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Abstract. The principle of this sensor function is
based on polarization maintaining fiber (PMF) sensi-
tivity during excitation of both two polarization modes.
This excitation is caused by temperature change, when
absorbing thermal radiation. This mechanism is used
for detection of temperature field disturbance as an in-
dicator. In the case described below, attention was de-
voted to temperature field disturbance on the part of the
human body. Thus, this sensor system could be used for
protection of some entity. The aim of this study was
to determine the sensitivity of PMF to radiating heat,
the space configuration and time response.
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1. Introduction

Polarization maintaining fibers (PMF) work on the ba-
sis of creating the mechanical strain that causes arti-
ficial birefringence. Typical fiber applications include
cases, where state polarization maintenance along the
light propagation through the fiber is required, and
where the excitation of one polarization axis occurs.
One effective way of creating birefringence is arranging
structures with different thermal expansion into a fiber
cladding. At an excitation of both polarization axes,
when the light propagates through the fiber, the phase
shift happens between these axes. The phase shift
is dependent on temperature and therefore is depen-
dent on incident thermal radiation and is dependent on
change of the polarization state along the fiber as well.
This phase shift can be evaluated by polarizer (ana-
lyzer). Previous experiments [1], [2] showed, that the
most suitable fiber, from the sensitivity point of view,

is PANDA type fiber. The results achieved suggested
to apply such sensor in cases, where the temperature
field is disturbed by human body proximity, i.e. in the
range of specific temperatures. Suitable application
could be, for example, property protection against ille-
gal manipulation and therefore some requirements for
the sensor sensitivity, system configuration and time
response were established.

2. Model of Fiber Thermal
Segment Exposition

Setup of experimental workplace is shown in Fig. 1.
The thermal body is simulated by a plastic basin with
warm water. This arrangement enables changes in the
test water temperature, basin bottom distance from
the fiber and the number of exposed fiber segments.
In the case more fiber segments are exposed, and two
plastic basins are used.

Fig. 1: The arrangement of fiber sensor model.

2.1. Model Description

The model of fiber sensor for detection of temperature
field disturbance caused by human body part was set to
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simulate realistic conditions and also to define analy-
sis and subsequent conditions. Thermal exposition was
realized by a body of defined temperature and placed a
6 cm basin bottom distance from the exposed fiber seg-
ment. For shorter distances (to 13 cm) the response of
PMF has linear characteristic and for longer distances
it has non-linear characteristic. The range of temper-
atures between 35 ◦C and 45 ◦C was selected, i.e. cor-
responding to the normal body temperature of about
37 ◦C. Then a sufficiently wide range of dependencies
around this temperature were selected. Three mecha-
nisms need to be considered for temperature transfer
to the fiber: the thermal radiation of the body, heat
transfer, and the absorption of heat by the fiber.

1) Mechanism of Thermal Radiation

Thermal power P radiated by the body can be de-
scribed by the radiation law [3]:

P = σεST 4 = KRT
4, (1)

where σ is Stefan-Boltzmann constant, ε is emissivity
(characterizing circumference), S is surface and T is
the absolute temperature.

Considering the parameters of the applied body were
constant during the experiments, they could be in-
cluded to the constant KR in Eq. (1). With regards to
the relative small range of temperatures interested, we
could consider linear dependence of power upon tem-
perature. Graph of the fourth power in relative units
(T4/108) for temperatures in a range from 308 K to
318 K (corresponding to 35 ◦C - 45 ◦C) is presented in
Fig. 2. This relation can be assumed linear and thus
the radiated power can be assumed as proportional to
the absolute temperature. The radiated power shown
in Fig. 2 is relative to the radiated power with temper-
ature 298 K (25 ◦C). Variation of linearity is less than
1 %.

Fig. 2: Radiated power (norm function P = 10−8 · T 4 versus
temperature.

