initial papers [4], [6], [27]. However, we have borrowed ele-
ments from the formalism of digital coherent detection receivers
[7] and spectral analysis [8]–[11].

The remainder of this paper is divided into three sections,
namely theoretical model, experimental setup, and results and
discussion. Section II is organized as follows. The operating
principle of frequency-selective polarimeters is described in
Section II-A and the unified model of frequency-selective
polarimeters is outlined in Section II-B. The algorithm for
the estimation of the Stokes parameters as a function of
frequency is presented in Section II-C. Finally, in Section II-D,
an analytical expression for an example error signal in the
presence of first-order PMD is derived. The experimental
setup used to test the coherent frequency-selective polarimeter
is described in Section III. Section IV presents experimental
results that demonstrate the successful operation of the coherent
frequency-selective polarimeter. The details of the theoretical
model are given in the Appendix.

II. MODEL OF FREQUENCY-SELECTIVE POLARIMETERS

A. Operating Principle

The operation of a frequency-selective polarimeter is similar
to the operation of an optical spectrum analyzer [8].

In principle, an optical spectrum analyzer can be imple-
mented using a tunable narrow-band optical filter and an optical
power meter, composed of a quadratic detector (i.e., photo-
diode) and a low-pass electronic filter [8]. Successive power
measurements corresponding to different center frequencies of
the tunable narrow-band optical filter allow the scanning of the
power spectral density (psd) of the received optical signal.

In practice, several different versions of this basic idea can
be used for spectral analysis. For instance, one could use an
array of narrow-band optical filters with equidistant fixed
center frequencies in parallel, followed by an array of optical
power meters. A practical implementation of this design uses
a diffraction grating (instead of narrow-band optical filters in
parallel) and a photodetector array. Another possibility would
be to use coherent detection, in order to translate the optical
signal psd in the microwave frequency domain, followed by an
electronic narrow-band bandpass filter (BPF) and a microwave
power meter, composed of a quadratic detector (i.e., microwave
mixer) and a low-pass electronic filter (LPF) [9]–[11]. It is
possible to scan the whole optical signal psd by changing the
carrier frequency of the local oscillator of the coherent receiver.

A frequency-selective polarimeter is nothing more than an
optical spectrum analyzer with the addition of a polarization-
selective element before the photodetection. Therefore, all
three aforementioned versions of optical spectrum analyzers
have been used to implement frequency-selective polarimeters
[3]–[6], [27]. The role of the polarization-selective element is
performed by an optical polarizer, in the case of direct detec-
tion-based spectrum analyzers [3]–[5], and the combination of
a local oscillator with a polarization transformer, in the case
of a coherent detection-based spectrum analyzer [6], [27]. It
will be shown below that successive power measurements with
different polarizers in the former case and with different local
oscillator SOPs in the latter case can be used to calculate the
SOP of the individual spectral components of the received
optical signal.

The operation of different types of direct detection-based fre-
quency-selective polarimeters is explained in detail in [3]–[5].
Therefore, the rest of this section is devoted to the description of
the architecture and the operation of the coherent frequency-se-
lective polarimeter [6], [27].

Before proceeding further, it is worth noting that several co-
herent optical receiver architectures were proposed in the past
for the detection of various digital modulation formats [7]. For
that application, desirable characteristics of the coherent detec-
tion are its increased sensitivity and selectivity compared to
the direct detection. On the other hand, the polarization sen-
sitivity of the coherent detection is considered to be a draw-
back for all digital modulation formats and several methods have
been proposed for its cancellation [7]. In contrast, in the cur-
rent context, the coherent receiver is intended to be used as an
analog measuring instrument of the SOP as a function of fre-
quency. The data content of the received optical signal is dis-
carded. To achieve these objectives, a novel coherent receiver
architecture was proposed in [6] and [27]. Its rationale can be
understood through comparison with the direct detection-based
frequency-selective polarimeter proposed in [4].

Fig. 1(a) and (b) shows the block diagrams of the direct
detection [4] and coherent detection-based frequency-selective
polarimeters [6], [27], respectively. The direct detection-based
frequency-selective polarimeter [Fig. 1(a)] is composed of a
tunable optical filter (OF), a polarizer (P), a photodiode (PH),
an electronic preamplifier (PA), and a low-pass filter (LPF).
The coherent frequency-selective polarimeter [Fig. 1(b)] is
composed of a local oscillator (LO); a polarization transformer
(PT); an ideal, lossless, and polarization-independent 3-dB cou-
pler; a balanced receiver front-end consisting of two identical
p-i-n photodiodes (PH) and an electronic preamplifier (PA); a
bandpass filter (BPF); and a square-law detector consisting of
a microwave mixer and a low-pass filter (LPF).

There are direct analogies between the functionalities of the
components of the frequency-selective polarimeters depicted in
Fig. 1(a) and (b).

1) The tunable optical filter of Fig. 1(a) is functionally
equivalent to the electronic BPF of Fig. 1(b).

2) The polarizer of Fig. 1(a) corresponds to the local oscil-
lator and the polarization transformer of Fig. 1(b).

3) The photodiode and electronic LPF of Fig. 1(a) corre-
spond to the square-law detector of Fig. 1(b).
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Fig. 1. (a) Schematic of a direct detection-based frequency-selective polarimeter [4]. OF = tunable optical filter, P = polarizer, PH = photodiode, PA =
preamplifier, LPF = low-pass filter, EEE = received electric field, and i = output photocurrent. (b) Schematic of the proposed coherent frequency-selective
polarimeter [6], [27]. LO = local oscillator, PT = polarization transformer, PH = photodiode, PA = preamplifier, BPF = band-pass filter, (:) = square-law
device (microwave mixer), LPF = low-pass filter, EEE = received electric field, EEE = local oscillator electric field after the polarization transformer, EEE =
electric fields at the output ports of an ideal lossless 3-dB coupler, i = photocurrents at the two branches of the balanced receiver, i = total photocurrent,
i = photocurrent at the output of the BPF, P = instantaneous electrical power, and P = output signal of the coherent frequency-selective polarimeter.

