
Use of optical coherent detection for environmental sensing

Antonio Mecozzi,(1) Cristian Antonelli,(1)

Mikael Mazur,(2) Nicolas Fontaine,(2) Haoshuo Chen,(2) Lauren Dallachiesa,(2) and Roland Ryf(2)

(1) Department of Physical and Chemical Sciences, University of L’Aquila, 67100 L’Aquila, Italy,
antonio.mecozzi@univaq.it
(2) Nokia Bell Labs, 600 Mountain Ave., Murray Hill, NJ 07974, USA

Abstract We discuss the use of the full transmission matrix extracted from a standard coherent receiver
to improve the environmental sensing capabilities of optical fiber links.

Introduction
The cable of fiber optic coherent transmission
systems is exposed to environmental perturba-
tions, and the compensation of their effect re-
quires that the receiver reconstructs the full trans-
mission matrix of the link in real time. It has been
recently shown[1],[2] that the analysis of the tempo-
ral evolution of the state of polarization obtained
by applying the fiber transmission matrix to a fixed
input state may reveal the nature of the perturba-
tions that affect the cable, turning the latter into
a distributed sensor. However, by looking only at
the evolution of a fixed input state, as was done
in[1],[2], some of the information contained in the
fiber transfer matrix is lost.

In this presentation we discuss the use of var-
ious quantities that can be extracted from mea-
sured transmission matrices, and compare their
sensitivity to environmental perturbations. Our
observations are based on data measured on de-
ployed multi-core-fiber cables with nominally un-
coupled cores.

Analysis
We start by considering the polar decomposition
of the matrix describing a single-mode fiber-optic
link T = UA, where U is a unitary matrix, and the
intensity transmission matrix T†T = A†A can be
expressed as

T†T = g0(I+ Γ⃗ · σ⃗), (1)

where g0 is the polarization-averaged intensity
gain, Γ⃗ is a three-dimensional real-valued vector
known as the polarization-dependent loss (PDL)
vector,[3] and σ⃗ = σ1ê1 + σ2ê2 + σ3ê3 is the
Pauli matrix vector.[4] It is customary to quan-
tify the fiber-link PDL by means of the power ra-
tio in dB between the least and most attenuated
polarization states, which can be seen to be[3]

ρ = 10 log[(1− Γ)/(1 + Γ)], with Γ = |Γ⃗|.

The unitary matrix U can be expressed as[4]

U = exp

(
−i

φ0

2
I− i

φ⃗

2
· σ⃗

)
, (2)

with φ⃗ = φφ̂, where φ̂ is the three-dimensional
unit vector that defines the polarization rotation
axes in Stokes space and φ is the rotation an-
gle of the field polarization from the input to
the output. The quantity φ0 is the polarization-
independent phase introduced by propagation.
It should be noted that not only φ0 is defined
up to multiples of 2π, but also the expansion
(2) is not unique, because of the identity U =

(−1)m+n exp[−i(φ0+2mπ) I/2−i(φ+2nπ) φ̂·σ⃗/2],
which holds for any pair of integers m and n. A
change of sign of the Jones matrix does not af-
fect the polarization state, so that besides the po-
larization averaged phase φ0, also φ is defined up
to multiples of 2π.The values of φ0 and φ⃗ can be
extracted from U through

φ0 = i trace [log(U)] = i log [det(U)] , (3)

φk = i trace [log(U)σk] , k = 1, 2, 3, (4)

where −2π < φk < 2π if one uses the princi-
pal value of the logarithm, that is, the logarithm
with imaginary parts of the eigenvalues strictly be-
tween −π and π.

