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Abstract. The paper deals with the response of po-
larization maintaining (PM) fibers upon the variation
of the temperature field, on condition both polariza-
tion axes are excited. Proper use can be applied in
the area of optical fiber thermal field disturbance sen-
sor. For a description of polarization properties the
coherent Jones and Muller matrices were used. The
Poincare sphere was applied to depict the development
of the output of the polarization state of PM fibers for
wavelengths 633 nm, 1310 nm and 1550 nm were ar-
ranged in a proposed sensor setup and were studied in
the laboratory. A wide file of results containing depen-
dencies of phase shift variations upon different config-
urations of measured PM fiber was obtained. The ther-
mal field disturbance of the PM fiber was applied by
an object with defined proportions and a defined range
of temperatures. Dependencies of phase shift upon the
object’s temperature, its distance from the fiber and ex-
posed length of PM fiber were measured.
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1. Introduction

From the beginning of fiber realization in the telecom-
munications area it got to the big development of the
theory and practical applications. Almost in the same
time there were ideas on the application of fibers also
in sensors. Isotropic fibers [1], polarization maintaining
fibers (PMF) and rare earth doped fibers [2] have been
used in the number of sensor applications. One exam-
ple of an application is the interferometric sensor of
gyroscope [3], [4]. Polarization maintaining fibers were

established for exciting of optical radiation to one po-
larization axis only and maintenance polarization state
along the whole length of the fiber. According to the
induced birefringence, fibers were applied in sensors,
e.g. for measurement of mechanical pressure [5].

The artificial birefringence caused by the different
thermal expansibility between strength elements and
the fiber cladding reaches high sensitivity to the ambi-
ent temperature of surrounding environment [6]. For
uniform excitation of both fiber axes there is a polariza-
tion state change of optical radiation in the fiber out-
put caused by the ambient thermal field disturbance.
The change of the polarization state of output optical
radiation immediately detects any thermal field distur-
bance caused by an ambient thermal source. High fiber
sensitivity to the outer thermal field initiated the idea
to use the PMF application as a sensor of thermal field
disturbance.

Infant of the research work, time development of out-
put polarization fluctuation in PANDA PMF and bow-
tie for equal excitation of both polarization axes were
studied. Expressive fluctuation led to the construction
of a fiber sensor realized and evaluated for λ = 633 nm,
utilizing good polarization properties of He-Ne laser.
The measured results validated high sensor sensitivity
upon the external thermal field. The disadvantage of
this sensor is its construction arrangement using gas
He-Ne laser as a source of optical radiation. To elimi-
nate this disadvantage and to compare different prop-
erties of the components used, the experiment was ex-
tended for PANDA PM fibers and semiconductor lasers
with wavelengths of 1550 nm and 1310 nm wavelengths.

Results of theoretical analysis and partial experi-
mental tests for λ = 633 nm and 1550 nm were pub-
lished in previous papers [7], [8], [9], [10]. Two partial
experiments for λ = 1550 nm have been made there.
The rate of fiber response depending upon the dis-
tance between external thermal source and the fiber
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was studied in the first one. Effects of PMF response
to its exposed length were studied in the second one.
Presented work is an extension of previous experiments
for a wavelength of 1310 nm. This work focuses mainly
on the determination of fiber response in both depen-
dences during an excitation by an external thermal field
with variable initial temperature. All the results ob-
tained for the three particular PM fibers will be com-
pared.

2. Principle of Sensor Function

The part of PMF can be, in principle, studied as a
multiple linear retarder containing no partial polariz-
ers and can be described by means of a unitary Jones
matrix. Output optical radiation from the PMF can be
described by coherency matrix C′, that is determined
by the unitary Jones matrix of the given component L
and also by a coherency matrix of input optical radia-
tion C according to: [11]

C′ = (LE)⊗ (LE)+ = (LE)⊗ (L+E+) =

= L(E)⊗ (E+)L+ = LCL+, (1)

where + is labelling of the Hermitian conjugate ma-
trix. By decomposition of the coherency matrix of the
output optical radiation elements of Stokes vector can
be found, enabling description of the fiber sensor fea-
tures for thermal field disturbance from the point of
view optical intensity I.

