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A”HoTanusg. B pabore AeTalibHO MpPOAHAJIM3MPOBAH KOTEPEHTHBIN CIeKTpajbHbIi METOH
M3MepEeHUS IapaMeTPOB aHU30TPOITHBIX BOJIOKOHHBIX CBETOBOAOB € YU€TOM IMOJISIPU3aLlMOHHOMN
mucrepcun mmokasareneit pesomiieHns (ITIT) 1 BO3MOXHEBIX YIJIOBBIX PAacCOTIACOBAaHUM OCei
NBYJIYYSTIPEIOMICHUSI ONTUYECKUX B3JIEMEHTOB cXeMbl. C HCITOJIb30BAaHMEM METOIa MaTpPUII
JI>)koHCa paccMOTpPeH W3MEPUTEIbHBIN MOJSIPU3ALMOHHBIN MHTepdepoMeTp U HailJaeHBI
3aBUCUMOCTM €ro XapaKTepUCTUK OT IapamMeTpoB cxeMmbl. IlokazaHO, 4YTO OTKJIIOHEHUS
BEJIMYMH OCEBbIX YIVIOB OT ONTHUMAJIbHBIX MPUBOAUT K CHUXKEHUIO KOHTpAcTa BbIXOAHBIX
WHTEP(PEePEHUMOHHBIX CUTHAJOB U TMOSIBJCHUIO TAapa3uTHBIX CIEKTPaJbHbIX COCTABISIONIMX.
ITonyyeHbl aHANIUTUYECKME BBIpAXEHUS IS JABYJYYEIPEJIOMJIEHUS W JIJUHBI OUEeHUA
MOJISIPU3aIIMOHHBIX MO ¢ yueToMm aucriepcuu I1I1, a Takske Ij1 cCrieKTpaabHOI TepeaaTouYHOR
GyHKIMKM moJsIpu3alMOHHOrO MHTepdepomeTrpa U ee Dypbe-o0pasa. DKCIEPUMEHTAIBHO
MPOJEMOHCTPUPOBAHBl OCOOCHHOCTM IPUMEHEHUSI OINKMCAHHOIO MeToma IS M3MEepeHus
KJIIOUEBBIX MapaMeTpoB ABYIYUYeNpeIOMISIOIINX BOJOKOHHBIX CBETOBOAOB TPeX THUIIOB.
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Introduction

Optical fibers with strong linear birefringence, belong to a special class of single-mode optical
fibers that have the property of maintaining the linear state of polarization in light waves propa-
gating through them (also called polarization-maintaining (PM) fibers). These fibers are widely
used in optical systems requiring polarization matching of interfering waves: in coherent optical
fiber communication systems [1, 2], in fiber-optic sensors [3] and in information processing
devices [4—8]. The practical parameters of such optical fibers, which make it possible to evaluate
their capability to maintain the state of linear polarization, are birefringence and the beat length
of polarization modes [9].

© Tomouenko A. U., [lerpos A. B., Temkuna B. C., ApuenkoB A. b., lubunoruna M. K., Kotos O. U., 2025. Uznarens:
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Linear birefringence is determined by the difference in refractive indices B=n_— n, of two
orthogonal, linearly polarized waves whose electric field vectors are oriented along the x and y
axes (the so-called polarization modes). As a rule, the birefringence value is found by measuring
the beat length of polarization modes L, = A/B.

The beat length of these modes is the distance at which the difference in their phase delay
reaches 2xn. The beat length can be measured if the light propagating inside the fiber is exposed to
phase modulation. Phase modulators [10] can be used for this purpose, as well as devices applying
transverse force [11], heating or elongation of the fiber [3].

Another well-known approach to phase modulation is the spectral method, analyzing the radi-
ation transmitted through the PM fiber while scanning the frequency of optical radiation.

There are two modifications of this method:

coherent (using a laser);

incoherent (using a superluminescent LED and an optical spectrum analyzer).

With both approaches, the interference signal of polarization modes of this fiber is recorded at
the output of the optical circuit with PM fiber. The magnitude of this signal varies with modula-
tion in the phase difference of the polarization modes as a result of optical frequency scanning. It
should be noted that in the case of linear phase modulation, the corresponding signal is harmonic.
In both cases, the beat length can be estimated by measuring the period of the interference signal
with wavelength-modulated light

There are other approaches to measuring birefringence, for example, based on light
backscattering [12—14].

