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Abstract. In this paper, a new method of polarization mode dispersion (PMD), which can
significantly limit the speed and range of transmission of fiber optic transmission systems (FOTS),
compensation was developed and analyzed. In contrast to the existing types of PMD compensators, in
which the optical fiber is subjected to mechanical stresses to create a photoelastic anisotropy, in this work
the use of alternative method of creating photoelasticity in optical fiber (OF) by creating a helical ordered
rotation of the glass microstructure (ORMG) is proposed. The helical orientation of the microstructure of
the OF glass is achieved by acting on the fiber in the process of manufacture (drawing), when it is in a hot
state, electromagnetic field, the power lines of which are directed in a circle. | am not sure what this
sentence is trying to say. The result is an asymmetry of the dielectric constant of the fiber glass material
and therefore the anisotropy of the optical properties. When the optical signal propagates in such OF,
there is a double refraction, which is the cause of artificial PMD in the compensator fiber. Compensation
is achieved by performing the equality of the modulus and the sign-opposite between the linear path PMD
and the PMD of the anisotropic OF with the ORMG. The expression of the calculation of the PMD of the
compensator, which depends on the rotation step of the microstructure of the glass, the chemical
composition of the OF, the length of the line, the width of the radiation spectrum and the wavelength of
the optical signal, and the optical characteristics of the OF, is analyzed, as well as the spectral
dependence of polarization mode dispersion for different chemical compositions of the OF. The
expression of determining the length of the OF with the ORMG is presented to compensate for the set
value of the PMD in the line. The results of the studies made it possible to determine the lengths of the
segments of OF with ORMG, which will provide partial or complete compensation of PMD over a wide
range of wavelengths and create passive compensators for dispersion.

Key words: optical fiber, anisotropic medium, photoelasticity, polarization mode dispersion,
dispersion compensator.

AHoTauifa. Y paHin cratti po3pobneHo Ta MpoaHanizoBaHO HOBMIA cnoci® komneHcauil
nonapusauinHoi Mogosoi aucnepcii (MMO), gka moxe CyTTeBO OOMEXyBATW LUBMAKICTb Ta AAnNbHICTb
nepegaBaHHA BOMOKOHHO-ONTUYHMX cucTtem nepepadi (BOCIT). Ha BiamiHy Big icHylouux Bugis
komneHcartopis MMM, B AKMX ONTUYHE BOSIOKHO nMigdaHe BNAMBY MEXAHIYHMX HaBaHTaXkKeHb Ans
CTBOPEHHS hOTOMPYXKHOI aHi3oTponii, B gaHin pobOTi 3anpOnOHOBAHO BUKOPUCTATU anbTepaTUBHUN
Crnocié cTBOpeHHA hoTonpyXHOCTi B OB 3a paxyHOK CTBOPEHHA ChipanbHOi BNOPSAKOBAHOI opieHTauil
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MikpocTpykTypu ckna (BOMC) sonokHa. CnipanbHa opieHTauis MikpocTpykTypu ckna OB pocaraetbca
LUIAXOM AiT HA BONOKHO B NPOLEC BUTOTOBNEHHSA (BUTSXKKM), KOMU BOHO 3HAXOAUTLCA B rapsdomy CTaHi
€neKTPOMAarHiTHOro nons, CUIOoBI MiHiT AKOro HanpasneHi no kony. B pesynbtarti Mae Mmicue acumeTpid
AienekTpu4yHOT NPOHUMKHOCTI MaTepiany ckna BOMOKHA i, AK Hacnigok, adi3oTponia ONTUYHUX
Bnactusocten. MNpu po3noBCIOAXEHHI ONTUYHOro curHany B Takomy OB cnocrepiraetbca nogpinHe
NPOMEHE3anoMNEHHA, SKe € MNPUYMHOK BUHUKHEHHA wWTy4Hoi [MMJI y BOMOKHI kOMNeHcaTopa.
KomMmneHcauia 4ocaraeTbCa WNAXOM BUKOHAHHA PIBHOCTI 32 MOAyNeM Ta NPOTUNEXHOCTI 3a 3HAKOM MixX
MNML niniiHoro Tpakty Ta NMA anizotponHoro OB 3 BOMC. Y ctatTi oTpuMaHo Bupa3 po3paxyHky MMV
KOMMEeHcaTopa, ska 3aneXWTb Big KPOKy o6epTaHHA MIKpPOCTPYKTYpU Ckna, XiMmiyHoro cknagy OB,
OOBXWHW TiHil, LUMPUHWU CMEKTpa BUMPOMIHIOBAHHA Ta AOBXWMHM POOOYOT XBWUMi OMNTWMYHONO CUrHany,
ONTUYHUX XxapakTepucTuk OB, a TakoX npoaHani3oBaHO CNeKTpanbHy 3anexHiCTb nonapusauiiHol
MOAOBOT Aucnepcii Ana pisHux xiMmivyHuX cknagis OB. HagaHo Bupa3 ans Bu3HayveHHa goexuHu OB 3
BOMC pana komneHcauii 3agaHoi senuyduHun MM B niHii. Pe3ynbTaTu npoBeAeHUX AOoChigXKeHb
[O03BONUNU BCTAHOBUTU AOBXMHKU Bigpiskie OB 3 BOMC, aki 3aGeaneuyatb 4acTkoBy abo0 MOBHY
komneHcauito MMV B LWMPOKMX Mexax AOBXWUH XBUSTb Ta CTBOPUTU NacUBHI KOMMNEHCATOPKU Ancnepcii.

