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The in-line fibre-optic polarisation analyser enabling measurement of full polarisation parameters of light propagated in op-

tical fibre is presented in the paper. This device uses a standard single-mode optical fibre in a system of the polarimetric con-

figuration. Introduction of controlled birefringence in such a fibre and application of an appropriate polariser set at the end

of the system allow to get full information about polarisation parameters to obtain. Evaluation of any changes of the state as

well as the degree of polarisation have been achieved by application of an appropriate detection system and numerical cal-

culation based on the coherence matrix theory. Finally, some experimental results of the system performance and determina-

tion of the main errors are presented.
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The possibility of measuring the full light polarisation
parameters, i.e., state of polarisation (SOP) and degree
of polarisation (DOP) in bulk-optics is well known and
has been developed for many years. Such systems are
used in spectro-polarimetry [1], in automatic recognition
of target images [2-4], and sensor areas [5]. However,
the methods of SOP and DOP determination by fibre-
-optic systems are relatively new. As a matter of fact
there were presented in the literature fibre-optic po-
larimetric systems [6] but it was not used for determina-
tion of polarisation properties of light. The first works
presenting methods of SOP measuring by in-line optical
fibre system were published in Refs. 7 and 8. An in-line
version of such a system giving full information about
polarisation parameters (i.e., ellipse and degree of polar-
isation) of the investigated light is presented in this pa-

per. The first theoretical description of in-line fibre-optic
system allowing investigation of full polarisation param-
eters was introduced in Ref. 9. This theory has been used
as a base for the system described in this paper.

The principle of operation is based on birefringence
modulation in the standard single-mode fibre and a suitable
detection of harmonic amplitudes from the output electric
signal. In order to introduce controlled birefringence modu-
lation in the optical fibre, the piezoceramic squeezer has
been used. From theoretical point of view this element
works as a linear phase shifter (LPS) whose principle of
operation is schematically shown in Fig. 1. Modulated light
goes through the polariser and is detected by the photo-
detection system. The output time-depended electric signal
carries information about all searched polarisation parame-
ters of light in its harmonic amplitudes. It should be noticed
that the above presented idea of the LPS element perfor-
mance has been firstly presented in Ref. 8.
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Fig. 1. Main idea of the linear phase shifter (LPS) application for determination of polarisation parameters.
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The full polarisation description of the light propagating
through any optical system requires consideration of its sta-
tistical properties; hence it has been assumed that light is
quasi-monochromatic and partially polarised. For light de-
scription, the coherence matrix J approach in the following
form has been used [10]
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denotes time averages, symbol „*” denotes complex conju-
gation, and Ex, Ey denote two orthonormal electric field
vector components that are perpendicular to the direction
of light propagation.

Attractiveness of the above matrix is connected with its
usefulness for description of optical system because the op-
tical intensity I observed at any optical system output is
equal to the trace of the output coherence matrix Jout [10],
hence

I Tr out� ( )J , (2)

where the output coherence matrix is connected with its
form before the system Jin and Jones matrix M of all sys-
tem [11] according to the following relation [10]

J M J M
†

out in� � � , (3)

where † indicates the Hermitian-conjugate.
Remarkable fact is that J matrix gives directly informa-

tion about DOP, because a total intensity of the quasi-
monochromatic beam I0 can be treated as a sum of the
polarised light intensity IP and the depolarised light inten-
sity ID. Thus, the DOP is characterised by the polarised
light IP to the total light I0 intensity ratio. According to the
definition of the coherence matrix, Eq. (1), this value takes
the form [10]
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For this reason, the DOP of polarised light is equal to 1 (P
= 1), the depolarised light has DOP equal to 0 (P = 0), and
all intermediate DOPs of light range between zero and one
(0 < P < 1).

The coherence matrix contains also information about SOP
describing an ellipse of the electric field vibration in a
plane perpendicular to the direction of wave propagation.
The SOP defined for monochromatic and polarised light
beam can be described by two parameters (�� �) of
so-called standard Jones vector E as [11]
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and Ey, Ex, �x� �y are the amplitudes and phases of electric
field components, respectively.