To determine a coherency matrix of output optical
radiation a coherency matrix of input optical radiation
and Jones unitary matrix of PMF were needed. For
excitation of both polarization axes at any angle of
the fiber a clockwise polarized optical radiation was
introduced, described by Jones matrix JRC:

JRC =

(
−i
1

)
. (2)

The suffix RC expresses right circular polarization.
The coherency matrix of an input optical radiation pro-
vides as:

C = 〈E⊗E+〉 =

〈(
Ex
Ey

)
⊗
(
E∗x E∗y

)〉
=

=

(
〈ExE∗x〉

〈
ExE

∗
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〉
〈EyE∗x〉

〈
EyE

∗
y

〉) =

(
Cxx Cxy
Cyx Cyy

)
, (3)

where E is the Jones column matrix (Jones vector) and
E+ is its Hermitian conjugate matrix . Equation (2)

is expressed by matrix Cij to define Eq. (10). After
substitution of Eq. (2) we obtain the coherency matrix
of circular optical radiation:

CRC =

(
−i
1

)
⊗
(
i 1

)
=

(
1 −i
i 1

)
. (4)

The phase shift of the linear retarder φ is put into
the Jones matrix of a linear retarder with azimuth 0 ◦.
By this common relation of linear retarder is obtained
as:

L =

ei
φ

2 0

0 e
−i
φ

2

 . (5)

Hermitian conjugate matrix to the matrix Eq. (5)
can then be expressed as:

L+ =

e−i
φ

2 0

0 e
i
φ

2

 . (6)

By the substitution of matrices Eq. (4), Eq. (5) and
Eq. (6) into Eq. (1) we obtain coherency matrix of out-
put optical radiation:

C′RC = LCRCL
+ =

=

ei
φ

2 0

0 e
−i
φ

2

(1 −i
i 1

)e−i
φ

2 0

0 e
i
φ

2

 . (7)

By calculating the matrix product in Eq. (7), a re-
sultant relation of coherency matrix for output optical
radiation can be obtained:

C′ =

(
1 −ieiφ

ie−iφ 1

)
. (8)

By decomposition of Eq. (8) into the spin matrices
using the following equation,

C =
Cxx + Cyy

2

(
1 0
0 1

)
+
Cxx − Cyy

2

(
1 0
0 −1

)
+

+
Cxy + Cyx

2

(
0 1
1 0

)
+ (9)

+
Cxy − Cyx

2

(
0 −i
i 0

)
,
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we obtain:

C′ =

(
1 0
0 1

)
+ sinφ

(
0 1
1 0

)
+ cosφ

(
0 −i
i 0

)
. (10)

From the relation Eq. (10) it is obvious an assign-
ment of components on the right side of the equation to
the corresponding components of Stokes vector. Unit
matrix corresponds to the component S0, the compo-
nent with multiple sinφ corresponds to S2 and the com-
ponent with multiple cosφ corresponds to S3. Distri-
bution of optical intensity I in the vertical preference
is zero according to the definition S1 = Cxx − Cyy.

For the length of the optical fiber equaling to the
multiple of its beat length and for excitation of both
polarization axes by means of circular polarized optical
radiation with no disturbance of external thermal field,
the phase shift φ will be equal to zero and the corre-
sponding Stokes component S2 = 0. For optical fiber
length different from a multiple of its beat length and
without effect of the external thermal field disturbance
the phase shift will be none zero and will be determin-
ing the particular state of polarization. In the case of
ambient thermal field disturbance by means of an ex-
ternal thermal source the phase shift will be excited
and it will result as a change of the output polariza-
tion state. This variation of the polarization state is
directly proportional to the change of φ according to
the relation Eq. (11). Determination of this change
is realized by means of polarizer - analyzer placed in
the output of fiber. For obtaining the maximum sen-
sor sensitivity the orientation of the output polarizer
– analyzer is 45 ◦ towards polarization axes. By this
arrangement we can measure the whole range of the
phase shift, expressed by the minimum and the maxi-
mum value of the measured optical intensity I.