Spectral methods have become widespread [15] as electronic components and fiber tech-
nologies for optical information systems are further developed. Continuous-wave laser devices
with high coherence and a wide range of spectral tuning have been constructed [16]. Side-hole
single-mode fibers with birefringence of the order of 10~* have gained popularity in fiber-optic
sensors for measuring hydrostatic pressure and elongation [17, 18].

Efforts are underway to improve the parameters of both PM fibers [19] and methods for mea-
suring their characteristics [11, 20, 21]. The advantage of this approach is that it provides linear
scanning of the radiation phase in a wide range without resorting to traditional optical modu-
lators, which expands the scope of its application and increases the accuracy of measurements.

The parameters of PM fiber were measured earlier in [15] by excitation of a single-mode
polarization interferometer (SMPI) by an incoherent LED source; the period of the received
interference signal was measured with an optical spectrum analyzer. However, as we intend to
prove in this paper, in practice, the waveform of the given signal may deviate from a harmonic,
due to mismatch between the birefringence axes of the fiber and the axes of the input and out-
put fibers. In this case, direct measurement of the period of the interference signal may produce
inaccurate results.

In this paper, it is proposed to use double spectral transformation of SMPI signals:

the first transformation is to find the optical transmission spectrum of a polarization interfer-
ometer, the so-called spectral transfer function (STF);

the second transformation is the spectral Fourier transform of interference signals forming
the SPF.

This double transformation makes it possible to correctly determine the frequency and period
of the low-frequency spectral component of the Fourier transform corresponding to the interfer-
ence of the principal polarization modes. This approach can reduce the error level in measure-
ments of the period of the interference signal and, accordingly, the beat length of the polarization
modes associated with possible angular mismatches of the elements in the SMPI circuit.

We previously used a similar method of double spectral transformation to measure the parameters
of an intermodal fiber interferometer in both coherent and incoherent configurations [22, 23].
However, as discussed below, applying this method to PM fibers has its own peculiarities.

Here, we analyze a fully fiber-based configuration of a polarization interferometer without
using any volumetric optical elements. The paper presents a model describing this approach and
taking into account possible angular mismatches of individual elements of the optical circuit in
their connections, distorting the measurement results.

We accounted for dispersion of refractive indices of orthogonal polarization modes. This issue
has been considered in numerous earlier studies [15, 24—26]. We obtained analytical expressions
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for the STF in the SMPI, characterizing the effect of dispersion on the key parameters of PM
fibers: the beat length of the polarization modes and birefringence.

The paper reports on numerical simulation of various characteristics of a polarization inter-
ferometer, such as the STF and its Fourier transform, the birefringence, and the beat length of
polarization modes. We conducted experiments to measure the parameters of various types of
PM fibers, yielding good agreement with theoretical models and proving that this approach can
be used for accurate measurements of parameters of fiber optical fibers with linear birefringence.

Theoretical analysis

Single-fiber polarization interferometer. To implement the method for measuring birefringence
considered in this paper, the fiber under study is incorporated into the circuit of a single-fiber
polarization interferometer (SFPI) [15] (Fig. 1).

1 2 3 4 5 6 7
Laser with optic'al] SME Z BEF m I?I BEF m SME {Photodetector‘
frequency scanning | | BFF LM

Fig. 1. Circuit of single-fiber polarization interferometer (SFPI):
laser I with optical frequency scanning; fiber polarizer 2; fusion splicings 3, 5; fiber 4;
fiber polarizer 6; photodetector 7; single-mode fiber (SMF), birefringent fiber (BFF)