Consequently, the coherence matrix which describes
the quasi-monochromatic and partially polarised light beam
can be expressed by its intensity I0, degree of polarisation
P, and SOP parameters (�, �) in the following form [9]

J[ , , ]
cos sin

sin cos
P I

P P e

P e P

i

i
�

� �

� �
�

�

�
�

�
�

�

�

�1

2
1 2 2

2 1 2
0 �

�

�
� . (6)

This relation is the way for a description of all polarisation
properties of light beam as it is done in the next part of the
paper.
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The construction scheme of the system called fibre-optic
polarisation analyser (FOPA) is shown in Fig. 2. The opti-
cal part of this system consists of two 50–50 fibre couplers
(FC-1, FC-2), LPS element, three polarisation controllers
(PC1, ..., PC3) and two fibre-optic polarisers (P[0], P[���]).
The light with unknown polarisation parameters (DOP and
SOP) passes through the fibre coupler FC-1. The first FC-1
output arm is called reference arm and allows measuring of
total intensity of the incoming light via detector D0. In the
second arm, called signal arm, the polarisation parameters
of incoming light are searched using a LPS element. Then,
the light is divided by coupler FC-2 and passes through two
polarisers (P[0], P[���]) oriented at the angle 0 and ���
with respect to the fast axis of the LPS. Electric signals
from detectors D1 and D2 are collected in personal com-
puter after processing by lock-in amplifier. Polarisation pa-
rameters are calculated basing on these data. Additionally,
three polarisation controllers are used for proper system ad-
justing; the first one, PC1 compensates the birefringence of
the fibre before LPS, while the PC2, PC3 are used for the
fibre polarisers adjusting. FOPA system is similar to the
previously presented FOPE one [9], but application of the
reference arm to the detection of the total light intensity as
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well as introduction of and the new theoretical approach
give a possibility of the DOP measuring, too.

To apply the coherence matrix approach to FOPA de-
scription one should know the Jones matrix form of the
whole optical part. The equivalent lumped elements repre-
sentation of FOPA optical part for this description is shown
in Fig. 3.

The system contains three optical branches, which ma-
trix description, i.e., M0, M1, M2, have the following form
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( )]t � A,

, (7)

where P[�] is the Jones matrix describing polariser oriented at
the angle � with respect to the fast axis of the LPS, A is the
matrix form of the ideal coupler, G[�(t)] is the matrix of linear
retarder describing the LPS action, and D[�/2] is the matrix of
a constant phase retarder connected with the phase shift be-
tween two output branches of an ideal coupler [12]. The
above matrices can be defined as follows [13]
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where �(t) is a time-dependent birefringence generated in
LPS. If a voltage signal driving the piezoceramic squeezer
is V(t) = V0sin�t, the phase changes (for linear range of
SOP modulator operation [8]) is �(t) = �0sin�t, where �0 is
the birefringence modulation amplitude and � is the signal
frequency.
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Fig. 2. General scheme of FOPA system.

Fig. 3. The dependence between input and output coherence matrices for FOPA, described in Jones matrix approach.



Application of Eqs. (7–11) for calculation of the output
signals U0, U1 and U2(t), as well as Eqs. (2), (3), and (6)
leads to the following relations

U Tr Tr I
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Consequently, the output signals in FOPA system take the
form
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As one can see, only the signal from detector D2 is
time-dependent and it can be expressed by the following
harmonic components
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Fig. 4. Numerical simulation of the output signal U2(t) for different parameters of SOP. The DOP = 0.7 has been used as a parameter for all
simulation. (a) and (b) show influence of � for � � ���� and � � �/4, respectively, whereas (c) and (d) influences of � for � � � and� � �/4,

respectively.