2) Mechanism of Heat Transfer

Transferred heat QT from a body of temperature Te
on a body of temperature T was calculated as follows:

QT = λT
S

∆l
(∆Te − ∆T )t = KT (∆Te − ∆T )t, (2)

where λT is a coefficient of thermal conductivity, ∆l is
the the heat source (basin bottom) distance from the
fiber segment, S is the surface area, ∆Te is temper-
ature difference between the source and ambient tem-
perature, ∆T is the temperature difference between the
body and ambient temperature and t is time.

As the phase shift is calculated with respect to the
change of temperature, all temperatures are relative to
the initial temperature of the fiber, i.e. to the difference
between given and the ambient temperature ∆.

As the transfer of heat depends on the difference be-
tween the temperatures, we substituted the difference
of absolute temperatures T by the difference of tem-
peratures ∆ϑ in ◦C, in which the temperature of the
applied body was measured and we obtain formula:

QT = KT (∆ϑe − ∆ϑ)t. (3)

3) Heat Absorption

Heat absorbed by the body QA was calculated as [3]:

QA = cmm∆ϑ, (4)

where m is the mass of the absorbing body, cm is the
specific heat capacity. Because m is proportional to
the length l, the following formula applies:

m = kml, (5)

where km is constant including the profile and the spe-
cific mass of the fiber. Equation (5) can be put into
Eq. (4) as:

QA = cmkml∆ϑ = KAl∆ϑ, (6)

where KA covers the dependence of specific capacity
and proportion parameters, relative to the fiber profile
and the specific mass. The following formula applies for
differentials of transfer functions Eq. (2) and absorbing
Eq. (6):

dQT = KT (∆ϑe − ∆ϑ)dt, (7)

dQA = KAld∆ϑ. (8)
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If we suppose that all transferred heat is absorbed,
the following formula applies:

KAld∆ϑ = KT (∆ϑe − ∆ϑ)dt. (9)

Then we obtain a simple differential equation:

d∆ϑ

∆ϑ− ∆ϑe
=

KT

KAl
dt. (10)

Solution of the equation is in the following form:

∆ϑ = ∆ϑe

[
1 − exp

(
− KT

KAl
t

)]
. (11)

If we suppose that the phase shift changes in the
given and relatively small range of temperatures of
35 ◦C to 45 ◦C proportionally with the tempera-
ture, then change of the phase copies approximately
Eq. (11). The value of optical intensity behind the po-
larizer with turning 45◦ was proportional to the cosine
of the phase shift.

4) Phase Response to the Thermal
Exposition

Suppose that the phase shift is linearly proportional
to temperature, during a relatively small range of tem-
peratures. As proven by previous measurements, phase
shift can be written as follows:

δ = Kπ∆ϑ, (12)

where Kπ is proportional constant (rad/◦C) and is de-
fined from the experimentally obtained dependencies.

By substituting ∆ϑ from Eq. (12) to Eq. (11), we
obtain:

δ = δ∞

(
1 − exp

(
− KT

KAl
t

))
. (13)

Here δ∞ = Kπ∆ϑ is the phase shift in infinity. To
create a common model, norm value of Eq. (13) should
be reflected as:

δ

δ∞
=

(
1 − exp

(
− KT

KAl
t

))
. (14)

2.2. The Output Signal of the Sensor

It is clear from Eq. (14) that the phase shift changes
exponentially during time depending on settings, char-
acterized by the fiber length, and constants represent-
ing radiation, transport, and absorption of the heat.

In the designed sensor system we assume a relatively
short fiber segment, in order of units or maximum of
tens of meters, according to the coherence of the optical
source. In this case we assumed also propagation of the
eigenmodes without any significant mutual coupling.
The phase shift change at the end of the fiber was ana-
lyzed by the polarizer (analyzer) set about 45◦ towards
the polarization axes, where the maximum intensity re-
sponse to the phase shift changes was achieved. In an
ideal case of circular polarization at the input of the
fiber, the intensity behind the polarizer changed from
maximum to the zero value. In the case of imperfect
circular polarization, the intensity in the output de-
creased to a minimum, however not to zero. A similar
effect can happen in case the coherence between both
polarization components is disturbed. The phase shift
evaluation is provided in Fig. 3.