Laser 7 emits light whose wavelength is scanned in a certain range:
A, —0.5-Ak A, +0.5AX .
span span
After passing through polarizer 2, linearly polarized light propagates along one of the axes of
the PM fiber aligned with the polarizer. To excite two polarization modes in the fiber, it is nec-
essary that the axes of the fiber be oriented at an angle of 45° relative to the polarization direc-
tion of the light at the output of polarizer 2. In our study, this was achieved during splicing of
the fiber with the fiber inputs using a device capable of detecting and aligning the birefringence
axes with the given angles (splices 3 and 5). After passing through the fiber and splicings 5, two
orthogonal polarization modes are formed in the output PM fiber, each arising from the interfer-
ence of two polarization modes excited in the fiber. One of the polarization modes in the output
fiber is completely suppressed by polarizer 6, after which the interference signal is received by
photodetector 7.
To analyze the processes in the SFPI circuit, it is most convenient to use the Jones matrix
method [27, 28]. Let us briefly overview our measuring circuit.
The Jones vector at the output of the first polarizer is written as:

E—0 1
=1 ) (1)

We assume that polarizer 6 at the output of the circuit is oriented parallel to input polarizer 2.
In this case, the corresponding matrix can be written as

P—OO 2
=y | @

Fusion splicings 3 and 5 for the case of orientation at angles y,, = 45° can be represented by
the following rotation matrix: ’

cosy,, siny,, 1 (1 1
R = ’ = .
2 (W0) (‘Sinwl,z COSWl,zJ \/5(_1 J (3)
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PM fiber 4 is described by the following matrix:
exp[—iB,(1)- L] 0
0 exp[—iB, (A)- L]

where L is the length of the fiber considered; B, (x) are the propagation constants of orthogonal
polarization modes (these are functions of the wavelength A, as written).

We emphasize that matrix (4) is presented for the case when the amplitudes of polarization
modes are equal.

The dependence of propagation constants (k) on the wavelength is of fundamental impor-
tance for further analysis. However, we use a more compact notation B, , implying this dependence.

Thus, taking into account expressions (2)—(4), we can write the complete Jones matrix for the
measuring circuit:

Wy =P -R,(v,) W, R(y,)=

_(0 oj L(l 1) e™ 0 L[l —1]_
o 1) 2l=1 1)L o et 2l 1) )

1 0 0
2(—e Pty ™t B

In view of expressions (1) and (5), the Jones vector at the output of the SFPI can be written
as follows:

1 0 0 0) 1 0
E, =W;E, :E Lo Bl gl B B ’ 1 =5 e (6)

Then the light intensity at the output of the measuring circuit takes a simple form assuming
no losses:

P i( o +e,ﬁyL).(e,,.BxL L L) 411(1+ [b ], Ben ] +1)=

:%(2+ ZCOS[(ﬁX —By)L}) =%(1+COS[(Bx _By)LJ)

Since the propagation constants depend on the wavelength, it is obvious that the output inten-
sity (see Eq. (7)) also depends on the wavelength. In fact, this dependence can be considered the
STF of the SFPI.

Next, we show that the beat length of fiber modes and, accordingly, its birefringence can be
measured by Fourier analysis of this function.

STF of polarization interferometer taking into account polarization dispersion. Let us consider
the technique for obtaining the Fourier transform of the STF defined by expression (7).

For further analysis, it is advisable to expand the propagation constants of the polarization
modes into a Taylor series with respect to the wavelength A, taking into account the linear terms
of the expansion:

(7

)= ) 3 10

+21-— “(A=X,),
7“0 di A l ( 0) )
where A is the central wavelength of the Taylor series expansion.
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In view of the derivative in expression (8), we obtain:

2TEI’lx (7»0) 27[ dl’l (7\,) 21
3y = T tfo) 2T BB 2T ) |- 0i=ny).
Bx’y( ) 7\,0 7\40 dr k(z) " ,y( 0) ( O) ©

The derivatives of the refractive indices of the modes with respect to the wavelength A in
expression (9) reflect the effect of polarization dispersion.

If we substitute expression (9) into Eq. (7), we obtain the expression for the intensity of light
at the output of the SFPI as a function of wavelength:

i 2T o
—_— n _n —_—
» (n,—n,)
(A)=A-{1+cos| L- > (10)

21 dn_(\ dn (L)
1) 2| =y | V)]G
22 dn |x0

out

L

where nO are the refractive indices of the core for waves with polarizations E yata wavelength A ;
A is the amphtude coefficient determined by the input radiation.