Investigation of the above relation by simulation meth-
ods (Mathematica 4.1, Wolfram Co.) is shown in Fig. 4.
Fundamental influence of the investigated polarisation pa-
rameters on the output signals has been used in the signal
processing unit. The changes of the angle � generally affect
the signal amplitude [compare Fig. 4(c) and Fig. 4(d)],
whereas changes of � affect the signal harmonic ratio
[compare Fig. 4(a) and Fig. 4(b)]. Moreover, the increasing
DOP value increases the values amplitude of the time de-
pendent signal U2(t), as it is shown in Fig. 5.

The proper system performance requires the condition
J0(�0) = 0 to be fulfilled [7,8], so the modulation amplitude
�0 generated by the LPS must be equal to 2.4048. In this
way, only the first three harmonic components of the signal
from detector D2 are important and relations for the output
signals take the following form
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Because the signal U1 depends directly on U01, special
adjusting procedure should be introduced. The main purpose
of this procedure is determination of U01 value as it has been

described in section 3.1. Finally, the parameters describing
polarisation of light beam can be find from Eq. (15)
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The above relations show, that the angle � is deter-
mined only from appropriate amplitude ratio of the first
and second harmonics of the signal U2(t). Estimation of the
� and � in all ranges of their changes, (i.e., from 0 to ��
and from 0 to ���� respectively) needs an appropriate deter-
mination of arguments of sin� and cos� trigonometric
functions. These values are determined by identification of
U2� and U2�� signal signs following the procedure shown
in Table 1.

Table 1. Procedure of determination of an argument value for �.

Sign of U2� plus plus minus minus

Sign of U22� plus minus minus plus

Range of angle � (0, �/2) (�/2, �) (�, 3�/2) (3�/2, 2�)

The next parameter describing SOP, i.e., the angle �,
can be found from the signal U1 and the harmonic U2�
values. The degree of polarisation can be found from the
signal U1 or other values of the first three harmonics of the
signal U2(t). Because the DOP is reciprocal to the angle �,
when � is nearly zero, the DOP value is non-determinable
from the mathematical point of view. For such a situation,
the DOP can be determined from the signal U1 as a half of
peak-peak value of this signal existing for changes of SOP
by PC1 [see the first relation in Eq. (15)].

The proper FOPA operation needs a compensation of
birefringence introduced by the optical fibre before LPS. A
typical polarisation controller (PC1 – see Fig. 2) secures
this operation. According to the Kapron rule of equivalence
[14], the general description of any piece of standard sin-
gle-mode optical fibre in Jones matrix formalism has a fol-
lowing form [15]

M R G RF � � �[ ] [ ] [ ]� � , (17)
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Fig. 5. Numerical simulation of the output signal U2(t) for different
DOP. The constant SOP with � � � � ��� has been used as a

parameter.



If the polarisation controller is used for compensation
of this birefringence, the following relation should be ful-
filled

M M I M = R G RPC F PC�  ! � � � � �[ ] [ ] [ ] �� . (18)

Analysing the results of the polarisation controller in-
fluence [12], a conclusion can be drown that it is possible
to transform any SOP to the desired one by suitable
changes of the angle position of two fibre loop of this de-
vice. Therefore the matrix form of this device MPC gener-
ally fulfilled Eq. (18). Equation (15) shows that determina-
tion of the polarisation parameters needs only two first har-
monics of the output signal U2(t). The third amplitude har-
monic, existing in Eq. (15), is used for estimation of the ap-
propriate modulation amplitude (�0 = 2.4048). This proce-
dure is based on the operation in such a point where the ra-
tio first-to-third harmonics gives constant value. It has been
widely described in Refs. 7 and 8.

