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Abstract: The ever-increasing demands for the use of fiber-optic sensors powered by long optical
fibers is forcing developers to solve problems associated with powering these remote sensors. Due to
their non-electric character, these sensors are suitable for many uses, including military applications.
The Army of the Czech Republic is very interested in this type of optical fiber sensor as it fulfils the
significant prerequisites for use in military areas. However, the army’s requirements are challenging
because they require long supply cables in which there is significant attenuation of optical power. At
the same time, there is a need for high sensitivity. The subject of our research team’s work was to use
amplifiers to power these sensors. The army already uses this type of sensor for short distances as it
cannot ignite a gas mixture with an explosive concentration and thus meet the strict requirements
of the explosion-poof standard. The novelty of our research lies in the discovered measurement
technique that allows the sensors to be powered remotely and in the saving of optical fibers by
utilizing duplex communication with a circulator. Furthermore, the research presents an innovative
approach to the optimization of the entire sensor by using a bidirectional, sensory, polarization-
maintaining optical fiber. The proposed sensor was first verified in laboratory conditions at the
Optoelectronics Laboratory of the University of Defense in Brno, and further tests were carried out in
the military training areas of Boletice and Březina in the Czech Republic, which is a member of North
Atlantic Treaty Organization.

Keywords: polarization sensor; birefringence; temperature sensor; military area; EDFA amplifier;
wavelength multiplex

1. Introduction

The principle of fiber-optic polarization sensors is based on the physical properties
of polarization-maintaining fibers that maintain the orthogonality of two optical waves
propagating at different speeds. This difference in propagation speed is due to the bire-
fringent properties of the optical fiber. The change in the polarization state is ultimately
a parameter that is detected and further processed by the receiver [1,2]. Although this
principle is known, it has its imperfections, which are addressed in this work. The first
problem lies in the excitation of the optical fiber as it is necessary to excite both axes of the
optical fiber with the same or comparable power. If this condition is met even when using
considerably long optical paths (in the order of kilometers), the sensors will be able to be
powered inside large areas with a risk of explosion. The second problem is the attempt to
use existing telecommunications routes to save costs associated with laying new cabling
intended exclusively for the operation of the security fiber-optic sensor. The effort to save
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on optical fibers led to the army’s requirement that the sensor use only one single optical
fiber or, alternatively, a dense wave multiplex.

All input requirements of the army had to be included in the research as the army is
the intended end-user. In addition, the requirements of companies in the petrochemical
and biomedical engineering industries were also applied. This sensor can cover the need
for high-quality non-electrical sensors in refineries and medical applications. The previous
research and experience in the University of Defense laboratories have shown that these
requirements can be tested in a laboratory. It has been shown that when powering optical
fiber polarization sensors, polarization multiplexes can also be used, thereby saving even
more transmission bandwidth and, thus, financial costs [3]. It has also been demonstrated
that it is possible to use special elements such as depolarizers, double sensors [4], or circular
polarizers [5] when supplying power over long routes. Other works have attempted to use
multiplexing technology (DWDM) for powering sensors, and they describe the beginnings
of research into polarization sensors for military purposes [6,7]. The mentioned research has
shown that the proposed technologies are fully functional as tested in laboratory conditions
and, in some cases, in real environments and real optical routes. For the real-life testing of
our sensor, the Brno Experimental Academic Optical Network (BEAON) and the military
training facilities in Boletice and Březina were used.