Fig. 3: The set of sensor for measurement.

It is possible to show from Fig. 3 that we measured
Stokes component S2 in the polarizer output. For
this arrangement Stokes components S1 and S−1 cor-
responded to the polarization axes of PMF (see Fig. 4).

For the excitation of fiber, corresponding to a point
on the equator of observable Poincare sphere [4], S2

could be expressed as follows:

S2 = S0 cos δ. (15)

Fig. 4: The set of polarization axes PMF towards polarizer (an-
alyzer) oriented in S2.
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This equation is valid for fully polarized radiation. In
the case of partially polarized radiation, an unpolarized
component can occur at the expense of polarized one
during the process of propagation through the fiber.
Then, the intensity of the polarized component can be
expressed as:

I = S2 = pS0 cos δ, (16)

where I is generally measured intensity on the output
of the polarizer, and p is the degree of polarization.

Insufficiently modulated output signal could not be
only a result of lower polarization degree, but also of
the unequal excitation of polarization axes, e.g. as in
the case of laser diode with noncircular beam profile.
The resultant intensity, measured in the output of the
polarizer includes, in general, constant and variable
parts. For a linear variation of the phase shift, the
variable part of the resultant intensity should change
harmonically. In the case the phase shift depends on
the time Eq. (14) normed output intensity could be
expressed as:

I = 1 −A+Acos

[
δ∞

(
1 − exp

(
− KT

KAl
t

))]
, (17)

where A is amplitude of variable intensity part.

Time behavior of phase shift variation and its corre-
sponding intensity at the polarizer output is presented
in Fig. 5. Curves are valid for normed value of the
phase δ/δe = 1 in Eq. (13) and A = 0.4 for Eq. (17).
Evaluation of the polarization degree is not quite def-
inite. Fixed parts of the output signal could be cre-
ated by both the unpolarized radiation - as a result of
decreasing the degree of coherence between the polar-
ization components during their propagation along the
fiber and the unequal excitation of polarization compo-
nents caused by noncircular laser beam profile. For the
examination of this phenomenon, the term polarization
efficiency pef was introduced, expressing proportion of
variable and constant intensity components.

pef =
A

1 −A
, (18)

from this

A =
pef

1 + pef
, (19)

we can write Eq. (17) as:

I =
1

1 + pef
+

pef
1 + pef

cos[
δ∞

(
1 − exp

(
− KT

KAl
t

))]
.

(20)

Fig. 5: Model behavior of normed value of the phase change
and corresponding intensity.

Fig. 6: Model behavior of output intensity.

Constant and variable components of output inten-
sity for polarization efficiency from 0 to 1 are shown in
Fig. 7.

Fig. 7: Dependence of the constant and variable components of
intensity on the polarizer output.

2.3. The Experimental Verification
and Evaluation of the Time
Response

1) Optical Fiber - PMF 633, Optical Source
He-Ne and LD 633, the Same Length

A demonstration of the time response for this set of
components is depicted in Fig. 8 and Fig. 9. Some dif-
ference in the output polarization is evident from these
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graphs. The polarization efficiency and important val-
ues for its determination are in Tab. 1.

Fig. 8: Time dependence of the output intensity for excitation
PMF by He-Ne laser.

Fig. 9: Time dependence of the output intensity for excitation
PMF by LD 633.

Tab. 1: Polarization efficiency for PMF 7 m of length, excited
by He-Ne and LD633, exposition temperature 45 ◦C.

Optical source LD 633 He-Ne
Maximum value 6.97 7.43
Minimum value 1.05 0.05

Peak-to-peak amplitude 5.92 7.38
Peak-to-peak amplitude/2 2.96 3.69

Mean value (peak-to-
peak/2+min. value) 4.01 3.74

Polarization efficiency (peak-to-
peak/2/mean value) 0.73 0.98

By comparing results in this table, the conclusion is
as follows:

• Effect of coherence on the time response caused by
thermal exposition.

• Insufficient circular polarization in the fiber input
can be caused not only by a low degree of coher-
ence, but also by a noncircular LD beam profile.