The role of the 3-dB coupler and the balanced receiver front
end of Fig. 1(b) is simply to perform a frequency translation
of the received optical signal psd to the microwave frequency
domain (see below). There is no homologous functionality
in the direct detection-based frequency-selective polarimeter
depicted in Fig. 1(a). Apart from this difference, the two
frequency-selective polarimeters are functionally equivalent.
It is worth noting that the reversal of order between cutting a
spectral slice and selecting a specific SOP in Fig. 1(a) and (b)
has no consequence in the measurement, since both operations
are linear.

A full mathematical analysis of the coherent frequency-se-
lective polarimeter is given in the Appendix. A qualitative
understanding of its operation can be gained from Fig. 2. The
received two-sided optical signal psd is shown in Fig. 2(a)
[curves (1)]. The signal power is concentrated around the
signal carrier frequency . The psd of the local oscil-
lator is also depicted as two discrete spectral lines at the
local oscillator carrier frequency [curves (2)]. Coherent
detection downshifts the received optical signal psd around

, where is the intermediate frequency defined as
[curves (4) in Fig. 2(b)]. The downshifted

psd is scaled by a multiplication factor, which is a func-
tion of the alignment of the signal and local oscillator SOPs

[curves (3) in Fig. 2(a)].1 A BPF is used to cut a narrow (ide-
ally infinitesimal) slice of the intermediate frequency signal psd
around the BPF center frequency . The squared module of
the transfer function of the BPF is depicted as shaded areas in
Fig. 2(b) [curves (5)]. Due to the finite BPF bandwidth ,
the signal at the output of the BPF is not a pure sinusoid with
frequency , but has amplitude modulation resulting from the
presence of spectral components adjacent to the BPF center fre-
quency . This amplitude modulation creates fluctuations at
the output of the coherent frequency-selective polarimeter (re-
ferred to in the following as data noise). The rest of the receiver
is used to measure the average electrical power at the output
of the BPF. For this purpose, the signal first passes through a
microwave mixer, which is assumed to be an ideal square-law
device. The signal at the output of the microwave mixer is the in-
stantaneous electrical power consumed by the microwave pho-
tocurrent at the output of the BPF on a unit resistor. It is com-
prised of spectral components around the frequencies
and [curves (6) in Fig. 2(c)]. The purpose of the LPF is
two-fold: 1) to eliminate the higher harmonic at at the
output of the microwave mixer and 2) to average the ampli-

1The balanced receiver front end also introduces thermal and shot noise.
These noises, as well as the phase noises of the transmitter and local oscillator,
are omitted from Fig. 2 in order to avoid clutter.
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Fig. 2. Qualitative explanation of the operating principle of the proposed
coherent frequency-selective polarimeter, as interpreted from (28)–(41) in the
Appendix. (a) Received optical signal psd [curves (1)], local oscillator psd
[curves (2)], and multiplication factor introduced by the coherent detection
[dotted lines (3)]. (b) Intermediate-frequency psd [curves (4)] and squared
module of the transfer function of the BPF (shaded area) [curves (5)]. (c) The
psd at the output of the microwave mixer [curves (6)] and squared module of
the LPF transfer function (shaded area) [curve (7)]. (d) Signal waveform at the
output of the LPF, actual mean (dashed line), and true average value (dotted
line). Solid-line psds are centered at positive frequencies, broken-line psds are
centered at negative frequencies. f = signal carrier frequency, f = local
oscillator carrier frequency, f = intermediate frequency, f = BPF center
frequency, B = BPF equivalent noise bandwidth, B = LPF equivalent
noise bandwidth. Conditions: First-order PMD with DGD � = 1=(10R )),
ideal NRZ signal, absence of spectral folding and phase, thermal, and shot
noises.

tude variations of the instantaneous electrical power due to the
data, shot, thermal, and phase noise after the BPF. The squared
module of the LPF transfer function is depicted as a shaded area
in Fig. 2(c) [curve (7)]. Due to the finite LPF bandwidth ,
the output signal has residual modulation resulting from the
spectral components around the direct current (dc) [Fig. 2(c)]. In
other words, the averaging performed by the LPF is not perfect,
so the output of the coherent frequency-selective polarimeter
varies over time [Fig. 2(d)]. Therefore, the measurement per-
formed by the coherent frequency-selective polarimeter signal
is not exactly equal to the average electrical power at the output
of the BPF (dotted line), but has noise (referred to in the fol-
lowing as random error) [Fig. 2(d)]. The noise variations can be
reduced by decreasing the BPF, LPF bandwidths ,
at the expense of the measurement time. There is also a certain
deterministic deviation of the mean of the output signal (dashed
line) from the true value of the average electrical power (dotted
line) [Fig. 2(d)]. This offset is referred to in the following as sys-

tematic (or bias) error [8], [12]. The systematic error has double
origin: 1) the variation of the received signal SOP within the
BPF bandwidth and 2) the average electrical power of the shot
and thermal noise within the BPF bandwidth. It can be reduced
by decreasing the BPF bandwidth.

The measurement of the average electrical power is repeated
for four distinct local oscillator SOP settings. If the local os-
cillator SOP settings are selected appropriately, as explained in
Section II-C, the results of these measurements can be combined
to estimate the Stokes parameters of the spectral components at
a distance from the psd center. In order to estimate
the received signal SOP at different frequencies, the interme-
diate frequency is successively changed by tuning the carrier
frequency of the local oscillator. At each new value of the inter-
mediate frequency , a different slice of the psd at a distance

from the psd center is scanned across the BPF and the
measurement procedure is repeated.

In the previous qualitative analysis, it was implicitly assumed
that the received optical signal psd is strictly band-limited with
spectral occupancy and that the BPF center frequency is
larger than . This condition is necessary in order
to avoid overlap of the tails of the psd segments centered at
within the BPF passband for all measurements (referred to in
the following as spectral folding [13]). In practice, however, the
optical signal psd is not strictly band-limited, but extends to in-
finity. Therefore, spectral folding cannot be avoided. Neverthe-
less, the psd of the modulated optical signal decreases rapidly
away from and becomes negligible at a distance a few
times the bit rate, depending on the modulation format. There-
fore, if the BPF center frequency was sufficiently high com-
pared to the bit rate , i.e., , there would be no sig-
nificant spectral folding and the previous analysis would hold.