KnrovoBi cnoBa: onTUYHE BOMOKHO, aHi30TpOnHe cepeaoBuLle, POTONPYXKHICTb, nonsgpusadiiHa
MOA0Ba AMCNepcisa, KoMNeHcaTop gucnepcii.

AHHOTauuMA. B gaHHOW cTtatbe paspaboTaH M NPOAHANU3MpPOBAH HOBbLIA CMOCOO KOMMEHcaUumm
nonspusaunoHHon mogoeon aucnepcun (NMMLO), KOTopaa MOXET CyLLEeCTBEHHO OrpaHu4mMBaThb CKOPOCTb U
AansHOCTb Nepegaym BONMOKOHHO-ONTUYECKUX cuctem nepegadun (BOCT). B oTnuumne OT CylecTBYIOLUX
BMAoB KomneHcatopos MNT[, B KOTOPbIX ONTUYECKOE BOMOKHO MNOABEPIrHYTO BO3AENCTBUIO MEXAHUYECKUX
Harpy3ok Ans cosgaHus hOoTOynpyrMx aHu3OoTpONUWM, B AaHHOW CTaTbe NPEANOXKEHO MCNnonb30BaThb
anbTepHaTMBHbIN cnoco® co3gaHua dotoynpyrocth B OB 3a cueT cosgaHua  cnupanbHOR
ynopago4YeHHON OpueHTauun MUKPOCTPYKTYpbl cTekna (BOTC) BonokHa. CnupanbHaa opueHtauud
MUKPOCTPYKTYpbl cTekna OB gocturaeTca nyTeM BO3AENCTBMA Ha BOJIOKHO B MPOLIECCE M3rOTOBIEHUS
(BbITSKKM), KOTAA OHO HAxXOAWUTCA B ropsyYeM COCTOSAHUM 3MEKTPOMArHUTHOTO NONSA, CUMOBLIE JTMHWM
KOTOPOro HanpaeneHbl MO Kpyry. B pesynbtate umeer Mecto acuMMeTpus AUINEKTPUYECKON
NPOHULAEMOCTM MaTepuana Crekna BONOKHa U, Kak CNeacTBMe, aHM30TPOMMA ONTUYECKUX CBOWCTB. Mpu
pacnpoCTpaHeHMM ONTUYECcKoro curHana B TtakoM OB Habnwogaetrca aABOWHOE nydenpenomneHue,
KOTOpOEe 4BNAETCH MPUYMHOW BO3HMKHOBEHWUS UCKyccTBeHHOW [1TMJI B BOMOKHE KOMMeHcaTopa.
KomneHcaumsa gocturaeTca nyTeM BbINOMHEHUS PaBEHCTBA NO MOZYSO U MPOTUBOMONOXHOCTH MO 3HAKY
Mexay MM nuHennoro tpakta u MM anusotponHoro OB ¢ BOTC. B ctaTbe NONyyeHo BblpakeHue
pacyeta [MM[ KomneHcaTopa, KoTOopad 3aBMCUT OT LWlara BpaweHWs MUKPOCTPYKTYPbl CTekna,
XMMMYeCKoro coctasa OB, ANMHbI JIMHWKM, LUMPWHBLI CMNEKTpPa MW3MyyYyeHus W ANuHbl paboyen BOSHbI
ONTUYECKOro curHana, onTudeckux xapakrepuctuk OB, a Takke MpoaHanuM3upoBaHO CMEKTPAarbHYIO
3aBMCUMOCTb NONSAPU3aLUMOHHON MOAOBOW AMCNEPCUU ANA Pas3fiMYHbIX XUMuYeckux coctasoB OB.
MNpeacraBneHo BblpaXkeHne ana onpegeneHna anuHel OB ¢ BOTC ana komneHcauuu 3agaHHOW
BenuuuHol MMM B nuHuu. PesynbTaTbl NPOBEAEHHbIX WUCCNeOoBaHUM NO3BOSMUAN YCTAHOBWUTL ASUHbI
oTpeskoB OB ¢ BOTC, kotopble obecnedar 4aCTUYHYIO UMM NOMNHYK KomneHcauuio MTO B LLMPOKKMX
npeaenax AfvH BOSTH U CO34aTb NACCMBHbIE KOMMEHCATOPbI AUCNEPCUMN.

