1 LATVIAN JOURNAL OF PHYSICS
$ SCIendO AND TECHNICAL SCIENCES

2024, N 2

DOI: 10.2478/Ipts-2024-0011

ENHANCED-REACH POLARIZATION OPTICAL TIME-
DOMAIN REFLECTOMETRY TECHNIQUE FOR FIBRE
OPTICAL INFRASTRUCTURE MONITORING

J. Braunfelds™, S. Spolitis'3, D. Cirjulina?, A. Ostrovskis?,
J. Porins?#, L. Gegere', A. Supe’

' AFFOC Solutions Ltd.

2-58 Jaunibas Str., Kalnciems, LV-3016, LATVIA
2 Institute of Microwave Engineering and Electronics,
Riga Technical University
6a Kipsalas Str., Riga, LV-1048, LATVIA
3 Communication Technologies Research Center,
Institute of Telecommunications,

Riga Technical University
12 Azenes Str., Riga, LV-1048, LATVIA
4 Institute of Telecommunications,

Riga Technical University
12 Azenes Str., Riga, LV-1048, LATVIA
*e-mail: janis.braunfelds@rtu.lv

This interdisciplinary research is focused on constructing and demonstrating enhanced-
reach polarization optical time-domain reflectometer (POTDR) for monitoring single-mode
fibre optical communication lines. An optical signal state of polarization measurements enables
several new possibilities for real-time monitoring solutions in fibre optics. However, there is
no commercial equipment available to determine the location in fibre optical cable where
the light polarization state changes. The authors present a monitoring technique of an optical
signal state of polarization based on reflected signal time-amplitude analysis with improved
operation parameters, namely, timing resolution (2 to 3 ps RMS) and amplitude measurement
resolution of nanosecond scale pulses (8 to 10 bits) for monitoring of fibre optical communica-
tion lines. Additionally, the demonstrated POTDR provides a considerable optical fibre line
measurement reach of up to 40 km.

Keywords: Optical fibres, optical state of polarization, polarization optical time-domain
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1. INTRODUCTION

Polarization-related measurements in
optical fibre communication lines typi-
cally are based on methods that determine
only the total polarization mode dispersion
(PMD), polarization-dependent loss (PDL)
or instantaneous state of polarization (SOP)
of optical signal at some specific point. These
measurements neither reveal the location or
the cause of change in the SOP. Those two
aspects are covered in our proposed high-
precision time-amplitude analysis method
based on time-domain reflectometry. We
have tested this technique on localization
of outer mechanical impact on fibre caus-
ing increased changes in the SOP. However,
potentially it can be used to track fibre sec-
tions with increased PMD coefficient. This is
very essential since PMD is one of the key
parameters limiting high-speed signal (>10
Gbps bitrate per data channel) transmission
in fibre optical communication systems [1].
Localisation of unusually high SOP changes
in the fibre optical network significantly sim-
plifies the detection and elimination of the
cause of the problem.

A polarization optical time-domain
reflectometer (POTDR) corresponds to a
polarization-sensitive optical time-domain
reflectometer (OTDR) measurements, which
can identify a change in the SOP in a section
of the fibre under a test link. In a POTDR
setup, a change in the SOP typically is
detected as a change of the received signal
power, since most of the setups implement
an exact SOP as a reference (a change in
the SOP from the reference state will cause
power penalties). Also, it is essential to men-
tion that by using conventional polarization
related measurements, the exact location of
the polarization change in an optical fibre
line cannot be determined. Instead, it can be
detected in an approximate range.
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There are different approaches of how
to construct a POTDR setup to improve sen-
sitivity, accuracy and measurement range.
One of the techniques is to use traditional
OTDR and convert it into POTDR using
external polarization-sensitive circuitry typ-
ically consisting of two 3-port optical cir-
culators and a polarizer as displayed in the
measurement setup in Fig. 1 [3], [4], [11].
Accordingly, OTDR trace consists of all
reflectivities due to different backscattering
mechanisms and additionally also polariza-
tion dependent reflected signal amplitude
fluctuations, thus identifying changes in the
SOP due to specific fibre properties or envi-
ronmental perturbations. This increases the
versatility of the whole monitoring mecha-
nism [3], [4], [11]. POTDR measurements
share the same principles as OTDR, includ-
ing the use of launch cable (typically 300—
500 m in length) to reduce a dead zone.
Optical circulators are used to separate the
transmitted and reflected optical signals.
In such measurements, the OTDR must
be operated in the real-time mode because
averaging of multiple traces hides informa-
tion about SOP changes. The main disad-
vantage of real-time mode measurements is
the reduced sensitivity of OTDR measure-
ments. As a result, the operating range or
reach of this type of POTDR solution is
limited to around 20 km [3], [4].