��  !�������	�
����	�

���� "���	���	���
���
������	���
��
#$%&
���	��

General view of the laboratory constructed FOPA system is
shown in Fig. 6(a). A standard single-mode fibre with
�c = 610 nm has been used. From this reason, the special
couplers and polarisers made in the Applied Physics Divi-
sion, the part of the Institute of Applied Physics MUT,
have been applied. Because such a fibre-optic system is
generally very sensitive to temperature fluctuations [16], a
loose tube has been used for additional fibre protection. A
piezoceramic squeezer working at about 100 V and fre-
quency about 1.5–2 kHz has been used as the LPS [see Fig.
6(b)]. Interaction length of the optical fibre was about
5 mm and generally this interaction has not been optimised.
The EG&G 7260 lock-in amplifier has been used as the
digital signal processing unit. As the output signal from
this device the amplitude of the first three harmonics of the
signal has been taken. Additionally, the lock-in amplifier
has given the intensity-normalised factor U02 as the integral
of U2(t) signal equal to ten multiplicities of the period
����" The same device has been also used for the LPS con-
trol and driving. Additionally, the system contained per-
sonal computer with a special software for a visualisation
of the output signals from the electronic part as well as pre-
sentation of the calculated polarisation parameters of light
in real time.

According to theoretical investigation discussed in the
previous section, the input fibre birefringence is compen-
sated by PC1. It can be easily shown that if the SOP of the
light reaching the LPS is linear to the direction of the main
axes of birefringence introduced by this device, no modula-
tion of the output signals from FOPA system is observed. It
is the main idea of the proper system adjustment via PC1.
For this reason the polarised light with linear SOP is used

for system calibration. It may be a classical He-Ne laser
with a rotator on the output. In the first step, the compensa-
tion of the input fibre birefringence is made. This is ob-
tained for such a PC1 position, where signal modulation
vanishes at the system output for two orthogonal input
SOPs. In the second step, the input SOP is rotated by ����
and the output polariser positions are adjusted via control-
lers PC2 and PC3, i.e, the second harmonic of modulation
frequency at D2 and constant signal component at D1 are
obtained.

The same source is used for determination of U01 value
needed for polarisation parameter calculation via Eq. (15).
For the light with linear polarisation and the angle � equal
to �/4, the output signals take the form

U U

U U

U t U Pj t

adj

adj

adj

0

1

2 1 2 2

00

01

02 2 0

�

�

� #( ) [ ( ) cos( )]� �

, (19)

where the constantU
adj
02 is defined as integration of the sig-

nal U2(t) in time equal to multiplicities of the period T =
2�/�

U
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U t dt n N
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Fig. 6. General view of the FOPA system (a) and the used LPS
element (b).



As a result, the reference signal U0 equal to the constant

U
adj
00 is used as a normalisation factor for U1 and U2 sig-

nals. After adjusting procedure, the following normalisa-
tion quantities are obtained

� �01
01

00

02
02

00

� �
U

U

U

U

adj

adj

adj

adj
, . (21)

The above relations give also normalisation factor for the
signals U1 and U2 which take the final form
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Applying the normalisation procedure one can present the
polarisation parameters described by Eq. (16) as
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The experimental verification of the FOPA performance
has been done using the system described above. For this
reason, the light of various input SOPs, initially measured
by the Babinet-Soleil compensator (BSC), has been intro-
duced to the system. Some examples of the detected signal
U2(t) from the FOPA are shown in Fig. 7, where the bot-
tom signatures indicate the measured SOP values. The
DOP determined for used He-Ne laser was equal to 0.99
for all measured changes of SOP.

The obtained polarisation parameters calculated from
Eq. (23) have shown that the FOPA is very precise. It en-
ables measurement of SOP with the accuracy of 1.0 deg for
� and 4.8 deg for �. Such a good accuracy, better than for
classical methods (using the BSC or a rotational quar-
ter-wave plate and a polariser) is obtained using a computer
method of calculation. The LPS is driven by 1.9 kHz signal
and parameters investigation time is up to 100 ms, so the
system can work in real time.
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Fig. 7. Signals from the detector D2 for P = 0.99 and different input SOP: (a) � � ��� rad�� � � rad, (b) � � ��� rad�� � +��� rad, (c) � � ���
rad� � � ,��� rad, (d) � � ��� rad� � � ��� rad.
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The experiments have shown that main error sources are ir-
regularities and instabilities of LPS element operation. The
form of the modulation signal assumed in Eq. (10) is only a
theoretical one. In practice, the initial deformation of the fi-
bre by PZT squeezer should be also considered. This effect
directly affects the measurement of the quantity � and indi-
rectly the quantities � and P due to the introduced initial
constant fibre-optic birefringence. In consequence, the lin-
ear retarder describing the LPS action in the form of
G[�in + �(t)] with random changes of the constant value �in

should be considered. Figure 8 shows some examples of
the influence of random initial deformation introduced by