Data analysis
The coherent receiver provides an estimate of
the inverse channel transmission matrix by at-
tempting to equalize the received signal. As-
sume, as is usually the case, that information is
encoded in two independent signals transmitted
over the x and y linear polarizations. After de-
skew, orthonormalization, and dispersion com-
pensation, the digitized samples are processed
by the constant modulus algorithm (CMA). The
CMA seeks for a matrix C that applied to the
output field produces a constant modulus output
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with a phase-modulated polarization-multiplexed
input[5] (QPSK in this work). This matrix is such
that

CT =

(
eiϕ1 0

0 eiϕ2

)
. (5)

Ideal channel reconstruction requires that ϕ1 =

ϕ2 = 0 so that C−1 = T. A rotation of the two
reconstructed constellations by ϕ1 and ϕ2, how-
ever, does not affect the constant modulus of the
output, so that these quantities, in general time
dependent because of the frequency mismatch
between transmit laser and local oscillator, are
left undetermined by the CMA. The phases of the
two constellations ϕ1 and ϕ2 are extracted at a
successive stage, after frequency estimation and
phase estimation of the two polarization multi-
plexed channels. The estimated transmission ma-
trix T′ is the inverse of the equalization matrix, so
that using T′ = C−1 and solving for T′ we obtain

T′ = T exp

(
−i

ϕ1 + ϕ2

2
I− i

ϕ1 − ϕ2

2
σ1

)
, (6)

where we keep ϕ1 and ϕ2 non-zero to account for
errors in frequency and phase estimation.

The polar decomposition of T′ can be accom-
plished by singular value decomposition applied
to both sides of (6) , T′ = V′

1D
′V′

2, where D′ is
a diagonal matrix with positive eigenvalues and
V′

1 and V′
2 are unitary matrices. Then, being

T′ = (V′
1V

′
2)(V

′−1
2 D′V′

2) = U′A′, we obtain
U′ = V′

1V
′
2 and A′ = V′−1

2 D′V′
2. The polar de-

composition of both sides of Eq. (6) yields

U′ = U exp

(
−i

ϕ1 + ϕ2

2
I− i

ϕ1 − ϕ2

2
σ1

)
, (7)

and, in Stokes spaces

R = exp (φ⃗×) , (8)

R′ = R exp [(ϕ1 − ϕ2)ê1×] , (9)

where R and R′ are the link Mueller matrix and
its estimate, respectively. Equations (8) and (9)
show that only the x and y-polarized input states
(ŝ = ±ê1) are not affected by the phase difference
ϕ1 − ϕ2 and R′ŝ = R ŝ. Expressing

U′ = exp

(
−i

φ′
0

2
I− i

φ⃗′

2
· σ⃗

)
, (10)

and R′ = exp(φ⃗′×) we obtain a simple relation
between the actual and estimated polarization av-
eraged phase and rotation vectors

φ′
0 = φ0 + ϕ1 + ϕ2, (11)

φ⃗′ ≃ φ⃗+ (ϕ1 − ϕ2) ê1, (12)

the second being valid in the relevant regime
where ϕ1 ≃ ϕ2 (as is the case in the absence of
phase slips between the two constellations in the
x and y signal polarization), and for small values
of φ (as appropriate after removal of the average
polarization rotation).
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Fig. 1: Plot of the three components of φ⃗′/(2π) and of the
polarization-averaged phase φ′

0/(2π) vs. time. The sampling
rate has been reduced by a factor 1000 from the original,

T ≃ 524µs, by filtering and decimation.
The experimental values of T′ were measured

in a recent real-time field trial[6] by concatenating
the cores of an uncoupled-core 4-core fiber de-
ployed in the city of L’Aquila.[7] The DSP of the re-
ceiver was based on an MSE estimation scheme,
and was operating at a frequency f0 = 125 MHz,
with a baud rate R = 1 GBd (see[6] for a detailed
description of the experimental setup). The pa-
rameters of T′ were extracted with a downsam-
pling factor of 216 and hence the effective sam-
pling time was 216/f0 ≃ 524µs. After extracting
the unitary part U′ by singular value decomposi-
tion, we have used Eqs. (3) and (4) to obtain the
polarization-averaged phase φ′

0 and the compo-
nents of the rotation vector φ⃗′.