Current research works demonstrate
POTDR solutions for PMD measurements
in fibre optical communication lines [4]-[6]
and distributed fibre optical sensor solu-
tions for strain and vibration monitoring
[7]-[13]. POTDR can be used not only in
transmission line monitoring but also for a
fibre as a sensor system for object perim-
eter, infrastructure construction, oil and gas
pipeline monitoring, etc.
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Fig. 1. POTDR measurement setup based on traditional OTDR.

The typical realization of the POTDR
measurement setup as demonstrated in [7],
[10] is shown in Fig. 2. The pulsed laser
source generates POTDR probe pulses.
Pulse width and amplitude are adjusted
depending on the length of the monitored
optical fibre line and its attenuation. The
output of the pulsed laser is connected to
optical polarizer 1 to attain completely
polarized probe pulses. The output of polar-
izer 1 is connected to the input of the opti-
cal circulator, which is used to separate

forward travelling and backward reflected
optical flows. The common port of the cir-
culator is connected to the launch cable,
which, in turn, is connected to the fibre
under test. The signal reflected from the
optical fibre communication line passes the
optical circulator and is therefore directed
to Polarizer 2, which converts the changes
in the SOP into changes of power. An ava-
lanche photodiode (APD) converts the opti-
cal signal into an electrical signal, fed to the
signal processor (SP) for further processing.
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Fig. 2. Typical POTDR block diagram.

Polarization-based effects are stochas-
tic and sensitive to environmental changes
(such as temperature, external mechanical
impact or even optical fibre vibrations) [1],
[3]. Current scientific works [3], [4], [7]
report that the operating range of the known

POTDR solutions is limited to around 20
km, which is a significant drawback for
these measurements. Therefore, it is neces-
sary to develop extended-reach high-accu-
racy POTDR solutions.



2. POTDR MONITORING SYSTEM

In this research, we demonstrate the
setup of an extended reach (up to 40 km)
high-accuracy real-time POTDR monitor-
ing system solution (see Fig. 3). Directly-
modulated distributed-feedback (DFB)
laser is used as the POTDR probe pulse
source. The electrical drive signal is gener-
ated by a probe pulse generator and fed to
the DFB laser RF input. Probe pulse param-
eters were adjusted depending on the fibre
under test length. The typical amplitude
(Vpp), frequency (kHz) and pulse width
(%) values for 40 km long fibre testing are

Probe pulse

Erbium-doped
generator

fiber amplifier

. amplitude.
analyze

the following: 2.6 Vpp, 1 kHz, 0.4 %. Since
the modulated DFB laser has low output
power, an erbium-doped fibre amplifier
(EDFA) is used to amplify optical signal
up to 4 dBm before launching in the fibre.
The use of an optical amplifier increases the
power budget and gives the extended mea-
surement range. This approach has not been
used widely so far in relation to POTDRs.
In [10], it was demonstrated that EDFA
extended the reach up to 30 km. Here, we
use EDFA in the fixed pump current mode
to avoid undesirable gain fluctuations.
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Fig. 3. The developed POTDR measurement setup.
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Fig. 4. OTDR trace of the optical fibre under the test line.

As one can see in Fig. 3, the output of
the EDFA is connected to a 3-port polar-
ization-maintaining (PM) optical circulator
(OC) with an integrated optical polarizer.
This type of circulator reduces the need for
two optical polarizers (typically being an
essential part of POTDR setup (see Fig. 2).
This reduces the number of components in
the measurement scheme and lowers inser-
tion loss in the probe pulse path. The com-
mon port of OC is connected to the opti-
cal fibre under the test line consisting of 4
single-mode fibre spans: 20.15 km, 0.5 km,
0.5 km, and 20 km forming the total line
length of 41.15 km. Such a number and
length of fibre spans are chosen to demon-
strate the operation and resolution of the

0.5
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proposed POTDR solution. The measured
OTDR trace of this optical line is shown in
Fig. 4. The total estimated path loss is 8.77
dB at a reference wavelength of 1550 nm.
Interconnections between fibre spans
are used as known locations where the
external impact on the optical line can be
applied. Here, we consider the case where
a mechanical force is applied to the fibre
(random vibrations, bending, and torsion).
During the initial phase of tests, a polar-
imeter was used to evaluate the magnitude
and nature of SOP changes in the case of
external mechanical impact. For compari-
son, fibre at idle state was also tested to see
the PMD-caused test signal SOP variations.