KnioyeBble croBa: OMNTMYECKOE  BONOKHO,  POTOYMNpPYyrocTb, aHM3OTPOMHas  cpeaa,
nonspu3aumMoHHas Mo4OBasA AUCMEPCUA, KOMIMEHCATOP AUCNEPCUN.

Introduction. At the present stage of the development of the telecommunications
services market, fiber optic transmission systems (FOTS) are widely used both in the
construction of transport telecommunication lines and in the construction of distribution,
corporate and in-house networks. With the gradual increase in the transmission rate, there is a
need to optimize the parameters of FOTS. When the transfer rate of 10 Gbit/s and above one of
the main limiting factors when transmitting over fiber-optic communication line (FOCL) is the
polarization mode dispersion (PMD).

Compensation of PMD is of scientific and practical interests, since increasing
transmission speed is one of the main tasks of the FOTS components developers.

Currently, designs of PMD compensators based on spiral-laying photoelastic optical
fibers (OF) and active PMD compensators are known. In the first type of PMD compensators,
the optical fiber is subjected to mechanical stress to create a photoelastic anisotropy, which can
cause microcracks in the OF glass and shorten the life of the entire device. An alternative way of
creating a photoelastic anisotropy of OF is to create a helical orientation of the microstructure of
a glass fiber [1 - 5].
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Anisotropic optical fiber (AOF) provides the required PMD value by the birefringence
and difference in group velocities of propagation of two ordinary and extraordinary waves.
The purpose of this article is to develop and analyze a new method of PMD
compensation by usage the helical orientation of the fiber microstructure.
Optical fiber with ordered rotational
microstructure of glass (OF with
ORMG). The glass from which an OF is
made is optically isotropic and consists of
anisotropic molecules and other structural
elements, in particular of microcrystals, and
the orientation of axes of these
microelements is chaotic. In this article, the
helical orientation of the OF glass
microstructure is achieved by acting on the
fiber in the manufacturing process, when it
IS in a hot state (during vertical drawing),
using an electromagnetic field whose force
lines are directed in a circle. Under the
influence of the electromagnetic field, the
axes of the glass microelements are

. : . displaced along the force lines of the field,
Figure 1- The orientation of the quartz molecule and in the case of vertical drawing, the axes

axes in the OF with ORMG are directed along a spiral line.

The pitch of the OF with ORMG helix is regulated by selecting the frequency of change
of the electromagnetic field. Upon further cooling of the glass, this orientation of the
microstructure is preserved and the OF receives gradient properties.

In Fig. 1is a simplified representation of the general view of the proposed circular OF
with homogeneous chemical composition (may be pure quartz glass), where - the axis of the
quartz molecule, locally oriented along the spiral line of stepp.

The result is an asymmetry of the dielectric constant (the elements ofthe dielectric tensor
located on the main diagonal differ from the value of the dielectric constant of the isotropic OF,
all others are non-zero) and, as a consequence, the anisotropy of the optical properties is obtained
[1, 2]. When an optical signal enters the given OF, the fundamental mode splits into two waves
with inter-orthogonal polarizations - ordinary and extraordinary, i.e., there is the birefringence,
which is the cause of artificial PMD in the OF with ORMG. The numerical value of the created
PMD can be adjusted by selecting the stepp (the rotation step of the rotational microstructure of
glass).