Due to the character of the measured quantity, the
optical intensity I, is preferable for next description
to use a Mueller matrix. Behavior of the input cir-
cular polarized optical radiation propagating through
the sensor under consideration, the linear retarder, is
expressed by the Mueller matrix as follows:


S0

S1

S2

S3

 =


1 0 0 0
0 1 0 0
0 0 cosφ sinφ
0 0 −sinφ cosφ




1
0
0
1

 =

=


1
0

sinφ
cosφ

 . (11)

The output optical radiation Eq. (11) hits the linear
polarizer – analyzer in the required orientation towards

the polarization axes. In the output of polarizer we
obtain the optical radiation expressed by the Stokes
vector:


S′0
S′1
S′2
S′3

 =
1

2


1 0 1 0
0 0 0 0
1 0 1 0
0 0 0 0




1
0

sinφ
cosφ

 =

=
1

2


1 + sinφ

0
1 + sinφ

0

 . (12)

From this resultant equation it is clear that the out-
put optical radiation of the polarizer – analyzer will be
linearly polarized with an orientation of 45 ◦ and the
change of optical intensity is directly proportional to
the change of phase shift in fiber. From Eq. (12) it is
evident that for given arrangement we measured by the
photodetector directly the value of Stokes element S2.
Since the variations of phase shift in fiber and devel-
opment of the polarization state of propagating optical
radiation through the fiber, these variations are pro-
portional to the S2 and S3 according to Eq. (10). To
evaluate these variations we need know only one mea-
sured Stokes element S′2 or S′3. If S′2 is known, S′3 can
be calculated. The measured Stokes element S′2 is de-
termined from Eq. (12) as:

S′2 =
1

2
(1 + sinφ) =

(
sin

φ

2
+ cos

φ

2

)2

. (13)

As we measure optical intensity I of Stokes element
S′2 and not a phase shift, we determine φ from Eq. (13)
as:

φ = arcsin(2S′2 − 1). (14)

Such analysis deals with the description of sensor
from the point of view of the outer optical intensity
I. In order to describe internal phenomenon in more
detail theoretical analysis focusing on the change of the
beat length depending upon the temperature variation
excited by an external subject was conducted.

3. Phase Shift Variation
Depending on Temperature

When studying PM fiber temperature dependency, it
can be presumed that the output polarization state
variation is dependent on the refractive indices change
of fast and slow polarization axes, i.e. the refractive
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indices change invoked by a temperature change is pro-
portional to the beat length LB variation. This is the
length where 2π phase shift is introduced between the
two polarization axes. The variation of beat length
depending upon temperature can be described by the
following method. The beat length can be expressed
as: [11]

LB =
λ

∆ne
, (15)

where λ is the wavelength and ∆ne is the differential
index. The differential index is defined as:

∆ne = ∆ns −∆nf , (16)

where ∆ns and ∆nf are differences between refractive
indices of particular axes ns, nf and the cladding re-
fractive index nc:

∆ns = ns − nc,
∆nf = nf − nc. (17)

The dependency of beat length variation LB on ∆ne
can be written as:

dLB
d∆ne

= − λ

∆n2e
= −LB

1

∆ne
. (18)

Under the condition that phase shift variation δ is
linearly dependent on the beat length variation LB , it
can be expressed as:

− dδ

2π
=
dLB
LB

, (19)

where the sign – (minus) indicates the state for which
the beat length LB decreases and the phase shift vari-
ation δ increases.