Polarization change in
the fiber link:

1) without external
impact (green)

2) external mechanical
vibration (red)

Fig. 5. Poincare sphere with SOP changes in the fibre link:
1) without an external impact (green points); 2) external mechanical vibration applied (red points).
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Poincare sphere is used to represent
these measurements (see Fig. 5) with and
without external impact on optical fibre.
Since the fibre vibration/bending causes
rather uniform coverage of the Poincare
sphere, it was decided to emulate this kind
of impact using two motorized polariza-
tion controllers (MPCs). Series connec-
tion of two quarter waveplate polarizers
gives more random SOPs. Figure 6 shows
Poincare sphere when MPCs are used. For
comparison, green dots represent the case

05+

without an external impact.

As one can see in Fig. 3, the reflected
optical signal from the optical fibre commu-
nication line is transmitted to a non-sym-
metrical optical power splitter (10/90 %),
where the 10 % output port is connected to
the optical power meter and the 90 % out-
put port to an APD photodiode with pho-
toreceiver RF bandwidth of 200 MHz (3
dB bandwidth). The optical power meter is
only used to monitor the optical power level
at the input of the APD.

Polarization change

in the fiber link

1) without external
impact (green)

2) motorized polarization
contrallers (red)

Fig. 6. Poincare sphere with SOP changes in the fibre link:
1) without an external impact (green points); 2) MPC (red points).

The low level optical signal sensitivity
of APDs is -47 dBm. Photoreceiver’s out-
put electrical signal is, first of all, fed into
the amplitude limiter circuitry. Amplitude
limiter reduces electrical signal amplifier
saturation due to Fresnel reflections from
connectors, being much higher than the
Rayleigh backscattering. Two electrical sig-
nal processing circuit versions are consid-
ered in our experimental POTDR measure-
ment setup for signal amplitude limitation
and signal amplification:

A. the research team developed voltage
limiter (VL) with an adjustable limiting
threshold (series positive limiter with bias)
and a tunable electrical amplifier (TEA);

commercially available power limiter
with the direct current block (PL-DC)
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and fixed 30 dB low noise amplifier
(LNA).

The series-positive limiter circuit with
bias voltage is presented in Fig. 7. The
function of this electronic circuit is to limit
the amplitude of an input signal Vin con-
sidering DC bias offset VBias. While the
input voltage does not exceed the VBias,
the diode DI will conduct. When the posi-
tive Vin exceeds VBias, the diode becomes
reverse biased and limits the positive volt-
age of the output signal to VBias. The
reason is that the cathode is positive with
respect to the anode, diode D/ is reverse-
biased and will not conduct. The diode D/
will remain reverse biased until it becomes
lower than VBias.



The output of the voltage limiter is
connected to the operational amplifier
(OP-AMP) in voltage repeater mode, also
known as a buffer. The buffer divides dif-

ferent stages of the circuit by preventing the
input impedance of one stage from loading
the output impedance of prior stage, which
causes undesirable loss of signal transfer.

Vout

Fig. 7. Series-positive limiter circuit with bias voltage.
R, =1kQ, D, is 1n4148 silicon diode, LT1013 operational amplifier.

The amplified electrical signal is
transmitted to the electrical power splitter
(50/50 %), where the signal power is split
to the digital storage oscilloscope (DSO)
and high-precision time-amplitude analyser
(timing resolution: 2 to 3 ps RMS), ampli-
tude measurement resolution of nanosec-
ond pulses: 8 to 10 bit). However, time-
amplitude measurement is applicable for
time interval measurement to get the overall
length of fibre cable line (reflections from
connectors are high enough to be detected
by the timer receiver). Measured time inter-
val is used for digital storage oscilloscope

3. MEASUREMENT RESULTS

(DSO) measurement data calibration to
achieve higher accuracy for location detec-
tion of the external impact on the optical
line. Simultaneous amplitude measurement
enables continuous monitoring of fibre line
to detect changes in the fibre under test.
Changes in the reflected signal amplitude
from the far end of the cable (last connec-
tor) can be used as triggering event to start
POTDR trace accumulation for further
post-processing. MATLAB software is used
to process and visualize the signal received
from DSO and the time-amplitude analyser.