However, the choice of the BPF center frequency is dictated
by the cost of the balanced receiver front-end and the electronic
parts of the coherent frequency-selective polarimeter. To reduce
this cost, a low BPF center frequency compared to the bit rate
is chosen, i.e., . This requirement implies that signifi-
cant spectral folding occurs. An example of spectral folding is
shown in Fig. 3(b). Two spectral slices, at a distance
from (solid line) and from (dashed line), re-
spectively, pass simultaneously through the passband of the BPF
centered at (shaded area). Similarly, two other spectral slices,
at a distance from (dashed line) and
from (solid line), respectively, pass simultaneously through
the complex conjugate passband of the BPF centered at
(shaded area). Experimental results in Section IV indicate that
one has the right to add the solid and dashed lines (see Figs. 6–9
and the discussion in the Appendix). Consequently, it is conjec-
tured that the mean value of the signal at the output of the co-
herent frequency-selective polarimeter is a function of the SOPs
of the received optical signal spectral components at ,
weighted by the received optical signal psd values at
[see (4)]. If the SOPs of the received optical signal components
at do not differ substantially, the qualitative analysis
of Fig. 2 holds. There is no need for image-frequency rejection
[14]–[16].

There is an important remark regarding the coherent receiver
terminology: Coherent receivers are characterized as homodyne
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Fig. 3. Example of spectral folding. (a) Received optical signal and local oscillator psd. (b) IF psd and squared module of the transfer function of the BPF (shaded
area). The tails of the psd segments centered at �f overlap within the BPF passbands centered at �f (denoted by shaded rectangles). Conditions: absence of
PMD, exaggerated secondary lobes of the received signal PSD compared to the NRZ modulation psd, for easy visualization. Symbols are the same as in Fig. 2.

if the intermediate frequency is zero and as heterodyne other-
wise [17]. In the case of the proposed coherent frequency-selec-
tive polarimeter, in order to measure the variation of the Stokes
parameters of the received optical signal within a frequency
interval (referred to in the following as scanning range),
the intermediate frequency is successively varied in the interval

by tuning the local oscillator car-
rier frequency. For PMD monitoring applications, the scanning
range is comparable to the spectral occupancy of the signal.2

Assuming to minimize the cost of the electronic
parts of the receiver, the operation of the proposed coherent
frequency-selective polarimeter changes from homodyne (i.e.,

for the measurement of the Stokes parameters at a dis-
tance from the psd center) to heterodyne (for measurements at
all other frequencies). Therefore, the generic term “coherent” is
used to describe the proposed frequency-selective polarimeter.

Finally, it is worth emphasizing that there are three archi-
tectural differences between the proposed coherent frequency-
selective polarimeter and the conventional digital coherent
receivers. First, notice that, in the former device, the inter-
mediate frequency does not coincide with the BPF center
frequency, except for the measurement of the Stokes param-
eters of the spectral components at the psd center. In the
latter devices, always. Second, in the proposed
coherent frequency-selective polarimeter , whereas
in conventional digital coherent receivers , at least in
principle. Third, in the proposed coherent frequency-selective
polarimeter , whereas in conventional digital
coherent receivers .

2The spectral occupancy (bandwidth) of not strictly band-limited signals is
arbitrarily defined as the frequency range within which a certain percentage of
the signal power is confined [18]. For instance, for NRZ modulation, the 95%
spectral occupancy is B = 3R [19].

B. Mathematical Formalism

The Appendix presents a unified model of the frequency-se-
lective polarimeters shown in Fig. 1. Analytical expressions for
the output signal of both types of frequency-selective polarime-
ters are derived. In this section, only the final results are re-
ported.

We distinguish two different received optical signal types,
namely, monochromatic continuous waves (CWs) and sto-
chastic signals. The second signal type is of practical interest
because it encompasses all modulation formats. Nevertheless,
it is instructive to first study the simplified case of CW signals.
In the remainder of this section, all transmitter, local oscillator,
and receiver noises are neglected.

1) CW Signals: When the received optical signal is a
plane monochromatic wave, the output signal of the coherent
frequency-selective polarimeter is [see (26)]

(1)

where is the average electrical power on a unit resistor,
is the responsivity of both photodiodes at the two branches of
the balanced receiver, is the average power of the received
optical signal, is the average power of the local oscillator at
the output of the polarization transformer, is a normalized
Jones vector denoting the SOP of the received optical signal,
and is a normalized Jones vector denoting the SOP of the
local oscillator at the output of the polarization transformer.

Expression (1) shows that, in the absence of noise, the signal
at the output of the coherent frequency-selective polarimeter
is proportional to the average optical powers , of the
received signal and local oscillator, respectively, and to the
squared modulus of the inner product between the Jones vectors
of the received signal and the local oscillator.
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It is straightforward to show that the photocurrent at the
output of the frequency-selective polarimeter based on direct
detection shown in Fig. 1(a) is given by a similar expression
[see (27)]

(2)

where is a normalized Jones vector denoting the eigenaxis
of the polarizer.

By comparing (1) and (2), we conclude that the operation
of both types of frequency-selective polarimeters is equivalent.
However, in the case of frequency-selective polarimeters based
on coherent detection, there is amplification of the received
signal, with the amount of amplification being proportional to
the average power of the local oscillator . This amplification
factor leads to higher electrical signal-to-noise ratio (ESNR)
and, hence, to smaller relative random error in the measure-
ment of the SOP of the individual spectral components of the
received optical signal.

2) Stochastic Signals: Consider that the electric field of the
received optical signal is modulated by a random signal with
complex envelope with unit power.

In the absence of spectral folding, the expected value of the
output signal of the coherent frequency-selective polarimeter is
[see (41)]

(3)

where denotes expected value (ensemble average),
is the psd of , and is the BPF equivalent noise band-
width defined as [20]

where is the low-pass equivalent representation of the
BPF transfer function.