Figure 1 shows the three components of φ⃗′ and
the phase φ′

0 vs. time during a two-hour data ac-
quisition. The figure shows that there is a strong
correlation between φ′

1 and φ′
0, which indicates

that they are contributed mainly by ϕ1 and ϕ2, as
can be deduced from Eq. (11) and projecting Eq.
(12) on ê1, thereby preventing the extraction of φ0

and φ1. This implies that only two (out of four)
parameters that are necessary to extract U are
immune to the phase fluctuations involved in ϕ1

and ϕ2.
The second and third components of φ⃗′ pre-

sented in Fig. 1 show small perturbations that are
most likely caused by events related to construc-
tion works taking place in the downtown area of
l’Aquila along the fiber route. The same perturba-
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Fig. 2: Spectrogram of the first component of φ⃗′ and of the
polarization-averaged phase φ′

0.

!+′ !,′

Fig. 3: Spectrogram of the second and third component of φ⃗′

tions are not apparent in the first component of φ⃗′

and in the polarization-averaged phase φ′
0, which

are indeed much more stable. These features are
confirmed by the spectrograms shown in Figs. 2
and 3. The vertical stripes in Fig. 3 correspond
to the perturbations that appear in the temporal
traces, and are not present in the spectrograms
of Fig. 2. The higher stability of φ′

0 and φ′
1, com-

pared to φ′
2 and φ′

3, can be explained by recall-
ing that they depend mainly on phases ϕ1 and
ϕ2, which are determined by means of frequency
locking and phase recovery on the output of the
CMA algorithm. The phase recovery algorithm
acts to compensate for the phase and frequency
noise of the transmit and local oscillator lasers,
and of course the perturbations induced by the
construction works adds to those and are com-
pensated as well. The other two components φ′

2

and φ′
3 are sensitive to the perturbations because

their extraction does not depend on the phase re-
covery algorithm.

The horizontal lines that occur at frequencies
that are multiples of f = 117.5 mHz are deter-
mined by the periodicity of the pseudo-random
bit sequences (PRBSs) used in the measurement
and the DSP readout frequency. Specifically, a
PRBS with (223 − 1) bits was used for the load
and an independent PRBS with (27 − 1) bits was
used for the header. For the used baud rate R = 1

GBd, the modulated signal was periodic with pe-

riod TR = Np/R with Np = (223 − 1)(27 − 1) (in-
dependent of the number of bits per symbol of
the transmitted QAM constellations, as a result
of the fact that Np is an odd number hence not
a multiple of any power of 2). The DSP read-
out frequency f0 = 125 MHz was 8 times smaller
than R, and therefore, being Np not a multiple
of 8, the sampled received signal was periodic
with a period 8 times larger, Ts = Np/f0. This is
consistent with the appearance of resonances at
f ′ = f0/Np = 117.3 mHz. Being the observation
window T ≃ 7148 s, f ′ ≃ f within the temporal
resolution of the measurement, 1/T ≃ 0.14 mHz.

Fig. 4: Left panel, spectrogram of the polarization averaged
gain. Right panel, spectrogram of the PDL in dB.

PDL ( [dB]

Fig. 5: Plot of the distribution of the PDL in dB, together with
a Maxwellian distribution with the same average.

Vertical and horizontal lines appear also in the
spectrograms of the polarization-averaged gain
and the PDL in dB shown in Fig. 4. This is be-
cause in a fiber with random birefringence PDL
and the polarization-averaged gain are coupled
to polarization if the PDL is distributed along the
line[3], and hence PDL and gain are expected
to show similar spectral features as polarization.
Figure 5 shows the probability density function of
the PDL in dB and its Maxwellian fit. The good
agreement between the two may be an indication
of the fact that the PDL is sufficiently distributed
along the link.
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