Expression (10) represents the STF of the SFPI taking into account the expansion of the prop-
agation constants into a Taylor series and has the form of a harmonic function of the variation in
light intensity at the output of the interferometer depending on the wavelength of the source by
means of a multiplier (A — A ). Analysis of expression (10) allows to conclude that the presence
of polarization dispersion changes the period of the STF. This statement will be proved below in
the calculations.

Expression (10) can be used to estimate such a quantity as the beat length taking into account
the polarization dispersion L¢. Indeed, the beat length is the length of the fiber section at which
the phase difference of polarization modes changes by 2z. In view of this and the condition for
the change in the phase difference of the modes by 2n with a change in wavelength by (A — 2),
the expressions for the beat length of the modes and birefringence, taking into account the polar-
ization dispersion L¢, can be written as follows:

Iy - % Lo
dn dl’l B
An)(c),y — X (d?j |x0 m |x0j
(11)

dn dn
B=An" -\, | —=
X,y 0 L d}\, d}\, ’KOJ

It follows from expressions (11) that the presence of polarization dispersion leads to a decrease
in birefringence and an increase in the beat length. The superscript gr in L¢ reflects accounting
for the group velocities of interfering polarization modes used to construct this quantity.

Since the phase difference of polarization modes changes during scanning of the wavelength A,
the beat length can evidently be estimated from the STF. In the case of linear variation in the
optical frequency, the STF formed is a harmonic function. The change in the wavelength &4, for
which the phase difference of polarization modes changes by 2x corresponds to one period of the
STF. This circumstance makes it possible to estimate the beat length by the period of the STF.

Indeed, taking into account the above, we can use expressions (10) and (11) to obtain
the relations:

L — ﬁ - Li’ =L %
Ly o\, Ao

, (12)

where L is the length of the fiber considered.
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Since L and A, are known, the measurement of 54, using STF allows to determine the beat
length L¢ from Eq. (12).

It should be emphasized here that the spectral method introduces an additional parameter
characterizing the PM fiber, which is 54,. As noted above, it is defined as the variation range of
the light wavelength corresponding to one period of the STF. As seen from Eq. (12), this param-
eter also depends on other characteristics of the PM fiber. It primarily depends on the length of
the fiber, as well as on its birefringence and dispersion included in expression (11) for the beat
length of polarization modes. It is this parameter that is used to determine the beat length in
coherent or incoherent spectral methods for measuring L, [15]. In our study, this parameter was
reasonably obtained by analyzing the Taylor series expansion of the propagation constants of
polarization modes.

Analytical expression for Fourier transform of STF. Taking into account Eq. (12), expression (10)
can be represented in a simpler form:

1(?L)=1+cos{‘l’+7;27T

- (%—%o)} (13)

0~b

where ¥ is a constant phase component independent of the wavelength L and expressed as
= 2nn’ L/,
The Founer cosine transform of this expression has the form

A?\‘span

2
S:\E | co{\n 2nl (k—ko)}-cos(K-Sk)dSK:
T A 7\'0L§r

—

(14)
2 —
1 sin| A\, an K K
— | cos[3M(K,~K)loh=—— Ay (K, )],
A}“&pcm 27[: A}\"vpan (KO K )
. . . 2n- L .
where K| is a constant value for the given interferometer, K =——; AL__ is the wavelength

}\'0 Lir ’ span
scanning range; SA = A — X, Kis the wavelength-dependent argument in expression (14).
In view of Egs. (12), the coefficients K and K| can be written as follows:

2n-L _2m-A, _ 2m o, 21
Ao-L, Ay-OA, S\, O\

K, =

Here and below, the superscript in the notation of the group beat length is omitted for simplicity.
Normalized expression (14) can be now written in the following form:

_ AL AL
sin 27_[ span_ span
O\, A

[M Al ] ’ (15)
27

S(5L) =
span span

5h, O\

where My is the wavelength scanning range, 84, is the period of variation in STF intensity.