By integration of equation Eq. (19) the following re-
lation is obtained:

δ = −2π

∫
dLB
LB

= −2π(lnLB + C). (20)

For the ambient temperature the beat length is LB0

and the phase shift variation δ = 0. For these condi-
tions the following formula is valid:

C = −lnLB0. (21)

By substituting the constant C Eq. (21) into
Eq. (20), the phase shift variation shall be:

δ = −2πln
LB
LB0

. (22)

By substituting Eq. (15) into Eq. (22), the beat
length depending on a differential index ∆ne, phase
shift variation can be obtained:

δ = 2πln
∆ne
∆ne0

, (23)

where ∆ne0 is corresponding to LB0. Under the con-
dition that ∆ne is linearly changing with temperature
ϑ, the following formula applies:

∆ne(ϑ− ϑ0) = K(ϑ− ϑ0) + ∆ne0, (24)

where K is a proportion constant, ϑ is the excitation
source temperature and ϑ0 is the ambient temperature.
The phase shift variation dependence on temperature
is then expressed by substituting Eq. (24) into Eq. (23):

δ(ϑ− ϑ0) = 2πln

(
K(ϑ− ϑ0)

∆ne0
+ 1

)
. (25)

The phase shift variation dependence on tempera-
ture expressed in Eq. (25) is valid on condition that
the difference of refractive indices of fast and slow axes
is proportional to the temperature. The resultant PM
fiber response is dependent on the number of exposed
beat lengths the heat source is affecting. The response
is different due to the constant source length and dif-
ferent beat lengths of particular PM fibers. Therefore
it is suitable to consider PM fiber responses related
only to one beat length. The total phase shift varia-
tion δ dependence on the total number of exposed beat
lengths and the phase shift variation δLB dependence
on one beat length is expressed by the following for-
mula, where N is the number of exposed beat lengths
LB effected by the heat source:

N =
l

LB
, (26)

where l is the exposed length of PM fiber. As the
heat source effect at the ends is not defined exactly the
number N can be rounded to an integer number. The
phase shift variation of one beat length δLB is expressed
as:

δLB =
δ

N
= δ

LB
l
. (27)

For a differential index the following formula is valid:

∆ne =
λ

LB
. (28)
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Tab. 1: Features of PM fibers.

Type of OF Wavelength Beat length ∆ne Factor LB/l
[nm] LB [mm] [×10−3] [×10−3]

PM630-HP 633 2 0.316 7.2
PM1300-HP 1310 4 0.327 14.5
PM1550-HP 1550 5 0.31 18

Tab. 2: Phase shift variation per one beat length for fiber PM630-HP.

Phase shift variation per one beatlength
Temperature source distance from PMF
5 [cm] 8 [cm] 11 [cm]

Temp.

50 ◦C 13.00 12.00 8.90

π × 10−3 [rad]
45 ◦C 10.90 8.20 7.10
40 ◦C 7.70 6.80 5.30
35 ◦C 5.70 4.70 2.90

Factors LB/l and differential refractive index values
∆ne of particular PM fibers are presented in Tab. 1. In
the case there is m mumber of exposed lengths of PMF
the value of the factor shall be LB/ml. The differen-
tial indices ∆ne of studied PM fibers are practically
the same and that the difference of refractive indices
between fast and slow axes and mechanism of birefrin-
gence generation is very similar for all the selected PM
fibers. This conclusion is supported by the production
technology of identical producer during industrial pro-
cess of PANDA structures of particular PM fibers. The
temperature response related to the one beat length
should be literally the same.

A coefficient for determining sensitivity per beat
length for length l = 27.5 cm is presented in Tab. 1.
The length l is corresponding to the length of the ap-
plied heat source.

