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Abstract. The paper deals with utilization of induced bi-
refringence sensitivity to temperature field in birefringent 
optical fibers. The propagating optical wave and optical 
fibers are described by means of coherency and Jones 
matrices, which are decomposed into unitary matrix and 
spin matrices. The development of polarization caused by 
temperature field is interpreted on the Poincaré sphere by 
means of MATLAB® environment. The temperature sensi-
tivity of Panda and bow-tie fiber has been measured for 
circular polarization excitation. Curves of intensity fluc-
tuation caused by the temperature dependence are pre-
sented. 
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1. Introduction 
Polarization preserving fibers utilize an induced bire-

fringence, which creates expressive difference in velocity 
of two polarization modes and so that it limits coupling 
between them by the defects along the fiber. During the 
excitation of one polarization mode this fiber maintains the 
polarization of optical wave. Utilization is in a number of 
applications in the area of information transition or in the 
area of sensor, e.g. interferometric sensor as fiber gyro-
scopes, etc. Significant group of polarization preserving 
fibers are fibers, where optical birefringence is created by 
means of delimitate cladding parts with different tempera-
ture coefficient than proper cladding. This construction 
creates different mechanical stress of the fiber core and 
thereby it induces the optical birefringence. Typical repre-
sentatives of this group are the fibers denoted as bow-tie 
and PANDA. These fibers can be characterized by the two 
linear polarization modes, which propagate with the dif-
ferent velocity. The phase shift which thus arises, changes 
polarization state on the fiber output. The principle of bire-
fringence creation leads to its important temperature de-
pendence and after that to the temperature dependence of 

output phase shift. Based on the measured values of phase 
shift 0.735 and 0.757 rad.m-1°C-1 on the 1m of fiber bow-
tie and PANDA with beat length 1 and 2 mm respectively 
[1] we can suppose orientation value of phase shift about 
0.75 rad.m-1°C-1. High sensitivity on the ambient tempera-
ture was also investigated during measurement of effect of 
torsion on the transient properties and so that has been 
measured more detailed [2].  

Along the propagation of only one polarization mode, 
temperature dependence is not substantial in many applica-
tions. The birefringence sensitivity on the temperature and 
possibility of temperature effect on the long parts of fiber, 
which multiple fiber sensitivity on the temperature, should 
lead to the idea to utilize these properties for measurement 
of temperature during excitation of both polarization 
modes. This application should require relative compli-
cated signal processing from the optical and electronic 
point of view. But it is possible to create very sensitive 
temperature sensor which reacts on the variations of tem-
perature field. Its utilization can be, e.g. for guarding of 
territories towards the entry of persons or to come close to 
the equipment. The possibility of fiber distribution enables 
the monitoring of large territory. 

2. Theoretical Analysis 
A birefringent fiber is in its substance the linear opti-

cal retarder, more precise multiple optical retarder. Impor-
tant characteristic quantity is the beat length zz defined as 
the length, where the phase shift between the polarization 
modes arises equal to the 2π. According to the fact that 
birefringence value determines the temperature extensibil-
ity, we define the beat length for 20°C as reference z20. In 
the next considerations we will suppose only effect of 
temperature on the different velocity of propagation, but 
not the temperature extensibility, which has no substantial 
effect on the variation of phase shift on the beat length.  

The polarization development of the wave propagat-
ing along the fiber and fluctuation of output polarization 
with temperature can be described by means of Stokes 
parameters and interpreted on the Poincaré sphere. For 
description we will use less commonly usual way of tran-
sition to the Stokes parameters by means of coherency 
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matrix for description of optical wave and Jones matrix for 
description of fiber.  

For optical radiation we can use coherency matrix J 
as follows 
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where  Ex, Ey are components of electric field 
intensity in the axes x, y, 

 
yx EE ,  are components complex conjugate to 

the Ex, Ey, 
  is symbol for mean value, 

 Jxx, Jxy, Jyx, Jyy are components of coherency 
matrix. 

Coherency matrix can be decomposed by means of 
unitary matrix and spin matrices. This decomposition can 
be made also on the body of quaternions, which are in 
unique relation with the spin matrices [3]. 
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Coefficients in the individual matrices respond to the 
Stokes parameters S0, S1, S2, and S3. Relation (2) can be 
written as  

  33221102

1
σσσIJ SSSS   (3) 

where I is 
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the spin matrices. 

Indices of spin matrices are matched to the indices of 
Stokes parameters. Towards usual notation the indices are 
cyclic shifted about value one. This fact must be given in 
the consideration at solution of relations between the spin 
matrices. 

Coherency matrix can be written as 
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From the mathematic point of view [4] we can 
interpret the matrix (3) as follows. If there exists the set of 
orthogonal unitary vectors 32 ,, uuu1 , so that to the vector 

 33221 uuuS 1 SSSu   (5) 

the Hermitean matrix can be assign, in our case the matrix 
H in the relation (4). This relation is called isomorphism. 