Expressmn (15) is actually the Fourier transform of the STF and depends only on two
parameters: the scanning range A\ pan and the STF period &),. Apparently, the function S(51) has
an extremum at 5\ = d),. Thus, the position of this extremum on the abscissa axis can be used to

determine the STF perlod o, and the beat length of polarization modes:
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For further analysis, it is convenient to make the following substitutions:

AL AN

span span
N, =2 N =

Sh, Sk
Eq. (15) then takes the form

sin[Zn(N0 —N)]
27t(N0 —N)

S(N)= (16)

Let us interpret the meaning of the substitutions made during the transition from
expression (15) to (16). The quantity N, as follows from its definition given in the previous
paragraph, numerically corresponds to the number of STF periods in the wavelength scanning
range Ak, . This implies a statement that is important for practical implementation of the
approach under consideration: the application of the fast Fourier transform (FFT) to STF
ensures that N is found, since the numerical value of the sample on the abscissa correspond-
ing to some spectral component of FFT characterizes the number of harmonic oscillation
periods that fit in this sample.

Based on this, it is possible to formulate a simple algorithm for finding the beat length and
birefringence of the fiber.

Step 1. Construct SFPI circuit containing an optical laser source with tunable wavelength (such
as an interrogator with the required wavelength modulation range).

Step 2. Record the STF, subsequently applying the FFT to it.

Step 3. Determine the numerical value of the sample N, at which an extremum characterizing
the interference of polarization modes is observed.

Step 4. Obtain the value of the beat length from expression (12), taking into account the sub-
stitution N, = Axspan/&b, using the expression

_L-A?»

NN,

span

A
Step 5. Estimate the birefringence value using expression (11) An, = =2,

b
Fig. 2 shows the STF and the corresponding Fourier transforms of the SFPI STF for three
lengths of the fiber under study, obtained by Egs. (10) and (16), respectively. The following values
of calculation parameters were selected [29]:

A, = 1550 nm, AXSW = 80 nm,
n—n = 4.983-104,

d
dn, _dn, ~32.10"° L
dh di nm

Evidently, as the length of the fiber under study increases, the period of the corresponding STF
decreases proportionally and the spectral component in the Fourier transform shifts to the right
on the abscissa, which corresponds to theoretical predictions. Fig. 2, ¢, f additionally shows the
STFs and their Fourier transforms obtained for the case of absence of polarization dispersion. It
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Fig. 2. SFPI STF (a—c) and corresponding Fourier transforms (d—f) for three lengths L
of fiber under study. The STFs and the Fourier transform are also shown
for absence of polarization dispersion (red dashed lines in (¢) and (g));
N,, N,,, are the parameters expressing the coordinate of the maximum spectral component in the presence
and absence of dispersion, respectively; the values of the calculation parameters are given in the text

can be seen that the presence of polarization dispersion leads to an increase in the STF period
and a shift to the left on the abscissa of the corresponding spectral component (i.e., to an increase
in the beat length).

We can find the beat length from the Fourier transforms shown in Fig. 2, d—f as

gr_LkW"

" AN,

The beat length for all three cases L&= 3 mm. This corresponds to theoretical predictions,
since the beat length of the fiber does not depend on its length. Accordingly, birefringence
An_ =~ /L&=10-5.117"

Similar calculations of the beat length and birefringence yielded results of 2.75 mm and
5.65-107*, respectively, for the case of absence of dispersion (red dashed line in Fig. 2,f). Thus,
the presence of polarization dispersion leads to an increase in the beat length and a decrease in
birefringence, which corresponds to theoretical predictions.

This section presents a model of the SFPI taking into account the polarization dispersion.
It is shown that the approach aimed at obtaining the Fourier transform of the STF makes it
possible to effectively determine the beat length of the fiber under study. It is also established
that the developed model makes it possible to evaluate the effect of polarization dispersion on
fiber birefringence.

Analysis of the effect of angular misalignment between the birefringence axes of the fiber under
study and the axes of the input and output fibers. Analysis of expressions (5)—(7) shows that the
optimal mode of SFPI operation is achieved in the case of orientation of the axes of the fiber
under study at an angle Vv, = °45 relative to the axes of the input and output fibers, since in this
case the orthogonal polarization modes in the fiber have equal amplitudes.

However, these angles may deviate from the values Y, = 45° in the practical implementation
of the SFPI circuit, due to the inevitable errors occurring during assembly of the interferometer
and splicing of optical fibers. In view of this, we deemed it necessary to conduct analytical review
of the case of angular misalignment to determine its effect on the SFPI signal.