It is observed that (1) and (3) are essentially the same, with
the exception of the substitution of the average received signal
power by , which is the fraction of the
average received signal power contained within the BPF band-
width.

In the presence of spectral folding, experimental results in
Section IV (see Fig. 6–9) indicate that the expected value of the
output signal of the coherent frequency-selective polarimeter is
similar to (3)

(4a)

Assuming that expression (4a) holds in all cases of practical
interest and that the SOPs of the received optical signal spectral
components at do not differ substantially, the expected

value of the output signal of the coherent frequency-selective
polarimeter can be written as

(4b)

It is observed that (3) and (4b) are essentially the same, apart
from the substitution of by

.
The expected value of the photocurrent at the output of

frequency-selective polarimeters based on direct detection is
given by a similar expression [see (42)] as

(5)

where is the equivalent noise bandwidth of the tunable op-
tical filter.

For the derivation of (3)–(5), it was assumed that the terms
, , , and

do not vary significantly within the passband of the
BPF (of the coherent frequency-selective polarimeter) and the
tunable optical filter (of the direct detection-based frequency-se-
lective polarimeter), respectively. This assumption is not strictly
valid in the case of direct detection-based frequency-selective
polarimeters, because practical tunable optical filters have wide
bandwidths ( GHz). This leads to higher systematic error in
the case of direct detection-based frequency-selective polarime-
ters (see the discussion in the Appendix).

C. Algorithm for the Evaluation of Stokes Parameters

Due to the similarity between (1)–(3), (4b), and (5), it is
possible to use the same algorithm for the evaluation of the
Stokes parameters for coherent and for direct detection-based
frequency-selective polarimeters.

The algorithm is well-known (see, e.g., [21]), but it is for-
mally rederived here in order to emphasize that four arbitrary,
noncoplanar (in Stokes space) settings of the local oscillator
SOP (in the case of the proposed coherent frequency-selective
polarimeter), or polarizers (in the case of direct detection-based
frequency-selective polarimeters) can be used for the evaluation
of the Stokes parameters of the received signal.3

For the formal description of the algorithm, (1) is used for
simplicity. The adaptation of the algorithm in the case of (2),
(3), (4b), and (5) is trivial.

As a starting point, it is convenient to express the inner
product in Jones space as a function of the inner product in
Stokes space (see [23, relation (3.11)])

(6)

where , are the normalized Stokes vectors corresponding
to the received signal and local oscillator SOPs, respectively.

Substituting (6) into (1), the average electrical power at the
output of the coherent frequency-selective polarimeter is

(7)

3An alternative algorithm for the evaluation of the Stokes parameters was
proposed by [22].
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By substituting the Cartesian coordinates of , in (7), the
average electrical power at the output of the coherent frequency-
selective polarimeter, corresponding to the th local oscillator
SOP, may be

(8)

where ( , , ) are the normalized Stokes components of
the received optical signal SOP and ( , , ) are the
normalized Stokes components of the th local oscillator setting

.
Using (8), first it is possible to estimate the multiplicative

factor from two measurements of the photocurrent
corresponding to two antiparallel (in Stokes space) local oscil-
lator SOPs as follows:

(9a)

(9b)

where we have used for the antiparallel Stokes
vectors [23]. Adding (9a) and (9b) yields

(10)

It is then possible to evaluate the normalized Stokes parame-
ters from two additional measurements of the photocurrent. For
three noncoplanar in Stokes space (but not necessarily mutually
orthogonal) local oscillator SOPs , 2, 3, (8) yields

(11)

or, alternatively, in matrix form

(12)
If the three local oscillator SOPs are known, the signal Stokes

parameters can be evaluated by

(13a)

where we defined

(13b)

The simplest solution of the above set of equations is ob-
tained for local oscillator settings , corresponding
to linear 0 , 45 and right or left circular polarization (which
makes the matrix A identity in a right or left circular Stokes
space, respectively). However, as discussed in [24], the latter
is not the optimal choice of local oscillator settings. A more
robust polarimeter results if the four SOPs are as far apart
on the Poincaré sphere as possible, which makes them the
vertices of the maximum-volume tetrahedron inscribed inside
the sphere.

For the practical implementation of the algorithm, a 4 4
linear set of equations, derived from (8) for four arbitrary non-
coplanar (in Stokes space) settings of the local oscillator SOP,
is solved instead of (10) and (13).

In conclusion, the estimation of the Stokes parameters as a
function of frequency involves three steps.

1) Tune the local oscillator to a series of closely spaced fre-
quencies across the signal bandwidth.

2) At each frequency, change the local oscillator SOP be-
tween four known SOP settings and measure the corre-
sponding average electrical powers at the output of the
coherent frequency-selective polarimeter.

3) Solve a 4 4 linear set of equations at each frequency.

Finally, it is worth noting that, in the most general case of
spectral folding, (4a) must be used instead of (4b). Repeating
the calculations (6)–(13), it is straightforward to show that the
aforementioned algorithm leads to an average estimated signal
Stokes vector as a function of frequency

(14)

D. Example Error Signal

A major application of frequency-selective polarimeters is
their use as PMD monitoring devices in adaptive PMD com-
pensators. Therefore, a reasonable figure of merit for the es-
timation of their performance is the quality of the generated
error signal.

Numerous error signals can be generated from the frequency-
resolved Stokes parameters provided by frequency-selective
polarimeters. The choice of the most adequate error signal
form depends on several criteria, e.g., order of desired PMD
compensation, monotonicity of the error signal as a function of
power penalty in order to achieve a desired error probability,
and so forth. The optimal choice of error signal lies outside of
the scope of the present study.

In Section IV, an example error signal based on the variance
of the frequency-resolved Stokes parameters is used as a metric
to test the agreement between the theoretical model and the ex-
perimental measurements. Its formal definition is similar to the
one proposed by [3] (with the exception of a square root differ-
ence)

(15)
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where the angled brackets denote spectral average across
the desired scanning range using an arbitrary weighting
function.4

To illustrate the monotonicity and the range of values of (15),
we may consider the case of an optical signal passing through
a polarization-maintaining (PM) fiber with slow eigenaxis ,
which introduces DGD equal to . For an input signal with fixed
SOP , the output SOP varies as a function of frequency [23]

(16)
which is valid in a right circular Stokes space [23].