If optical wave described by the matrix J propagates 
through the optical environment described by the Jones 
matrix L, so for coherency matrix of output optical wave J´ 
the following relation  is valid 

  LJLJ´  (6) 

where L+ is hermitean conjugate matrix to the matrix L. 

After substitution (4) to the (6) we obtain according 
to LIL+=I the result 

   LHLIJ 02

1
´ S  . (7) 

Whether optical system does not contain any partial 
polarizers but consists entirely of rotators and retardation 
plates, a general Jones matrix L is only unitary [5]. The 
relation LHL+ represents, regarding to the unitarity of 
matrix L, rotation of vector Su representing by the matrix 
H, about angle and around the axis defining Euler pa-
rameters [4]. This conception enables general solution, 
which is not necessary for our application. 

Maximal sensitivity on the temperature variation can 
be reached by the same excitation of both polarization axes 
i.e. excitation by the circular polarization, or linear polari-
zation with 45° orientation with respect to the polarization 
axes. Excitation by the circular polarization is more suit-
able because we don’t need to know position of polariza-
tion axes. We consider the fiber as linear retarder with 
phase shift δ=n2π+φ, where n is the number of integer 
multiples of beat length and φ is the part which is already 
not integer multiple of beat length.  

Coherency matrix of circular polarized optical wave 
is given by the relation 
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where S0 is the total intensity. 

The sign discriminates clockwise and counter clock-
wise polarization. The clockwise polarization is described 
by Jxy(-i) and Jyx(+i). The clockwise and counter clockwise 
orientation are discriminated by an observer who is situated 
in the path of the beam (specifically, far out on the Z-axis) 
and is looking toward the light source, which is at the 
origin of coordinates [6]. 

For simplicity we will consider the fiber in the posi-
tion, where polarization axes are identical with coordinate 
system of measurement. Jones matrix can be expressed as 
follows 
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The coherency matrix of output optical wave J´ can 
be obtained by the substitution of (8) and (9) to (7). 
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After the decomposition of the second matrix in (10) 
on the spin matrices, we get the relation corresponding to 
the vector in orthogonal coordinate system 32,, uuu1 : 
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The values cos and sin correspond to the Stokes 
parameters S3 and S2. According to the fact that parameter 
S1 equals to zero, the point describing the polarization state 
in the output moves for variation of  along to the circle, 
created by the cut of the Poincaré sphere perpendicular to 
the axis u1, coming through the pole, corresponding to the 
circular polarization. 

The birefringent fiber is considered as multiple linear 
retarder. On the beat length z20 which is reached at 20°C it 
comes for this temperature to the phase shift 2π between 
the polarization modes. For the fiber length l=nz20+l, 
where n is integer multiple of beat length and l is part of 
fiber which is not integer multiple of beat length, it comes 
to the phase shift 20=n2π+(l). Interpretation of polari-
zation development for excitation by the circular polariza-
tion on the Poincaré sphere corresponds to the n orbits 
along the circle coming from the pole, defined by cut of 
Poincaré sphere by the plane limited by the axes of Stokes 
parameters S2, S3, to the partial shift corresponding to 
(l). 

For temperature variation phase shift changes to the 
value φ(�)=φ20 ± ΣiΔφi ± Δφ(Δl ), where the sum is only 
over i - beat lengths, for which the temperature field 
effects. 

According to the fact that phase shift on the part of 
fiber l and for temperature variation is negligible with the 
relation to the variation ± ΣiΔφi   on the i-elements, we can 
suppose temperature variation ()=()-20 directly as 

i and it is valid 

   
i

iΦ . (12) 

This simplification comes from the fact, that for beat 
length e.g. 2 mm variation of temperature field can affect 
up to 500 beat lengths and measured values of phase shift 
on 1m and 1°C in the similar fibers are 0.735 and 
0.757 rad.m-1.°C-1 [1].  

Development of polarization by the effect temperature 
field variation can be observed on the Poincaré sphere in 
Fig.1. With respect to the values of phase shift, the varia-
tions of temperature field will show variations of phase and 

corresponding shift of point along the Poincaré sphere 
surface, at the effect of temperature variation on the longer 
part of fiber there will be a multiple phase shift of 2π and 
multiple circulation of point along the circle on the Poin-
caré sphere described above. Because only detection of 
changes is of interest, the polarization development can be 
described by means of observing output polarization under 
some angle with respect to the polarization axes. The set-
ting of output polarizer with angle 45° with respect to the 
polarization axes is useful. In this case, intensity of output 
optical wave changes from maximum at phase shift 0° to 
the minimum at the phase shift π. The values correspond to 
the points on the axis S2.  

 
Fig. 1. Development of polarization with excitation by 

circular polarization and with changes of temperature 
field. 