The complete Jones matrix for the case of arbitrary values of angles Vi, has the following form:
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W 0 0 eii(BxL)z 0 cOS \|12 Sin \llz e*leL O
= . . ) y
o 1 0 o B | (—siny, cosy, 0 o™

cosy, —siny, ¢ ) 0
X . .
siny,  cosy, 0 e—"(ByL)l

(17)

where (Bxy-L)l and (Bxy-L)2 correspond to the additional input and output fibers necessary for
plugging optical connectors and included in the SFPI circuit, respectively.
Then the output Jones vector takes the form:

[ (B, L), +(B,L 0
Eout =e [(By )1 (By )J ( ByL]' (18)

siny, -siny, -e ™" +cosy, -cosy, e’

It can be seen from expression (18) that the parameters of the input and output fibers are
contained in the phase multiplier in front of the Jones vector. Evidently, these parameters should
not affect the output intensity.

Thus, the intensity of the light entering the photodetector can be written as follows:

I=E -E, =cos’(\y,)—cos2y,sin’ (y, )+

+%.sin2\|,2.sinzwl.cos[(ﬁx—ﬁy)L}. (1)

Specifically, the contrast and the constant component of the interference signal are functions
of the splicing angles between the fiber under study and the input and output fibers.
The contrast of the signal ¥ and the constant component / can be written as

Vo sin 2y, -sin 2y,
7. [cosz (w,)—cos2y,sin’ (y, )} ,

(20)

I, =cos’ (y,)—cos 2y, sin’ (y, ). Q1)

Fig. 3 shows the calculation results for the contrast of the interference signal V and the con-
stant component /, depending on the angle y, for three values of the angle v, using Egs. (20) and
(21), respectively. It can be seen that the contrast is maximum in the absence of misalignment
(angles y,, = °45), and the constant component is equal to half the maximum intensity of the
interference signal. If the angles y,, deviate from 45°, variations in contrast and the constant
component are observed.

1
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504 L —_— - \\

0 15 30 45 60 75 90 0 15 30 45 60 75 90 0 15 30 45 60 75 90
Yy, deg

~

Fig. 3. Dependences of contrast of interference signal V (blue solid lines) and constant
component / (red dashed lines) on the angle y, for three values of the angle v,
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Analysis of the effect of angular misalignment between the axes of fiber polarizers and connected
fibers. Let us consider another case that is important for practice, when there is angular misalign-
ment between the axes of fiber polarizers and the fibers connected to them. In such a situation, the
Jones matrix of the entire system has a significantly more complex form. To simplify the expres-
sions, let us assume that the misalignment only appears in the segment with the first polarizer and
the input fiber. In other words, a linear state of polarization is observed at the input to the circuit,
but its orientation does not coincide with any of the axes of the first fiber and the misalignment
angle is equal to a. Then the output intensity of the SFPI is determined by the expression

cos2%¥, -cos2¥, +
l-cos2a- ) ) +
+sin 2, -sin 2\, - cos [(Bx —By)L]
cos2W¥, -sin2¥, -cos[(Bx1 -B, )Ll]+
+sin2a-+sin 2, -sin® (¥ )cos[(B -B, ) (Bxl—By,)Ll]—

—sin2¥, -cos’ (¥, )- cos[(B -B ) (Bxl—Byl)Ll]

» (22)

N | —

where the parameters with the subscript 1 refer to the first fiber (L), the parameters without sub-
scripts (L) refer to the PM fiber under study.

Expression (22) contains a constant component (1st line); a harmonic that defines the birefrin-
gence of the fiber under study (2nd line); a harmonic that defines the PM fiber at the input to the
SFPI circuit, i.e., the first (input) optical fiber (3rd line). Additionally, combination frequencies
are present, the difference (4th line) and total (5th line) harmonics.

Note that in this configuration of the circuit, the amplitudes of all the components in Eq. (22)
depend on the misalignment angle a. In addition, in contrast to the misalignment in the splices,
‘parasitic’ combination components with birefringence that do not correspond to the birefringence
of the fiber measured appear in this case. All parasitic components disappear at an angle o = 0°.