By substituting the Cartesian coordinates of , in (16), a
general expression for the normalized Stokes components of the
received optical signal SOP can be derived as

(17)

where , , , , , and are interdependent constants,
which can be calculated analytically, but their expressions are
cumbersome and are omitted here.

Expression (17) is a formal proof of the well-known fact that
after transmission through a birefringent device with first-order
PMD, the locus of the output signal SOP in Stokes space traces a
circle on the Poincaré sphere as a function frequency and, conse-
quently, the corresponding Stokes parameters vary sinusoidally.

A closed-form expression for the error signal in the pres-
ence of first-order PMD can be derived by substituting (16) into
(15) and performing the spectral averages, assuming a uniform
weighting function in the scanning range as

(18)

where is defined as the ratio of power in the slow eigenaxis to
the total launched power

(19)

Fig. 4(a) and (b) shows the error signal given by (18) as a
function of the signal frequency-scanning range-DGD product

for different values of the power-splitting ratio . From
Fig. 4(a), it is observed that the monotonicity of the error signal
depends on the choice of the frequency-scanning range. For

, the error signal is monotonic, but it saturates for
and presents oscillations for . For un-

ambiguous control, we require . From Fig. 4(b), it
is observed that amplitude of the error signal is maximum for

and decreases for all other values of . The shape of
the curves is independent of .

III. EXPERIMENTAL SETUP

Fig. 5 shows the block diagram of the apparatus used for the
experimental demonstration of the coherent frequency-selective
polarimeter. A CW optical signal from a distributed feedback
(DFB) semiconductor laser with wavelength 1559.79 nm was
externally modulated using a Mach–Zender modulator (MOD)

4The most obvious choice is to assume that all spectral components have equal
weights. Other weighting functions may be chosen instead, e.g., frequency com-
ponents away from the center of the psd, which have less power and, therefore,
are more affected by noise, could have smaller weights in (15).

Fig. 4. Error signal given by (18) as a function of the frequency-scanning
range-DGD product �f� for different power splitting ratios. (a) 
 = 0:5 and
(b) 
 = 0–1 with steps of 0.1 (curves corresponding to values of 
 equidistant
from 0.5 coincide).

Fig. 5. Experimental setup for testing the proposed coherent frequency-
selective polarimeter. DFB = distributed feedback semiconductor laser,
MOD = Mach–Zender modulator, PRBS = pseudorandom bit sequence
generator, PCTR = polarization controller, VOA = variable optical attenuator,
PMDE = first-order PMD emulator, LO = local oscillator, PT = polarization
transformer, PC = personal computer, TAP = 1% fiber tap, PMTR =

polarimeter, CPL = 3 � dB coupler, BRx = balanced receiver, RFSA =

radio frequency spectrum analyzer, bold lines = optical fibers, and thin lines
= electrical cables.

with nominally zero chirp. The bit rate was 10 Gb/s, the data
format was NRZ, and the pseudorandom bit sequence (PRBS)
period was . The optical signal passed through a manual
polarization controller (PCTR), which was used to set the
signal power-splitting ratio at the input of the first-order
PMD emulator (PMDE). A variable optical attenuator (VOA)
was used to adjust the optical power in the signal beam. A pre-
determined amount of DGD was introduced in the system using
either a fixed length of PM fiber or a JDS (PE-3) first-order
PMD emulator (PMDE). The optical signal at the input of the
coherent receiver had an average power of 20 dBm and an



ROUDAS et al.: COHERENT FREQUENCY-SELECTIVE POLARIMETER FOR PMD MONITORING 961

optical signal-to-noise ratio (OSNR) of 40 dB, measured in a
resolution bandwidth 0.1 nm. The local oscillator (LO) was
an Agilent 8164F tunable laser module and was set to provide
an average power at the receiver of 0.5 dBm. The LO SOP
was varied using an optoceramic polarization transformer (PT)
(Corning Applied Technologies PC-412). Using a fiber tap
(TAP), a small portion (1%) of the output of the polarization
transformer was sent to a polarimeter (PMTR) (Agilent 8509C)
in order to measure the Stokes parameters of the LO settings.
The signal and LO beams passed through a 3-dB coupler (CPL)
and into both input ports of a 750-MHz bandwidth-balanced
receiver (BRx) (New Focus 1617). In the interest of system
flexibility and ease of experimental implementation, the BPF,
microwave mixer, and LPF of the coherent frequency-selective
polarimeter, shown in the block diagram of Fig. 1(b), were
emulated by a radio frequency spectrum analyzer (RFSA)
(Anritsu MS2665C) in the experimental setup of Fig. 5. It
was assumed that the resolution and video bandwidths of the
radio-frequency (RF) spectrum analyzer correspond to the
BPF and LPF equivalent noise bandwidths of the coherent
frequency-selective polarimeter, respectively. A personal
computer (PC) was used to send analog control voltages to
the polarization transformer and to communicate with the LO
laser, spectrum analyzer, and polarimeter via a general purpose
interface bus (GPIB).

The experimental procedure for measuring Stokes parame-
ters as a function of optical frequency was as follows: Before
acquiring data, a calibration was first performed to determine
four settings of the polarization transformer that created LO
SOPs at roughly 90 intervals on the Poincaré sphere. It was
not necessary to set the four LO SOPs precisely, since the algo-
rithm for the evaluation of Stokes parameters only requires that
the four LO SOPs are noncoplanar and known. In order to ac-
quire data, the RF spectrum analyzer was set to operate in “zero
span” mode, i.e., the center frequency of the BPF was fixed.
The SOP of the LO was set to a given state using the polariza-
tion transformer. The carrier frequency of the LO was scanned
across the optical channel at a fixed wavelength change rate of
500 pm/s (nominally 62 GHz/s). The signal at the output of the
RF spectrum analyzer (referred to in the following as RF psd)
was recorded into a file. The procedure was then repeated for a
total of four LO SOP settings. The Stokes parameters of the LO
SOP were also written into a file. Then, the algorithm of Sec-
tion II-C was used to evaluate the frequency-resolved Stokes
parameters.