There is existing research regarding sensors that utilize ultra-low-loss dispersion-
flattened polymer optical fibers [8] or the testing of sensors using fiber Bragg gratings [9].
Another significant contribution in the field is the use of erbium-doped fiber amplifiers
(EDFA) [10–12], which led to the improvement of the fiber-based temperature sensor.
The recent advances in high-birefringence fiber loop mirror-based sensors [13] and the
research on photonic crystal fiber sensors [14] have demonstrated the possibilities of us-
ing alternative types of optical fibers. The considered type of sensor can also be used in
biomedical applications [15] or as an environmental monitoring network for quantum
gas experiments [16]. The periodic thermal cycling method can be used for the dynamic
polarization response of polarization-maintaining fibers [17]. Solid-core anti-resonant fibers
with nested circular tubes can also be developed to exhibit a polarization-maintaining per-
formance [18]. The aforementioned research has shown that polarization fiber-optic sensors
are increasingly utilized, especially for security technology in dangerous environments,
while in some cases, they are supplemented or combined with fiber Bragg gratings [9].
Additional sources of information for the scientific results presented in this paper can be
found in the literature [19–23], and an excellent overview of known and used sensors is
described in [24]. Current measurement methods do not allow the use of polarization
sensors over long distances as it is not possible to ensure the symmetrical excitation of
both polarization planes. However, fiber-optic systems have superior properties compared
to microwave communication. The advantages of optical fiber can thus be compared, for
example, with works related to telecommunication fibers [25], and they are suitable for
biomedical applications [26], nano/imaging [27], and optical nanoscopy [28].

2. Theoretical Basis and Methods

The general description of the new type of sensor with a circulator and polarization
splitter can be divided into two parts: the circulator and the sensor, and the latter consists
of the polarization splitter and the sensor fiber. The circulator introduces the optical
wave into the sensor and transmits the received optical wave to the detector. The used
splitter is polarization-maintaining, i.e., it transfers the polarization from the output of
the source without affecting it. The sensor part itself is fundamentally influenced by the
properties of the polarization splitter. The polarization-maintaining input fiber defines
two polarization states, propagating in the slow and fast depolarization axes. These are
separated by introducing the slow axis polarization into one direction and the fast axis
polarization into the other, which it rotates by 90◦. Both paths are bidirectional and remain
part of the single fiber, forming a loop with the polarization-maintaining (PM) sensor. For
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an optical wave entering the paths of the splitter, the inputs behave as a linear polarizer of
the same orientation. This can be deduced from both the basic principle and experiments.

For the basic arrangement, the schematic representation of the sensor in Figure 1
can be used to calculate the transmission properties of the sensor. For the calculation, a
coordinate system was chosen with the x-axis coinciding with the fast f -axis and the y-axis
coinciding with the slow s-axis. This is the usual marking when describing a retarder using
the Jones matrix.
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Figure 1. Basic arrangement of the sensor—a schematic overview. Notes 1 and 2 refer to the direction
of light propagation (1→2) or (2→1).

The areas where the individual components of the sensor come into contact are marked
in red in the figure and are used for orientation purposes during the calculation. The optical
wave at the input of the splitter, generally of any polarization, is split into two orthogonal
components into paths a and b. Both paths a (1→2) and b (2→1) can be roughly described
using the symbols marked in red and schematically represented by block diagrams. The
descriptions given in Figures 2 and 3 apply to the arrangement of both paths. The 90◦

symbol for the polarizer and rotator denotes a 90◦ rotation from the x-axis, i.e., to the y-axis.
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Figure 3. Arrangement of path b: b→b′→2→1→a.

To calculate the response of the sensor, it is necessary to compile a chain of Jones
matrices describing the passage of the optical wave through both paths [5]. A prerequisite
for the use of Jones matrices is the full polarization of optical waves, which we assumed
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was met in this model case. At the input of the splitter is an optical wave, which is described
by the Jones vector as follows:

E =

[
Ex
Ey

]
(1)

with the intensity
Iin = ExE∗x + EyE∗y (2)

For path a, the following applies:

R(90)P(90)L(45)
[

0
Ey

]
=

[
0 1
−1 0

][
0 0
0 1

][
cos δ

2 isin δ
2

isin δ
2 cos δ

2

][
0

Ey

]
=

[
Eycos δ

2
0

]
(3)

For path b, the following applies:

P(90)L(45)R(90)
[

Ex
0

]
=

[
0 0
0 1

][
cos δ

2 isin δ
2

isin δ
2 cos δ

2

][
0 1
−1 0

][
0
−Ex

]
=

[
0

−Excos δ
2

]
(4)

In the shared part of both paths (the common fiber), the two polarization components
will merge, as follows:

Eout =

[
Eycos δ

2
−Excos δ

2

]
= cos

δ

2

[
Ey
−Ex

]
(5)

It follows from the relation that the output optical wave is orthogonal to the input
optical wave. The resulting intensity Iout is:

Iout = cos2 δ

2

(
EyE∗y + ExE∗x

)
=

1
2
(1 + cosδ)Iin (6)

From Equation (6), it follows that the output intensity is equal to the input intensity,
which is modulated by the cosine function of the phase shift δ, which changes with the
temperature of the fiber.