PMD compensator based on the OF with ORMG. The proposed PMD compensator is
a section of anisotropic OF with ORMG, in which the polarization mode dispersion is artificially

introduced due to the difference in the group velocities of propagation of the ordinary (HE]))

and extraordinary (HE®&) waves. If the artificially caused PMD in the OF with ORMG is equal
to the module and is opposite to the sign of PMD in the linear path, then full compensation of
PMD is performed at the point of connection of OF with ORMG.

The equation of PMD compensation in the proposed method is as follows [3, 4]:

- in case the ordinary wave is ahead of the extraordinary one

PMD_‘]LFOCL+~ "LAOF 0 (1)
in case the extraordinary wave is ahead of the ordinary one
PMD-4 Ifoc © Laor o (2)
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where PMD — the coefficient of polarization mode dispersion of the used OF in the linear

path, P¥ M; Lrocr — length of the fiber optic cable, km; ¢ — polarization mode dispersion in

the OF with ORMG, 7 %m; Laor — the length of the anisotropic OF with ORMG, km.
In turn, PMD in OF with ORMG is determined by expression [5, 6]:

c= Wk A0 (sin(p+cosq))- —Z

p-ct-yfe(r) = (=)
A& 34, T4 44
_729»2—1?_(xz—zf)ﬁ(xz—sz
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)
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where w — mode field radius of HE11 wave in the OF, mkm; A — wavelength of the signal, mkm;
p — step of the rotating microstructure of glass, mkm; A® — the width of the transmission
spectrum, rad/s; ¢ — the speed of light in a vacuum (in this expression should be used ¢ =3 - 10
mkm/s); &(r) — symmetric profile of the dielectric constant of the OF without ordered rotational
microstructure of the material (isotropic); ¢ — polar coordinate (is calculated from the moving

rotating Cartesian coordinate x(z) ), rad; v — OF rotation, 1/mkm; A4, /;— the coefficients of the
Selmeyer series for the material of the OF core; /; is measured in microns.

Thus, the problem is that, by selecting the step of rotation of the microstructure of the
glass, to achieve equation (1), (2) for a given chemical composition of the OF, the length of the
line, the width of the radiation spectrum and the wavelength of the optical signal, the optical
characteristics of the OF. Standard single-mode OFs with a radius of 4,5 um were selected for
the studies. The chemical compositions of these optical fibers are given in Table 1.

In this study, PMD dependences in on the wavelength of the signal for the OF with
ORMG were obtained. The forms of dependencies obtained are shown in Fig. 2. A 5 microns
rotation pitch was chosen for the studies.

Table 1 — Chemical compositions of Ofs with ORMG selected for the study

OF The chemical composition of the OF core The C.h emical composition of the OF
number cladding

OF-1 100 % Si02 1% F, 99 % Si02

OF-2 | 2.2% Ge02, 3.3% B203, 94.5% SiO2 3% B203, 97% Si02
OF-3 | 9,1% P205, 90,9% SiO2 7% GeO02, 93% Si02
OF-4 | 2,2% GeO2, 3.3% B203, 94.5% SiO2 13,5% Be02, 86.5% SiO2
OF-5 | 0,1% GeO2, 5.4% B203, 94.5% SiO2 3,5% B203, 96,5% Si02
OF-6 | 4,03% Ge02, 9,7% B203, 86,27% Si02 | 100% SiO2

OF-7 | 3,3% Ge02, 9,2% B203, 87,5% SiO2 13,5% B203, 86,5% SiO2
OF-8 | 3,5% Ge02, 96,5% SiO2 100% SiO2

OF-9 | 7,9% GeO2, 92,1% SiO2 5.8% Ge02, 94.2% Si02

The results demonstrate the following:

1) as the wavelength of the signal increases the PMD in the OF with the ORMG
increases, depending on the composition of the OF glass it can vary in the range of 0.5... 10 ps/
km;

2
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2) maximum PMD values in
OFs with ORMG were obtained for
OF-3, OF-5, OF-7;

3) in the range of
X = 146 .. 1625 mkm with
p = 5 mkm the PMD in OF with
ORMG has a positive value,
confirming that it is a ordinary wave
HFJl is ahead of the extraordinary

wave ﬁlf:l.e.].

The next step was to
determine the dependence of the
PMD in the OF with ORMG on the
rotation step of the microstructure
of glass p. This dependence for OF-
3, OF-5, OF-7 is shown in Fig. 3.

Figure 2- SpeCtI’al dependenCieS of PMD in OF with ORMG For the studies a Signa| Wave'ength
was selected as X= 1,55 mkm, the
width of the radiation spectrum (AX)
was 0,1 nm, rotation step of the
ORMG in the range of 0 ... 20
mkm.