It is worth noting here that fiber jumper cables connect the
output of the transmission fiber and the LO with the polariza-
tion transformer, the 3-dB coupler, and the p-i-n photodiodes of
the balanced receiver. The combined action of all fiber jumper
cables alters the received signal and LO SOPs. However, it is
assumed that all fiber jumper cables are short enough so their
polarization-dependent loss (PDL) and PMD can be neglected.
These assumptions imply that 1) the trajectory of the received
signal SOP as a function of frequency is shifted on the Poincaré
sphere, but its shape is not distorted and 2) the constellation of
the four LO SOPs is rotated on the Poincaré sphere, but the rel-
ative positions of the points of the constellation are maintained.
Therefore, the algorithm for the evaluation of the Stokes param-

Fig. 6. (a) Sample RF psds, measured for two different values of the BPF
center frequency, f �= 0 (black curve) and f = 2:5 GHz (gray curve), in
the absence of PMD. The theoretical psd of an ideal NRZ modulation is also
shown (dashed curve) [20]. (b) Sample RF psds, measured in the absence
(black curve) and in the presence of first-order PMD with nominal DGD
equal to 40 ps (gray curve) for a BPF center frequency f �= 0 (conditions:
resolution bandwidth B = 3 MHz, video bandwidth B = 1 kHz,
scanning range �f =22 GHz; no smoothing has been performed; all curves
are normalized so the maximum RF power is 0 dBm).

eters of Section II-C can be applied. In addition, it was assumed
that the position of the fiber jumpers does not change during the
measurements due to environmental vibrations.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

This section presents measurements, performed with the ex-
perimental setup of Section III, that demonstrate the successful
operation of the coherent frequency-selective polarimeter. The
impact of spectral folding on the performance of the proposed
coherent frequency-selective polarimeter is thoroughly investi-
gated.

Before proceeding to the main topic of this section, i.e., the
measurement of the frequency-resolved Stokes parameters of a
10-Gb/s intensity-modulated NRZ optical signal, it is instruc-
tive to first visualize measured RF psds, which are distorted by
spectral folding and PMD.

To illustrate the effect of spectral folding, Fig. 6(a) shows
sample RF psds, measured for two different values of the BPF
center frequency— (black curve) and GHz
(gray curve)—in the absence of PMD. Both curves are normal-
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ized so that the maximum RF power is 0 dBm. The theoretical
psd of an ideal NRZ modulation is also shown as the dashed
curve [20]. It presents a central impulse (not included in the
graph) due to the power transmitted at the signal carrier fre-
quency and decreases proportionally to the inverse square of
the frequency difference from the psd center [20]. The black
curve exhibits the expected behavior, apart from the presence
of small satellite spikes, separated by multiples of the bit rate,
which are due to the nonideal (i.e., nonrectangular) shape of the
NRZ pulses [20]. The 3-dB linewidth of all spikes, estimated
to be several MHz, is due to the combined phase noise of the
transmitter and LO. It is concluded that the effect of spectral
folding does not affect the psd shape when . The op-
eration of the coherent frequency-selective polarimeter is iden-
tical to the ideal case of . In contrast, this is not the
case when becomes comparable to the bit rate . For in-
stance, in the case GHz, the RF psd shape is severely
distorted (gray curve). There are two dramatic manifestations
of spectral folding. First, it is observed that there are pairs of
spikes around GHz (only the first pair of spikes
at 2.5 GHz and the innermost components of the second pair
at 7.5 GHz are displayed in the graph). The spectral lines of
each pair are separated by twice the BPF center frequency (i.e.,

GHz). These spurious spike pairs are generated when
the intermediate frequency is swept and each spike of the total
photocurrent psd passes consecutively through the positive and
negative BPF passbands, respectively [see Fig. 3(b)]. Second,
the side lobes of the gray curve are enhanced, as compared to
the black curve, due to the overlap of psd segments centered at
positive and negative intermediate frequencies within the BPF
passband. We will examine below (Figs. 8 and 9) whether these
psd distortions may affect the measurement of the Stokes pa-
rameters as well.

Study of Fig. 6(a) leads to the conclusion that both black and
gray curves result from the addition of the powers of the spec-
tral components at frequencies , in agreement with the
empirical rule (4).

To illustrate the effect of PMD on the RF psd shape, Fig. 6(b)
shows sample RF psds, measured in the absence (black curve)
and in the presence of first-order PMD, with nominal DGD
equal to 40 ps (gray curve), respectively, when . Both
curves are normalized so that the maximum RF power is 0 dBm.
It is observed that the effect of PMD is the scaling of the RF psd
by a multiplication factor, which is a function of frequency and
depends on the alignment of the signal and LO SOPs [see (35)].
In the case of first-order PMD, this multiplication factor varies
sinusoidally as a function of frequency and its oscillation period
is equal to the inverse of the DGD. Here, one of its troughs al-
most coincides with the central lobe of the RF psd and a spectral
hole appears on the RF psd shape.