• From the practical realization point of view it is
necessary to take into considerations the excita-
tion by LD with regard to the compatibility of
individual sensor components.

2.4. The Time Response to Thermal
Exposition

The experimental test was conducted for the wave-
length λ = 633 nm. For the excitation of PMF, the
HL6312G semiconductor laser was used. Circular po-
larization was obtained behind the linear retarder λ/4.
The total length of PMF was 7 m. In the measured
time dependencies, some invariance occurs. This was
caused by the fiber length and also partially by the in-
put noncircular beam profile. With respect to the test
character that focused, on the determination of phase
shift variation, the separation into polarized and unpo-
larized parts was not important. One unit of the ex-
posed length was the length of the temperature body
(Fig. 3) that equaled to 0.27 m. To make it clearer
in the following text, graphs, and tables, the segments
were marked as first segment and second segment. The
experiment was conducted as follows:

• Two exposed PMF segments with the same length
as the exposed length, each with different posi-
tion with respect to the total length of PMF,
were exposed to the effect of external tempera-
ture body. Distances of first segment and second
segment from the beginning of PMF were 2.91 m
and 4.32 m respectively..

• In the first part of the test the second segment was
exposed to the effect of external temperature body
and after certain time interval the first segment
was also exposed.

• In the second part of the test, both segments were
exposed simultaneously.

To obtain the PMF response sufficiently the temper-
ature of the external body was adjusted to 45 ◦C. Time
dependencies of phase shift variation marked with a
sample number are shown in Fig. 10. The sample pe-
riod was 1.1 s. Adequate time constants were deter-
mined from these time dependencies. Some particular
time constants are presented in Tab. 2.

To model the response of the temperature field dis-
turbance sensor we determined specific constant char-
acterizing the response to the unit of fiber length in this
particular arrangement. If we assume time dependence
of phase shift variation as in Eq. (14), then the time
constant can be determined as 63 % of its maximum
value as follows:

KT

KAl
=

1

t63
, (21)

where t63 is time constant corresponding to 63 % of its
maximum (steady) value.
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Fig. 10: Phase shift variation for segments exposition.

Tab. 2: Phase shifts and time constants evaluation.

Exposition
procedure

2nd then 1st
segment Simultaneously

1st 2nd -
Phase shift maximum

value [rad] 7.45 7.4 14.6

63 % of max. value
[rad] 4.7 4.7 9.2

ts [s] 33 33 46.2

The PMF response value and its sensor sensitivity
are increasing with the increasing exposed length. This
is clear from time dependences in Fig. 10 and from the
obtained results in Tab. 2. On the other hand, the
increased exposed length and, simultaneously exposed
segments, increased time constant t63 more than the
exposition of only one length. This could be also cal-
culated from Eq. (21) where the dependence on the
exposed length was determined. It can be deduced
that for longer exposed length (simultaneously), the
time constant will be increasing hugely with nonlinear
characteristic and its speed will be decreasing. The re-
sultant total response of PMF is almost identical for
the two cases of gradually (second then first) exposed
segments and simultaneously exposed segments.

3. Conclusion

Proposed sensor arrangement is the advantage for
surveillance purposes covering wide area on condition
the laser sources with the sufficient coherency are used.
For significant exposed length there is the appropriate
response. The option of adjusting the sensitivity by
changing the exposed length is also advantageous. A
fast sensor response was achieved by exposition of short
segments simultaneously.

One disadvantage of the sensor is its sensitivity to
other factors, e. g. mechanical vibration. This
could be turned into the advantage, when, for example
surveilling surrounding environment. Another disad-
vantage is the requirement of photonics components to

be a linear retarder and polarizer, compatible with the
optical fiber sensor.

Future work will be aimed at the studying other
effects factors impacting the sensor sensitivity from
the laser source coherency and, radiating characteris-
tic point of view. Then the effects of these external
factors like mechanical vibrations will be studied. The
main aim of our future work is to realize a compact
sensor as an electronic evaluating system. This system
will represent a particular optical receiver with digital
signal convertor.
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