3. Experimental Results

To verify the results of the calculations and the initial laboratory tests, it was necessary
to experimentally verify the dependence of the phase (power at the circulator output)
on thermal exposure. Subsequently, we verified the state of polarization at the sensor
output, which should not have changed. A separate measurement was completed for this
verification, independent of the phase dependence measurement. Finally, it was necessary
to include a device for changing the polarization (a polarization controller) in the route
between the circulator and the sensor and to expose the sensor to heat. In this way, it was
possible to experimentally determine what happened to the polarization state during the
various changes in the input polarization.

The connection with the circulator is shown in Figure 4. The light source was a stan-
dard small form-factor pluggable (SFP) module (army requirement). Due to the circulator, a
single fiber was used to introduce the optical wave into the sensor fiber, which was located
in a hazardous environment, and carry the phase-modulated optical wave from the sensor
fiber to the detector.

A long supply route (in the order of kilometers) is typical for this connection, and
only the non-electrical sensor and splitter needed to be placed in a hazardous environment.
The polarization splitter is a device used to separate the fast axis from the slow axis
and excite both ends of the sensor in opposite directions, as indicated by the theoretical
assumptions of this experiment. In these experiments, a polarization-independent circulator
(P/N: CIRC-SM-55-FC-ABS-1m-d2mm), a splitter (P/N: PBC-1X2-P-1550-900-3-1-FC), and
PANDA-type, fiber-type sensors with lengths of 4 m were used. The thermal excitation
was created using crushed ice at a temperature of 0 ◦C. The total measurement time was
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920 s, and the ice was applied at 140 s. The ambient temperature was 24 ◦C. The measured
values are shown in Figure 5.
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In parallel, the workplace for the cascade of polarization-maintaining sensors in the
50 GHz DWDM grid was prepared. Emphasis was placed on the use of light sources
typically used in telecommunication technology, and professional sources of coherent
radiation were completely abandoned. Although sources of the CLD1015 series (Thorlabs)
served well for laboratory measurements [6,7], the researchers were aware that for practical
use in existing telecommunication networks, common telecommunication signal sources of
the SFP (small form-factor pluggable) port-type were more suitable. A TP LINK MC220L
media converter with a DWDM-120-1Gbps SFP port on channel nos. 27, 29, 31, and 33 in
the 50 GHz grid was used as a signal source.

The main purpose of dividing the measurements into stages and gradually connecting
the channels was to demonstrate that a dense wave multiplex is not an obstacle for power-
ing polarization fiber-optic sensors. Preparatory work and individual preparations were
therefore realized with the knowledge that the polarization state of the light can change
arbitrarily, which is due to the nature of the long SM cables used. Individual preparations
were therefore solved in several variants. Although all measurements showed sufficient
sensitivity in the laboratory environment, complications were expected when measuring on
the Brno academic network, especially regarding the sensitivity of the measuring apparatus.
The connection of the test route is shown in Figure 6, and the optical route was replaced
by a real route between the University of Defense and The University Hospital Brno. The
sensor was placed within the hospital premises to meet the requirements of the intended
biomedical environment.
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Figure 6. Arrangement for the measurements of the polarization properties of the passive DWDM
systems. BEAON—Brno Experimental Academic Optical Network (the University of Defense to
The University Hospital Brno to the Brno University of Technology). (1) and (2) are methods of
measurement (Photodiode or Polarimeter).