Fig. 4, a—c shows the SPFs, i.e., the dependences of the intensity of the interference signal /
on the wavelength A, obtained in accordance with expression (22) for three values of the mis-
alignment angle o and the optimal angles corresponding to the orientation of the axes of the fiber
under study v, = = °45. Fig. 4, d—f shows the corresponding Fourier transforms of these depen-
dences obtained by applying FFT to the corresponding STFs.

Similar calculations by Eq. (22) were performed at a fixed angle a = 10° and different angles
v, and vy, (Fig. 5).

Evidently, in the absence of misalignment (o = 0°, y, = y, = 45°), the dependence of the
intensity of the interference signal I on the wavelength A is a harmonic function (see Fig. 4, a,
d). The presence of angular misalignment (a = 10° and 20e) leads to the appearance of additional
harmonics, distortion of the waveform and a decrease in contrast (see Figs. 4, b, ¢ and 5, a—h).
Importantly, the estimation of the period of interference signal /(A) in the presence of angular
misalignment may turn out to be erroneous because it is impossible to accurately determine the
period of the interference component corresponding to the principal pair of polarization modes.
However, the period of this component can be estimated more accurately if the Fourier transform
of the interference signal is used. This is exactly the approach proposed in this paper.

To summarize, we analyzed the dependences of STF on the misalignment angle in the SFPI
circuit. It is shown that the deviation of the splicing angles v, from the value of 45° leads to a
decrease in the contrast of the interference signal. It is also shown that when the polarization
orientation of the input radiation is misaligned with the axes of the input fiber, the birefringence
deviates from the harmonic, and additional harmonics appear in its Fourier transform. Due to
the appearance of additional harmonics, the estimation of the beat length of the fiber under study
through direct measurement of the period of the interference signal may yields errors. To avoid
such errors associated with the presence of additional harmonics, we propose using Fourier anal-
ysis of the interference signal, which allows to more accurately estimate the period of the spectral
component corresponding to the interference of a pair of principal polarization modes.
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Fig. 4. STF (a—c) and corresponding Fourier transforms (d—f) for three cases of angle o
characterizing the misalignment of the input polarizer axis with the birefringence axes,
at the same orientation angles of the birefringence axes of the fiber under study: y, = y, = 45°
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Fig. 5. SPF (a—d) and corresponding Fourier transforms (e—#) for four orientation angles
of the birefringence axes of the fiber under study at the same misalignment angles a (a = 10°)
between the axis of the input polarizer with the birefringence axes

Experimental studies of PM fibers by the spectral method

Circuit for measuring the parameters of PM fibers. To measure the necessary parameters, we used
a scanning laser and a photodetector synchronized with it, included in the NI PXIe-4844 interro-
gator. The scans were performed with sawtooth phase modulation with the following parameters.

Scanning parameter Parameter value

Frequency, cycle/s...eeeeeeiiiiiininnnnnnn. 10

Optical power, MW .............cvvvnnnnnn. 0.06

Central emission wavelength, nm........ 1550

Range, nm............oooooviiiniinn 1510—1590 (A, = 80 nm)
Optical frequency band, THz.............. 10

SteP, PM..iiiiiieeeeeeeeeee e 4 (0.5 GHz).
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Fig. 6. Scheme of experimental setup for measurements by the spectral method
(arrows indicate the direction of light propagation):
NI PXlIe-4844 interrogator / (PD is the photodiode); optical circulator 2; fiber-optic polarizers 3, 7;
elements 4, 6 for rotating the axes of the PM fiber by 45°; fiber 5
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Fig. 7. Experimentally obtained STFs (a—c) and their Fourier transforms (d—f)
for fibers of three types: with elliptical core (a, d),
with elliptical stress-inducing cladding (c, f) and PANDA type (b, e)

Fig. 6 shows the measuring setup for studying PM fibers using the spectral method.

Measurement technique and results. The measurements were carried out by the technique
described above. The light from the laser source first passes through a fiber-optic polarizer, then
through a piece of fiber spliced at an angle v = 45° to the principal axes, and then enters the fiber
measured. To obtain an interference pattern, the light again passes through the optical element
rotating the axes by 45° and the fiber-optic polarizer. Next, the output signal is sent through the
circulator to the photodetector synchronized with the source.