4. Experimental Results

The aim of our experimental tests is to determine PM
fiber PANDA type response during its thermal field dis-
turbance when an external thermal source with differ-
ent initial temperatures was applied. The temperature
was changed from 50 ◦C to 35 ◦C in 5 ◦C steps. Mea-
surements were taken for two different exposed fiber
lengths. The fiber response was investigated for three
different distances (5 cm, 8 cm and 11 cm) between
the thermal source and the optical fiber. Disturbance
of the thermal PM fiber field was done using a plas-
tic basin with a constant amount of water heated to
the desired temperature. It was placed on a gap be-
tween 2 polystyrene boards Fig. 1 that cover the unex-
posed part of the PMF.

The above layout in the sensor block enables the ex-
position of the required length of investigated fiber and

Fig. 1: Test setup for measuring two exposed lengths [9].

also enables to arrange the required distance of ambient
thermal field from the fiber. In this experiment, a fiber
response for 1 and 3 exposed lengths were tested be-
tween cork cylinders. One exposed length was 27.5 cm.
The source of optical radiation used for λ = 633 nm
was He-Ne laser, for λ = 1310 nm and 1550 nm laser
diodes ML 725 B8F and ML 925 B45F, respectively,
were used.

The beat length catalogue value of fiber PM630-HP
is LB ≤ 2 mm, for PM1300-HP is LB ≤ 4 mm and
for PM1550-HP is LB ≤ 5 mm. Optical power for
λ = 1310 nm and 1550 nm was measured in intervals
of 0.5 s using a GENTEC-EO P-LINK power meter
with a PH78-Ge photodiode. For λ = 633 nm, an
analog power meter in combination with a HP 34401A
digital multimeter was used controlled by MATLAB.
The interval for taking these readings was 0.64 s.

Figure 2 shows an example of measured polarization
state in the above described given configuration.

For easier illustration and computer modeling of
development of the output polarization state, the
Poincare sphere [12], [13] was created in the MAT-
LAB environment. The polarization state in Fig. 2
for 1550 nm is depicted on Poincaré sphere in Fig. 3.

The measured results were processed in two graphs
versions of phase shift, as a dependency on temperature
for different distances between the thermal source and
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Fig. 2: Example of output optical power for λ = 1310 nm,
1310 nm and 1550 nm, 3 exposed lengths of fiber, ini-
tial temperature 50 ◦C and 5 cm distance between the
external thermal source and the PM fiber.

the fiber and as a dependency on the distance for the
selected temperatures. The presented approximations
come from readings at temperatures of 50 ◦, 45 ◦, 40 ◦
and 35 ◦ and at distances of 5 cm, 8 cm and 11 cm.
Examples of these distances for one exposed length are
shown in Fig. 4, Fig. 5, Fig. 8, Fig. 9, Fig. 12 and
Fig. 13, results for three exposed lengths are in Fig. 6,
Fig. 7, Fig. 10, Fig. 11, Fig. 14 and Fig. 15.

Fig. 4 and Fig. 6 show that dependencies of phase
shift variation on the temperature are approximately
linear. Similarly with increasing exposed length the
phase shift variation increases too, but slowly. There
was only one anomaly presented at the distance of
5 cm, where a big value of phase shift variation was
caused by the thermal source affecting also the neigh-
boring lengths of the fiber that were not supposed to
be exposed.

Examples of the phase shift variation dependence
on the distance for selected temperatures are shown in
Fig. 5 and Fig. 7. Nonlinearity of the dependency for
one exposed length validates the fact that for shorter
distances and greater temperature emission of thermal
source there are undesired interferences, effecting other

Fig. 3: Polarization state readings of the output optical radia-
tion corresponding to the Fig. 2 at 1550 nm.

Fig. 4: Phase shift variation dependency on temperature for
one exposed length of winding for PM630-HP.

Fig. 5: Phase shift variation dependency on the distance of
thermal source from PM fiber for one exposed length
of winding for PM630-HP.

than the required exposed length. This heat effect
is substantially smaller in the case of three exposed
lengths, as the undesired coverage of effected lengths is
smaller. The presented examples are a part of a large
set of measurements for sensitivity tests depending on
the fiber configuration and the ambient temperature.