Figure 7 depicts changes in the optical power on the photodiode of the evaluation
electronics [29]. The route from the source to the sensor was a total of 44 km long (optical
route: the University of Defense to The University Hospital Brno to the Brno University
of Technology) and included the DWDM multiplex that we implemented. Following the
sensor, there was another 5 km of optical fiber to take the signal to a safe area, terminating in
the detector. In practice, however, we did not expect such significant lengths of optical cable
on the input and output routes. This was a model case to determine whether the amount of
optical power would be sufficient for the evaluation electronics. For the measurements, we
utilized an assembled sensor (two-fiber) [6], an exposure length of 4 m, a linear polarizer,
and a photodiode at the input of the measuring electronics [25]. The temperature source
(the crushed ice with a temperature of 0 ◦C) was applied at 140 s. The total length of the
measurement was 920 s. If we compare Figures 5 and 7, the difference in sensor sensitivity
is noticeable. The arrangement according to Figure 6 does not allow for a connection with a
circulator, which is why a two-fiber assembled sensor [6] was used.
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measurements performed using a photodiode (DWDM (44 plus 5 km)) and an exposure temperature
of 0 ◦C (a measurement of 355 s).
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Nearly identical results were achieved during the control measurements with the
Fiber Bragg Gratings (FBGs). The PM sensors responded very well to rapid changes in the
monitored physical quantity, e.g., the temperature. Slow changes, on the other hand, could
be easily filtered out. FBGs are very suitable for monitoring slow events, but unfortunately,
they are unsuitable for monitoring fast changes due to the design of the interrogator. The
measurement was compared with other works utilizing a similar sensor principle using
FBGs [9]. The connection is shown in Figure 8, and the optical route was, again, the Brno
Experimental Academic Optical Network (BEAON). A single fiber sensor was used for
simplicity [6].
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DWDM technology. IRG—interrogator, BEAON—Brno Experimental Academic Optical Network,
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An FBG generally requires a spectrally wider transmission channel than a PM sensor.
Therefore, we connected the interrogator to the assembly using a circulator, which further
split the incoming and outgoing directions. We used an OADM multiplexer to separate the
signals and bring the rest of the spectrum to an FBG. The sensors (PM and FBG) were placed
in a polystyrene box and exposed to thermal radiation. The recording of the measurement
of the change in temperature caused by the application of crushed ice is shown in Figure 9.
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Figure 9. Changes in the Stokes parameter S1: changes in the polarization state occurred when
connecting a single-fiber polarization sensor [6], FBGs, and DWDM technology (a measurement of
364 s).

The biggest challenge was to design a sensor that was powered over long distances.
If we assumed that only the passive component could be placed inside dangerous and
restricted areas, it was necessary to calculate the attenuation of the route twice. For routes
with lengths of tens of kilometers, the amount of useful signal may no longer have been
sufficient, which was why it was necessary to use amplifiers. An EDFA amplifier (Keopsys
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KPS-BT2-C-10-LN-SA) with a maximum (saturated) output power of +15 dBm and a
maximum gain of 15 dB was used for the control measurements. The gain was set by
directly adjusting the pump diode current.

During the measurement, the pump diode current was set to 80 mA and the corre-
sponding optical power level was 12.7 dB. The signal level at the input to the EDFA was
−5.9 dBm and the output power was +6.8 dBm. A circuit diagram with the EDFA amplifier
is shown in Figure 10.
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Figure 10. Simplified connection of the PM sensor measurement on the amplified optical path (EDFA).
SFP—light source, EDFA—amplifier, LP—linear polarizer, BEAON—Brno Experimental Academic
Optical Network.

The experimental laboratory measurements were followed by measurements on a real
route (the BEAON). In this case, the pump diode current was set to a limit value of−156 mA.
The output power of the EDFA was +10.7 dBm. The sensor output signal captured on the
VEGA optical power meter is shown in Figure 11. It is evident from the shape of the graph
that we were already approaching the limit of the detector’s distinguishing capabilities.
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SFP—light source, EDFA—amplifier, LP—linear polarizer, BEAON—Brno Experimental Academic
Optical Network.