The results obtained by constructed
POTDR measurement setup are shown in
Figs. 8-12. A single POTDR measurement
trace is not enough to locate the external
impact from the SOP change since fibre
under test does not maintain polarization due
to internal birefringence. In fact, multiple
traces are needed since the change in ampli-
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tude fluctuations can be very tiny depend-
ing on the distance and the scale of external
impact (here represented using MPCs) as can
be seen in Fig. 8. The external impact typi-
cally creates a tiny change in signal ampli-
tude (millivolts), so the absolute amplitude
difference is used for comparison. The data
processing involves the following steps:



» calculating the average trace amplitude
from all the accumulated POTDR traces;

» finding the absolute amplitude differ-
ence (AV) of each POTDR trace versus
average value;

* accumulation of all AV results versus
fiber distance and performing moving
average filtering (window size 10 points)

to reduce data noisiness.

Accumulation of several tenths of traces
gives a notable change in the reflected sig-
nal amplitude, which reveals the location
of external impact. This is studied in more
detail by considering a different number of
traces and its impact on event location accu-
racy in the post-processed POTDR trace.

A amplitude ( AV)
°
3
)

Amplitude (V)

Length (km)

Fig. 8. Delta amplitude calculation and evaluation.

The total absolute amplitude difference
accumulated from 5 to 50 real-time POTDR
measurement traces at 1550 nm measure-
ment wavelength is considered here (see
Fig. 9). As it can be seen, the higher the
number of accumulated traces, the more
explicit the location of impact. Trace accu-
mulation also raises the total voltage level,
thus suppressing the background noise

(mainly the EDFA amplified spontaneous
emissions and photoreceiver noise) as well
as PMD caused power fluctuations. We
propose the use of 50 traces; however, find-
ing the optimum number of traces remains
a task of further research. The rest of the
results (Figs. 10—-12) are attained using 50
POTDR trace accumulation.
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Fig. 9. The number of accumulated POTDR traces versus the absolute amplitude difference in volts.
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Fig. 10. The accumulated absolute amplitude difference versus fibre length when MPCs are located after the
SMF 1 line in the case of electric signal circuitry A and B.

Figures 10 to 12 show results obtained
by two electrical signal circuit solutions,
where circuit version A uses PL-DC, but
B uses AM with an adjustable limiting
threshold for amplitude limitation and sig-
nal amplification. Figure 10 shows the case
when the distance to the location of 2 MPCs

2

is determined to be 20.15 km. Figures 11
and 12 are the cases when the distance to
the location of 2 MPCs is determined to
be 20.65 km and 21.15 km. All the identi-
fied locations correspond to the fibre under
the test line with two 500 m spools after
20.15 km.

Total amplitude difference (V)

Impactlocation
285km

Circuit version A
— Circuit version B

20

30 40
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Fig. 11. The accumulated absolute amplitude difference versus fibre length when MPCs are located after the
SMF 2 line in the case of electric signal circuitry A and B.
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Fig. 12. The accumulated absolute amplitude difference versus fibre length when MPCs are located after the
SMF 3 line in the case of electric signal circuitry A and B.
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As it can be seen in Figs. 10-12, in all
cases it is possible to detect accurately the
location of external impact from 2 MPCs
using both (A and B) circuit versions. The
combination of PL-DC and LNA gives
less noisy trace, thus giving more notice-
able location of external impact. On the
other hand, the VL — TEA version pro-

4. CONCLUSIONS

duces higher fluctuations amplitude and
more distinct front of the event. As it has
been mentioned previously, in all cases the
total length of fibre under test (41.38 km)
has been determined using time-amplitude
analyser with timing resolution of 2 to 3 ps
RMS. The total length is afterwards used as
the reference for DSO measurements.

In this research, the enhanced-reach
POTDR technique was experimentally
developed for real-time monitoring of the
fibre optical infrastructure. The research
presented a monitoring technique of an
optical signal state of polarization based
on reflected signal time-amplitude analy-
sis with improved operation parameters,
namely, timing resolution (2 to 3 ps RMS)

ACKNOWLEDGEMENTS

and amplitude measurement resolution of
nanosecond scale pulses (8 to 10 bits) for
monitoring of fibre optical communication
lines. This technique can detect the location
of external impacts (mechanical vibrations,
strain, etc.) on the optical fibre lines. The
demonstrated POTDR provides a consider-
able optical fibre line measurement reach of
up to 40 km.
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