One of the aims of this study is to compare thermal
field disturbance for three PM fibers working atn differ-
ent wavelengths of 633 nm, 1310 nm and 1550 nm. As
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Fig. 6: Phase shift variation dependence on temperature for
three exposed lengths of winding for PM630-HP.

Fig. 7: Phase shift variation dependence on distance between
thermal source and PM fiber for three exposed lengths
of winding for PM630-HP.

Fig. 8: Phase shift variation dependence on temperature for one
exposed length of winding for PM1300-HP.

Fig. 9: Phase shift variation dependence on distance between
thermal source and PM fiber for one exposed length of
winding for PM1300-HP.

the phase shift variation δ is dependent on the number
of beat lengths, the measured responses were recalcu-
lated according to Eq. (27). Obtained results for par-

Fig. 10: Phase shift variation dependence on temperature for
three exposed lengths of winding for PM1300-HP.

Fig. 11: Phase shift variation dependence on distance between
thermal source and PM fiber for three exposed lengths
of winding for PM1300-HP.

Fig. 12: Phase shift variation dependence on temperature for
one exposed length of winding for PM1550-HP.

Fig. 13: Phase shift variation dependence on distance between
thermal source and PM fiber for one exposed length of
winding for PM1550-HP.

ticular PM fibers are presented in Tab. 2, Tab. 3 and
Tab. 4.
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Tab. 3: Phase shift variation per one beat length for fiber PM1330-HP.

Phase shift variation per one beatlength
Temperature source distance from PMF
5 [cm] 8 [cm] 11 [cm]

Temp.

50 ◦C 4.70 3.85 3.18

π × 10−3 [rad]
45 ◦C 3.71 2.72 2.05
40 ◦C 2.66 2.12 1.82
35 ◦C 1.89 1.56 1.44

Tab. 4: Phase shift variation per one beat length for fiber PM1550-HP.

Phase shift variation per one beatlength
Temperature source distance from PMF
5 [cm] 8 [cm] 11 [cm]

Temp.

50 ◦C 2.85 1.14 0.80

π × 10−3 [rad]
45 ◦C 2.00 0.95 0.67
40 ◦C 1.43 0.83 0.57
35 ◦C 0.58 0.48 0.27

Fig. 14: Phase shift variation dependence on temperature for
three exposed lengths of winding for PM1550-HP.

Fig. 15: Phase shift variation dependence on distance between
thermal source and PM fiber for three exposed lengths
of winding for PM1550-HP.

All measurements show relatively high instability
and sensitivity to other surrounding effects such as
random temperature changes, mechanical vibrations
etc. Therefore this application is suitable as a sen-
sor of thermal field disturbance, but not as a precision
temperature sensor. High sensitivity to temperature
changes could be combined with suitable fiber config-
uration to get the sensitivity to mechanical vibrations,
Such sensor applications could be used for territory

monitoring, to prevent undesired objects approaching,
etc.

5. Conclusion

The presented results complete the tests from a previ-
ous study for λ = 633 nm. By comparing these results,
the expected conclusion can be stated, that there is a
higher sensitivity for λ = 633 nm, mainly due to the
short beat length and high coherency of the He-Ne laser
source. To reach comparable sensitivity at 1550 nm a
longer segment of the exposed fiber should be used. As
advantage of LD for 1550 nm is the compact set up of
the source-fiber-polarizer-detector.

The next study should focus on a detailed analysis
of the effect of source coherency on the fiber behavior
in respect to a phase shift variation during thermal
field disturbance. Generally, also analysis of phase shift
variation in time during all the transformations stages
could be very interesting, first the initial absorption
of the thermal radiation, then successive temperature
stabilizing and then transition into a new stable state.
Based on this, a compact solutions could be built to be
utilized in other practical applications.
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