It can be seen in Figure 11 that the performance did not drop to zero (or close to zero),
as in the previous cases. This was due to the considerable performance of the EDFA am-
plifier, the increasing problems with reflections and dispersions, and, thus, the decreasing
proportion of polarized light. In addition, the degree of polarization in front of the linear
polarizer fluctuated [4], and thus, power was lost (approximately 20 µW), which could not
be used, and thus, it caused a decrease in sensitivity. When amplifying the useful EDFA
signal by an amplifier, it is difficult to use a connection with a circulator (Figure 4). This is
due to a parameter called channel cross-talk between ports 1 and 3. At lengths greater than
approximately 30 km, the amount of uninfluenced light begins to increase disproportion-
ately, and the amplifier does not have the desired effect. The only correct solution appears
to be the use of two separate fibers (Figure 10). All described measurements on the Brno
Experimental Academic Optical Network (BEAON) showed excellent results. The specific
method of measurement must be chosen with regard to the application under consideration.
By comparing Figures 9 and 11, we can see a noticeable difference in the sensor sensitivities.
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In the measurement according to Figure 10, a single-fiber sensor [6] was used, and in the
connection according to Figure 11, a two-fiber assembled sensor [6] was used.

In the mentioned cases, the optical power changes (Figure 5, 7 and 11), which character-
ized the course of the phase, changed over time. The optical power range from minimum
to maximum corresponded to the phase change π. The range of change in the Stokes
parameter in Figure 9 corresponded to the change in phase 2π. From there, it was possible
to determine the dependence of the phase on time (ϕ(t)) for a specific arrangement of the
sensor. From this, the corresponding sensitivity per unit length was 1

l
∆ϕ
∆t , where l is the

length of the fiber and the phase change is ∆ϕ for the time ∆t. Instant sensitivity can be
determined for individual cases according to the following methodology:

norm.SENSITIVITY =
n.2π

t.l
, (7)

where n is the number of orbits along the Poincaré sphere (or complete waveforms for
power changes), t is the time, and l is the length of the exposed sensory section.

The specific sensitivity of our sensor was, therefore, 4 rad.s−1m−1. However, this
sensitivity only applied to the chosen configuration of the sensor in space and was difficult
to generalize. In addition, the sensitivity depended on other variables, especially meteoro-
logical conditions, provided the measurement was carried out in an outdoor environment.

The most valuable practical experiments were performed in the military areas of
the Army of the Czech Republic. The Boletice Military Training Area (Pražačka Artillery
Pit) was used to measure detonations of trinitrotoluene (TNT—IUPAC 2-methyl-1,3,5-
trinitrobenzene) organic explosives. The measurements were performed with a 200 g bomb
of TNT and took place in March of 2022. Subsequently, measurements were made for
charges weighing from 5 to 15 kg of TNT. An example of the TNT installation for the
measurements is shown in Figure 12, along with the installation of the fiber-optic sensor
and supply cabling. The measuring fibers were placed at different distances and in different
orientations towards the explosions. During the entire measurement period, the measuring
electronics [25] were located in the bunker and the input optical fibers were 1 km long.
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Military Training Area, Pražačka Artillery Pit).
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A similar measurement was carried out in the Březina Military Training Area in
October of 2022. This area is not equipped with an artillery pit, and therefore, mainly the
effects of the movement of people in closed buildings and outdoor spaces were tested. An
example of the installation can be seen in Figure 13.
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Figure 13. Installation of the polarization sensor and supply cabling in the Březina military area.

It was clear from the results obtained in the military areas that the polarization sensors
using DWDM technology, in particular, were very suitable for this type of measurement.
The choice of sensor type (single, two-fiber assembled, or two-way single fiber) depends
on the specific application. Figure 14 shows the response to an explosion at a distance
of 100 m from the sensing PM fiber for one of the possible arrangements of a single-fiber
sensor. High speed and low capacitance in a direct fiber-coupled FC/PC package (Thorlabs
FGA01FC) were used for the evaluation. Due to the spatial orientation and location of
the sensor, the result was a record of the surge wave of the measured detonation (15 kg
of TNT).
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Graph of the dependence of the output voltage on time showing the effect of the surge wave (a
measurement of M2-6-A).
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The experiment was conducted as a guide in order to assess the suitability of the
sensor arrangement for the given application. The sensor fiber responded to a shock wave,
consisting of both a pressure wave and a thermal wave (see Figure 14). This resulted in
the need for further investigations in defined, laboratory conditions that can simulate both
components of the shock wave. It will also be necessary to search for suitable arrangements
of the sensor fiber in the sensor to achieve the maximum response.