LPS element on the system response. Unfortunately, this
effect in the applied construction of LPS is difficult to
eliminate.

Moreover, the LPS uses the PZT stack which needs a
high voltage driving. In such a construction, the partial dis-
sipation of the PZT squeezer driving signal V(t) increases
its temperature as well as the initial deformation. This
source of error has influenced mainly long-term stability of
the FOPA operation which is shown in Fig. 9(a). However,
this disadvantage can be minimised using a fitting proce-
dure (Mathematica 4.1). Measured data were fitted by lin-
ear regression procedure. The constant coefficient resulted
from it gives information about an error in polarisation pa-
rameter calculation, whereas linear coefficient defines the
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Fig. 8. Initial deformation (fibre birefringence) influence on system operation: upper – real oscillograms of the output signal U2, bottom –
theoretically investigated signal U2 calculated for different �in values, respectively to the upper situation: (a) -in = 5.1 rad, (b) �in = 5.5 rad,

and (c) �in = 6.1 rad.

Fig. 9. Long-term stability of the FOPA system for SOP measurement: (a) before correction and (b) after correction.



temperature increasing speed, that was estimated at the rate
of 0.17.C per minute. The SOP parameters can be found
considering this circumstances, as it is shown in Fig. 9(b).
The input SOP, measured by the BSC was � = 13.4 deg
and � = 9.8 deg, and the system drift is calculated for
1.0 deg and 4.8 deg for � and �, respectively. These param-
eters directly influence the values of the system final accu-
racy given at the end of section 3.2.

The next source of an error of the discussed above sys-
tem is a limited extinction ratio of the used fibre polarisers.
As it was shown theoretically in Ref. 9, the proper system
operation requires the fibre-optic polarisers with extinction
ratio better than 20 dB.

'� "���������

The light in the optical fibre system is quasi-monochro-
matic and partially polarised, so the measurement of DOP
as well as SOP are important. The presented in-line fi-
bre-optic polarisation analyser ensures measurements of
those parameters without implementation of rotating parts,
so it is compatible with fibre-optic sensors of interfero-
metric and polarimetric type. As a result, the in-line con-
struction of the FOPA can be easily implemented in fibre
links in the form of simple and compact devices. Because
the operation frequency is about 1–2 kHz, there is a possi-
bility of investigation of parameters up to 100 ms, so the
system can work in real time. In consequence, the FOPA
can be useful in some types of practical applications.

Numerical simulation as well as experimental results
show that the presented system works correctly for par-
tially polarised light. Theoretical considerations show that
the system gives constant output signals for depolarised
light, so Eq. (16) cannot be used. On the other hand, the pa-
rameters describing SOP do not exist when P = 0. It is noti-
ceable that for quasi-monochromatic light and ideal fi-
bre-optic polarisers, the theoretical relation of Eq. (13) and
final Eq. (16) are compatible with those presented previ-
ously for polarised light in FOPE system.

The reference arm is required only for an initial adjust-
ment of FOPA operation. Afterwards the signal from this
arm is not used, but such an adjustment is needed after
changing the experiment conditions. The presented results
have also shown a good accuracy of the presented device in
comparison with the one obtained using a classical bulk op-
tic system. However, the applied construction of LPS ele-
ment is thermally instable, very sensitive to initial squeez-
ing and requires high voltage driving. As a consequence,
this element should be optimised from the point of view of
its future applications.
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