Fig. 7, a—c shows experimentally obtained STFs and Fig. 7, d—fshows their Fourier transforms
for the three types of fibers under study. A technique known in digital signal processing was used
to increase the resolution of Fourier transforms [31]: before applying FFT, an array consisting of
zeros was added to the numerical array corresponding to the STF.

It can be seen from Fig. 7, a—c shows that the two polarization components formed an STF
during interference, which is a quasi-harmonic signal with one dominant spectral component.
The obtained STF data can be used to acquire the necessary information about the required beat
length parameter by two simple methods.
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Method 1. The experimental data can be used to find 5),, and then the formula i = % can
be used to obtain the beat length: L A,

This approach is equivalent to the method of incoherent excitation of PM fiber using an opti-
cal spectrum analyzer [15].

Method I1. 1t is based on the Fourier analysis method of STFs proposed in this paper. The FFT
is applied to detected STFs. The value of the parameter N, expressing the coordinate of the max-
imum spectral component is found from the obtained Fourier transforms. Next, the beat length
is found by the following formula:

L AL
b= N
0 0

span

The beat lengths obtained by the first and second methods are evidently the same in order of
magnitude. However, the approach proposed in this paper involving Fourier analysis of the STFs
provides more accurate results in cases when the form of the STF deviates from the harmonic due
to unavoidable misalignment in the optical circuit.

The obtained characteristics of the studied PM fibers with different types of birefringence and
different lengths are given in Table.

Table

Experimentally obtained characteristics of PM fibers

Fiber type Lm| N | L,mm | B, 10"
3.70 | 48
PANDA 570 | 74 3.97 3.9
- . 5.60 | 80 3.61 4.3
Elliptical stress cladding 750 1 104 370 g
Elliptical core 1.35 | 28 2.53 6.1

Notations: L is the fiber length, N is the number of STF periods in the
wavelength scan ning range Ax_ . L, is the beat length, B is the birefringence.

span’

The results presented in this paper for the beat lengths obtained in experiments and calcula-
tions are in good agreement with the parameters of commercial PM fibers and with the results
obtained by other authors [30] for this optical spectral range. For example, the beat length of
PANDA-type PM fibers turned out to be 3.97 mm, which is in good agreement with the specifi-
cations for commercial fibers (3—5 mm).

Conclusion

The article presents a detailed theoretical and experimental study of a double spectral method
for measuring the parameters of anisotropic optical fibers with linear birefringence taking into
account the dispersion of refractive indices.

The section “Theoretical analysis” considers a polarization fiber interferometer as an integral
part of the optical measuring system. We obtained expressions for the main characteristics of the
interferometer taking into account the effect of dispersion, that is, the spectral transfer function
and its Fourier transform, deriving expressions for birefringence and the beat length of modes
based on these characteristics. For this purpose, we used the Taylor series expansion of the prop-
agation constants of polarization modes with respect to the wavelength, allowing to account for
the effect of mode dispersion.
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In addition, the Jones matrix method was used to comprehensively analyze the effect of mis-
alignment between the angles of various fiber elements in the optical circuit on the key parameters
of the polarization interferometer. It is established that a deviation from the optimal angle of 45°
in the device rotating the axes of the PM fiber causes a decrease in the contrast of the interference
pattern. The angular misalignment of the input PM fiber produces parasitic interference signals
with combination birefringence values. Model calculations were performed for the characteris-
tics of PM fibers, making it possible to accurately estimate the main parameters of anisotropic
optical fibers.

The section «Experimental studies...» describes a measuring circuit using an interrogator and
signal processing methods. The spectral transfer functions of PM fibers and their Fourier transforms
are given. The spectral method was used in experiments with three types of birefringent fibers:

PANDA-type,

with elliptical stress-cladding,

with elliptical core.

The samples differed by length and magnitude of birefringence. Spectral transfer functions,
their Fourier transforms, beat lengths, and birefringence values are obtained for each of them.
Where possible, the characteristics provided by the manufacturer were compared with experimen-
tal results related to PANDA-type optical fibers and optical fibers with an elliptical core; as a
result, their good agreement was obtained.
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