4. Discussion

It was shown that the function of the circulator sensor is not affected by the input
polarization state, which can be arbitrary due to the type of connection. The arrangement
practically corresponds to a two-fiber arrangement, except that the two sensor fibers were
replaced by one in which the optical waves propagated in opposite directions.

When we excited the sensor with linear polarization only in the slow axis, the sensor
fiber was excited only in one direction. Due to various changes in the polarization state, the
sensitivity of the sensor was constant over time and did not fluctuate as it did with other
sensor types. The output signal was the intensity of the input optical wave, modulated by
the cosine function of the phase shift, which depended on the continuous temperature of
the fiber. Due to the fact that no specific or stable polarization state was defined, an SM
fiber (cable) carrying the optical wave from the circulator to the sensor could be inserted
between the circulator and the sensor. Table 1 contains an overview of the advantages and
disadvantages of individual arrangements and specific applications of each arrangement.

Table 1. Overview of the advantages and disadvantages of individual layouts and specific applications.

Type of Sensor Description and Properties Applications

One-way

Simple and cheap, easy assembly, and
high sensitivity; suitable for closed spaces
and utilizes short supply cables/PM
fibers; cannot be used with EDFA
amplifiers or DWDM technology

Military facilities, warehouses,
closed spaces, and local
biomedical applications;
unsuitable for the
petrochemical industry

Two-fiber

Robust arrangement enabling remote
power supply
(polarization-state-independent system),
possibility of combining EDFA amplifiers
and DWDM technology; excellent
sensitivity even in outdoor areas;
necessary use of two optical fibers for the
input and output of the useful signal

Military buildings, warehouses,
open and closed spaces,
biomedical applications, and the
petrochemical industry

Circulator

Robust arrangement enabling remote
power supply
(polarization-state-independent system),
and the use of DWDM technology is
possible, but the signal cannot be
amplified (EDFA); excellent sensitivity
even in outdoor areas; a single optical
fiber is enough to feed and remove the
useful signal

Military buildings, warehouses,
open and closed spaces,
biomedical applications, and the
petrochemical industry; wherever
a single optical fiber is available

The DWDM measurements on the BEAON route in Brno unequivocally demonstrated
that the type of sensor arrangement must depend on the required application as each
sensor type has specific advantages and disadvantages. Furthermore, changes in the
polarization state over time were practically not manifested. The measurements confirmed
that the path of the optical cables on the BEAON route was not suspended in the air, but
rather, it was laid in the ground along the entire length of the path. This eliminated the
presence of parasitic phenomena during the detection of a disturbance in the thermal field
of the sensor. However, even if a part of the path was led by suspension cables or the
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polarization state of the light in the fiber was otherwise changed, our innovative connection
would be able to compensate, and thus, it would have no effect on the sensitivity of the
sensor. The BEAON was used over a total length of 44 km, and for each measurement, the
wiring was chosen to consider the transference of the optical signal to a detector outside
the potentially hazardous environment. From the figures, it is evident that the sensor
reacted to temperature changes in an excellent way. In addition, due to the innovative
arrangement, all negative phenomena introduced into the measuring apparatus by the
used DWDM technology and dense traffic on the surrounding channels in the 50 GHz
grid were eliminated. Besides these benefits, excellent sensitivity was retained over a total
distance of 49 km (the BEAON plus 5 km route).

5. Conclusions

The polarization fiber-optic sensor arrangement has been optimized to use only a
single bidirectional (two-way) optical fiber. The innovative arrangement of the sensor was
tested in combinations with long power paths, DWDM technology, and EDFA amplifiers.
The result of the development was a single-fiber sensor that reliably solves the problem
of fluctuating polarization states. This sensor can thus be used advantageously in danger-
ous environments, such as military areas, ammunition warehouses, areas with a risk of
explosion (ex-proof), petrochemical industrial facilities, or oil and natural gas processing
equipment. It is also possible to implement the sensor in biomedical devices, where the
possible electrical potential of common electronic sensors could be a complication. The
long-term work of the entire research team finally fulfilled the requirement of the Czech
Army for the use of a single fiber. Additionally, a version of the sensor using a dense wave
multiplex DWDM was developed.
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