Fig. 7(a) and (b) show measured normalized Stokes
parameters as a function of frequency (points) and their joint
least-square error fitting by the set of functions (17) (solid
lines) in the absence and in the presence of first-order PMD,
respectively, when . A variant of the error signal defined
by (15) was used as a metric for the fitting (referred to as error
function). The error function was defined as the joint spectrally
averaged standard deviation of the measured data from the

Fig. 7. Normalized Stokes parameters as a function of frequency (a) in the
absence of PMD and (b) in the presence of first-order PMD with nominal
DGD = 40 ps. Points=experimental data, solid lines = least-square error
fitting by the set of functions (17). BPF center frequency f �= 0, scanning
range �f = 16 GHz. The rest of the RF spectrum analyzer settings were
similar to Fig. 6).

fitting curves. It was evaluated assuming a uniform weighting
function over the scanning range. In both Fig. 7(a) and (b),
experimental results agree well with the theoretical prediction,
confirming that the effect of spectral folding does not affect
the measurement accuracy, at least for BPF center frequencies

[see (4)]. There are rapid small fluctuations of the
measured Stokes parameters around the fitting curves, appar-
ently due to the combined action of the noises in the coherent
frequency-selective polarimeter. The joint spectrally averaged
standard deviation of the measured data from the fitting curves
is 5% in Fig. 7(a) and 6.5% in Fig. 7(b). It is worth mentioning
that the estimate of DGD in Fig. 7(b), given by the least-square
error fitting, is 38.2 ps, in good agreement with a Jones matrix
eigenanalysis measurement [1] of the PM fiber coil (38.9 ps).

In order to study the impact of the BPF center frequency
on the performance of the coherent frequency-selective

polarimeter, we repeated the measurements of Fig. 7 for BPF
center frequencies varying from 5 MHz up to 2.5 GHz.
Figs. 8 and 9 show measured normalized Stokes parameters
as a function of frequency (points) and their joint least-square
error fitting by the set of functions (17) (solid lines) when

GHz and GHz, respectively. In the absence
of PMD [Figs. 8(a) and 9(a)], the measurement of the Stokes
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Fig. 8. Same as Fig. 7, for BPF center frequency f = 1 GHz.

parameters is not affected by the choice of the BPF center
frequency . In the presence of first-order PMD [Figs. 8(b)
and 9(b)], the goodness of fit deteriorates compared to the one
displayed in Fig. 7(b). The joint spectrally averaged standard
deviation of the measured data from the fitting curves in
Figs. 8(b) and (9b) is 6.9% and 11%, respectively. In addition,
the estimate of DGD given by the least-square error fitting
is 34.2 ps in Fig. 8(b) and 26.6 ps in Fig. 9(b), compared to
38.2 ps in Fig. 7(b), which is obviously wrong. This indicates
that the set of functions (17) is not adequate for fitting when

, approximately, and that (14) should be used instead.
We verified that there is indeed excellent agreement of the ex-
perimental data (points) in Figs. 8(b) and 9(b) and a theoretical
fit of (14) (not shown in the figure in order to avoid clutter). It
is worth noting that, for the latter fit, we used the same values
of the parameters , , , , , and DGD as in 7(b).
However, the phases , , , and were adjusted by an
average of about 57 in Fig. 8(b) and of about 65 in Fig. 9(b),
compared to the ones in Fig. 7(b). The physical mechanism that
leads to this phase shift is not well understood.

Finally, to check the quality of the error signal generated by
the coherent frequency-selective polarimeter, measurements of
the Stokes parameters were made in the presence of first-order
PMD with nominal DGD ranging from 0–100 ps (Fig. 10). The
error signal was evaluated from the normalized Stokes param-
eters assuming a uniform weighting function and a scanning
range of 10 GHz. As shown in Fig. 10, there is excellent agree-

Fig. 9. Same as Fig. 7, for BPF center frequency f = 2:5 GHz.

Fig. 10. Error signal versus DGD for a 10-Gb/s system. Points=measurements,
line=expression (18) with 
 = 0:5. Uniform weighting function, scanning
range�f = 10GHz; the rest of the RF spectrum analyzer settings were similar
to Fig. 7.

ment of the experimental data (points) and a theoretical fit of
(18) (solid line) for .

All aforementioned measurements were performed with a
resolution bandwidth equal to 3 MHz and a video bandwidth
equal to 1 kHz. The performance of the proposed coherent
frequency-selective polarimeter depends on the choice of
BPF and LPF equivalent noise bandwidths. This dependence
requires a detailed noise analysis, which will be reported in a
separate paper.
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V. SUMMARY

In conclusion, we proposed and demonstrated a novel po-
larimeter based on coherent detection, which can resolve the
Stokes parameters of a received modulated optical signal as a
function of frequency with higher accuracy, compared to previ-
ously proposed direct detection-based counterparts.

It should be emphasized that the main purpose of the present
paper was the proof of concept of the coherent frequency-selec-
tive polarimeter and not an exhaustive theoretical and experi-
mental evaluation of its performance. Topics for future research
should include a detailed study of the impact of noise on the
performance of the coherent frequency-selective polarimeter, a
comparison of error signals based on frequency-resolved Stokes
parameters, and their use in adaptive PMD compensators.

APPENDIX

This appendix presents a unified model of the frequency-se-
lective polarimeters shown in Fig. 1. Analytical expressions for
the output signal of both types of frequency-selective polarime-
ters are derived. Two received optical signal types are consid-
ered, i.e., CW and stochastic signals.

In the subsequent analysis, the following notations are used
[23]: Dirac’s bra and ket vectors denote Jones vectors, hats
denote normalized Stokes vectors, and boldface letters denote
electric field vectors. In addition, the analytic (i.e., phasor) and
low-pass equivalent representations of bandpass signals and
devices are used (see [20], ch. 4). These representations lead
to elegant and concise mathematical expressions. For clarity,
analytic signals are denoted by and low-pass equivalent
signals are denoted by a tilde in order to be distinguished from
real signals. Finally, all noises and the effect of spectral folding
are neglected.

1) CW Signals: The received electric field of a planar
monochromatic wave can be written in analytic signal repre-
sentation

(20)

where is the average power, is the carrier angular
frequency, and is the SOP of the received optical signal.

Similarly, the electric field of the optical signal from the LO
at the output of the polarization transformer can be written as

(21)

where is the average power, is the carrier an-
gular frequency, and is the SOP of the optical signal from
the LO at the output of the polarization transformer.

The electric fields at the output ports of an ideal, lossless, and
polarization-independent 3-dB coupler are [25]

(22)

The photocurrent at the two branches of the balanced receiver
is given by

(23)

where denotes the adjoint and are the responsivities of
the two photodiodes, respectively.