3. Experimental Results 
The arrangement of a work place for experiments is 

given in Fig. 2. Polarization preserving fiber PANDA for 
wavelength 633 nm is wound on the paper spool with 
diameter 14.5 cm. The length of the fiber is 8 m, 7 m is 
directly on the spool and 1 m is free. The winding of the 
coil is as follows: 3/6 of turns are on the upper side and 
temperature variation will be effect immediately on them, 
3/6 windings are on the bottom side of the coil and it is 
isolated from temperature effect by the paper spool. Linear 
polarized radiation of He-Ne laser is launched through 
retarder λ/4 into the fiber input, so the fiber is excited by 
the radiation with circular polarization. The output radia-
tion from the fiber is led on the polarizer-analyzer oriented 
over 45° with respect to the polarization axes. The maximal 
output power from the fiber was 100 W. The output 
intensity is measured by means of a power meter with 
multimeter controlled by the PC with program AMEX, 
which enables direct cooperation with Excel and process-
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ing of results. Using program part enables time measure-
ment of output values, in our case with interval approxi-
mately 1 s (true value of interval is 0.975 s).  

 
Fig. 2. Arrangement of work place. 

Measurement was realized at typical room tempera-
ture. With respect to the temperature fluctuations, evidently 
by the influence of persons presence, warm rising in meas-
urement equipment etc., the state of polarization and also 
the intensity on the output of polarizer changes in the time 
interval from ones to tens minutes.  

The btained results of output intensity measurement at 
the different measurement times and only effects of typical 
room temperature fluctuations are presented in Fig. 3. 
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Fig. 3. The intensity fluctuation caused by typical room 

thermal field disturbance at 3 different times. 

Disturbance of temperature field was simulated by 
different methods. A typical example is i.e. illumination of 
the fiber by the light of a bulb from a different distance, 
insertion of some thermal body to a different distance etc. 
In Fig. 4, 5, 6 and 7, we can see the time dependence of 
intensity for disturbances of thermal field caused by a ce-
ramic plate and a hand, expressed by the order of reading.  

In Fig. 4 the ceramic plate heated on 37°C is used for 
thermal field disturbance, which can simulate, i.e. tem-
perature of a human hand. With regard to the size of the 
plate (16x12 cm2) it covers the diameter of the coil on one 
side from the 80%, so that from the whole length of the coil 
in the upper side of the coil (3/6), this is approximately 
3,5 m, the plate effects approx. on the length of the fiber 
equal to 2.9 m. 

In Fig. 4 in the time of 50th reading (approx. in 50th 
sec) a ceramic plate heated on 37°C inserted at distance 
6 cm, simulated the human hand. From the graph it is clear 
that in the time of insertion output polarization is very 
strongly changed and step by step gets near to the steady 

state at the higher temperature, where polarization will 
again slowly fluctuate. The whole time of measurement in 
this case was 200 s. In Fig. 5 there is the same experiment 
but the plate is removed in the time of 100th reading and 
the polarization is going back to the beginning state. 
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Fig. 4. The intensity fluctuation caused by ceramic plate 

thermal field disturbance from the time of 50th reading 
to the end of reading. 
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Fig. 5. The intensity fluctuation caused by the ceramic plate 

thermal field disturbance from the time of 50th reading 
to the time of 100th reading. 

As an interesting demonstration, the examples of dis-
turbance of thermal field by the placing of a hand at the 
identical arrangement as in the cases of the ceramic plate in 
Fig. 4 and 5 are given in Fig. 6 and 7. It is evident that the 
diagrams with the plate (37°C) and human hand are 
similar. 
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Fig. 6. The intensity fluctuation caused by hand thermal field 

disturbance from the time of 50th reading to the end of 
reading. 

Multimeter 
HP 34401A

Coupler Laser He-Ne 
Retarder 

Coupler 

Coil of 
fiber 

Polarizer-
analyzer 

Detector 

Power 
Meter 

PC 



RADIOENGINEERING, VOL. 18, NO. 4, DECEMBER 2009 643 

0

10

20

30

40

50

60

70

80

90

100

1 15 29 43 57 71 85 99 113 127 141 155 169 183 197

Number of reading

In
te

n
s

it
y

 [
μ

W
]

 
Fig. 7. The intensity fluctuation caused by hand thermal field 

disturbance from the time of 50th reading to the time of 
100th reading. 

It is necessary to accent, that measured results prove 
that the reaction time of the observed fiber is in order of 
100s. Together with the high sensitivity it enables not only 
application in temperature sensor systems detecting distur-
bance of thermal field, but after a deeper analysis also at 
regulation systems, which need fast reaction on the tem-
perature disturbance. 

The given results are valid in the presented configu-
ration, where the effect is limited on the part from the 
whole length of the fiber. It is evident, that during the inci-
dence of thermal variation on the longer parts of the fiber, 
sensitivity increases with the length of the fiber and with 
practically the same preserving of the reaction time. 

4. Conclusions 
The presented results are only the demonstrations, 

which show possibilities of applications of polarization 
preserving fibers with excitation of both polarization axes 
as highly sensitive elements and their possible use in tem-
perature sensor systems, where they can react on the ther-
mal field, or in regulation systems, with fast reaction on the 
temperature changes. These applications evidently need 
stable configuration of sensors, or eventually the work of 
a system at a different wavelength, enabling creation of 
a compact set of an optical source, a fiber, a detector and 
polarization elements.  
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