The total photocurrent results from the subtraction of the pho-
tocurrents at the two branches of the balanced receiver and can
be calculated by (22) and (23). In the ideal case, when

, it is given by

(24)

where denotes the imaginary part.
Substituting (20) and (21) into (24) yields

(25)

where .
In the special case we consider now, there are signal spectral

components only at , so we set . Assuming, for
simplicity, that the gain of the electronic preamplifier is unity
and that the BPF transfer function presents negligible attenua-
tion, the total photocurrent remains unchanged after the BPF, so

.
The signal then passes through a microwave mixer, which

is assumed to be an ideal square-law device. The signal at the
output of the microwave mixer is the instantaneous electrical
power on a unit resistor

is comprised of discrete spectral components at frequen-
cies and . In the special case under study, the sole
purpose of the LPF is to eliminate the higher harmonic at
at the output of the microwave mixer. The bandwidth of the LPF
is not critical as long as . After the LPF, only the
dirrect current (dc) spectral component survives, so the output
signal of the coherent frequency-selective polarimeter is the av-
erage electrical power on a unit resistor

(26)

It is straightforward to show that the photocurrent at the
output of the frequency-selective polarimeter of Fig. 1(a), based
on direct detection, is given by a similar expression

(27)

where is a normalized Jones vector denoting the eigenaxis
of the polarizer.

2) Stochastic Signals: In this section, we extend the pre-
vious mathematical description to the case of a modulated trans-
mitted optical signal. The modulating signal is assumed to be a
sample function of a wide-sense stationary stochastic process.
The electric field of the LO is, again, described by (21).

The electric field of the optical signal at the output of the
transmitter can be written in analytic signal representation as

(28)
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where is the complex envelope of the random modulating
signal with unit average power.

It is assumed that transmission through the optical fiber in-
troduces attenuation, chromatic dispersion, and PMD. For sim-
plicity, PDL and all fiber nonlinearities are neglected. Although
these assumptions are not always valid, they allow for a succinct
mathematical description of frequency-selective polarimeters.
Due to their linear nature, the action of attenuation, chromatic
dispersion, and PMD can be separated.

The received optical power is

(29a)

where is the attenuation coefficient and is the length of the
optical fiber.

The action of the chromatic dispersion can be modeled as a
lossless all-pass filter with impulse response [26]

where is the group velocity dispersion (GVD) coefficient at
the signal carrier frequency. We neglected the phase shift and
group delay introduced by the optical fiber.

Chromatic dispersion alters the complex envelope of the
modulating signal

(29b)

where denotes convolution. Due to the lossless all-pass nature
of , the (unit) average power is preserved in (29b).

Due to the PMD of the optical fiber, the input and output Jones
vectors are related through the expression (in the frequency do-
main) [23]

(29c)

where , in the absence of PDL, is a unitary operator de-
noting the low-pass equivalent polarization transfer function of
the fiber [23].

Combining (29a)–(29c), the electric field of the received op-
tical signal can be written as

(30)

where is a nonnormalized Jones vector describing the
SOP of the received optical signal as a function of time

Repeating the calculations of the previous section, it is
straightforward to show that the total photocurrent can be
written as

(31)

The analytic signal representation of the total photocurrent is

(32)

The autocorrelation of (32) is [20]

(33)

where denotes the expected value (ensemble average) and
denotes the complex conjugate.
The one-sided psd of the total photocurrent is the Fourier

transform of (33) [20]

(34)

Substituting (32) and (33) into (34) yields

(35)

where is the psd of the modulating signal .
Assuming, for simplicity, that the gain of the electronic

preamplifier is unity, the one-sided psd of the photocurrent at
the output of the BPF is

(36)

where is the analytic signal representation of the BPF
transfer function.

As explained qualitatively in Fig. 2, due to the finite BPF
bandwidth, the signal at the output of the BPF has amplitude
modulation resulting from the presence of spectral components
adjacent to the center frequency of the BPF. This amplitude
modulation creates fluctuations at the output of the coherent
frequency-selective polarimeter (i.e., data noise). Additional
output fluctuations are created by the thermal and shot noise of
the coherent receiver front-end, as well as the filtering of the
transmitter and LO phase noise by the BPF.

The purpose of the LPF in the case under study is two-fold:
1) to eliminate the second harmonic at at the output of
the microwave mixer, i.e., and 2) average the
amplitude variations due to the data, shot, thermal, and phase
noise after the BPF. This averaging is not perfect, so the output
of the coherent frequency-selective polarimeter varies over time,
i.e., . The expected value of the output is

(37)

where and are the impulse response and
transfer function of the LPF, respectively, and is

the autocorrelation of the analytic signal representation of the
photocurrent at the output of the BPF

(38)

It is assumed that the BPF is narrow enough so that the terms
and in (35) do not vary sig-

nificantly within the BPF passband as a function of frequency.
Consequently, it is possible to expand and
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in Taylor series about and retain only the first
(i.e., zero-order) term. The substitution of (35) and (36) into (38)
yields

(39)

where is the BPF equivalent noise bandwidth defined as
[20]

(40)

where is the low-pass equivalent representation of the
BPF transfer function.

From (39), (37) is written for lossless BPF, LPF as

(41)

It is straightforward to show that the expected value of the
photocurrent at the output of frequency-selective polarimeters
based on direct detection is given by a similar expression

(42)

where is the equivalent noise bandwidth of the tunable op-
tical filter.

It should be stressed that (42) is valid only when
and do not vary signifi-

cantly within the passband of the tunable optical filter as
a function of frequency. However, practical tunable optical
filters are wide enough ( GHz), so this assumption is not
valid and higher order terms in the Taylor series must be
retained. These higher order terms lead to a systematic error
in the output signal of frequency-selective polarimeters based
on direct detection. Deconvolution with the transfer function
of the tunable optical filter is then necessary in order to reduce
the systematic error [4]. Such deconvolution is unnecessary
for the proposed coherent frequency-selective polarimeter,
due to the narrowband electronic BPFs ( MHz bandwidth).
In conclusion, the coherent frequency-selective polarimeter
has smaller systematic error compared to previously proposed
direct-detection-based counterparts.
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