The obtained forms of PMD
dependences in the OF with ORMG
on the step of rotation of the
microstructure of glass showed that
by selecting the parameter p it is
possible to adjust the PMD values

within 17... 0,85 ps / km for OF-3,
Figure 3 - The dependence of PMD inthe FOwith ORMGon 19,85 . 0,99 ps / km for OF-5

the step of rotati°np 24.,68. 1,23 ps / km for OF-7.
Thus, it is possible to achieve the
necessary to compensate for the value of PMD in the OF with ORMG if the dispersion in a line

is due to the wave speed advance of HF& the speed ofwave HF° .

The expression for determining the length of the OF with the ORMG providing
compensation for the PMD has the form [3, 4]:

PMD e Leoe,
) @

The lengths of sections of OFs with ORMG, the chemical composition of which
corresponds to OF-3, OF-5, OF-7 with providing the PMD compensation are defined. The results
are shown in Table 2. The connection point of PMD compensator is the receiving end of the line.
The PMD compensation conditions were investigated for the following parameters of the linear
tract FOCL and the parameters of the OFs with ORMG:

1) transmission system - STM-16;

2) the wavelength of the optical signal X= 1,55 pm;

3) OF type - standard single-mode (ITU G.652.B, G.652.D) and single-mode non-zero
dispersion shifted (ITU G.655.C, G.655.D, G.655.E ),

4) length of optical line - 10 km, 100 km and 1000 km;

5) the core radius of the OF with ORMG - 4,5 pm;

16 Staschuk O.M., Stepanov D.M., Bahachuk D.H.
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6) the step of ORMG rotation is 2 um.

Table 2 — Lengths of sections of OFs with ORMG to compensate the line PMD based on
OF with type SF and type NZDSF over line lengths of 10 km, 100 km, 1000 km

The length of the optical line
Type of OF with ORMG PMD coefficient, .
for PMD compensation ps The PMD value of the line, LAOF length .for PMD
ps compensation, m
Y
LFOCL = 10 km
OF-3 0,2 0,632 54,16
OF-5 0,2 0,632 53,02
OF-7 0,2 0,632 37,07
LFOCL = 100 km
OF-3 0,2 2 171
OF-5 0,2 2 168
OF-7 0,2 2 117
LFOCL = 1000 km
OF-3 0,2 6,32 541.5
OF-5 0,2 6,32 530,2
OF-7 0,2 6,32 370.7
Conclusions.

1. As a result of the performed work, a new method is proposed and a structure of a new
type of PMD compensator that provides the appearance of the necessary value of the PMD at the
point of its connection is shown. This effect is achieved by performing the equality of the
module and the opposite of the sign between the linear PMD (total PMD of OF, FOTS devices,
connectors, etc.) and PMD of anisotropic OF with ORMG. Adjustment of the necessary value of
PMD of OF with ORMG is performed at the stage of its production by selecting the necessary
step of rotation of the microstructure of glass (molecules, microcrystals).

2. The results of the work made it possible to establish that:

1) on the basis of the equations that relate the chemical compositions of the OF, the
parameters of the ordered rotating microstructure of the glass, the length of the line, the PMD of
the linear path, the parameters of the optical radiation source, the lengths of the OF sections with
the ORMG are provided, which provide compensation of the PMD.

2) the performed spectral analysis proves the possibility of implementation of the
proposed device, since there is equality in the module and the opposite in sign between the PMD
of line and PMD of OF with ORMG.

3) in the course of work, it 1s established that the features of double refraction in OF with
ORMG allow to control the PMD in a wide range and to achieve the optimum value of PMD
with minimal loss of signal power.

4) the main advantages of the proposed design of the PMD compensator in comparison
with the current existing compensators based on spiral photoelastic OFs and active PMD
compensators are:

- compensation using the proposed method is achieved for wider values of PMD
compared to the technical capabilities of existing compensators;

- in the proposed PMD compensator the optical fiber is not subjected to mechanical
stress, such as in the photoelastic compensator PMD, which improves the reliability of the device
(to prevent the occurrence of microcracks in the glass OF), and

- the proposed PMD compensator is completely passive, does not require power supply, it
can be connected at any point of the FOTS linear path (at coupling points, at connection points to
the station equipment).

3. This developed method of PMD compensation can be recommended for usage in
FOTS for partial or complete elimination of polarization-mode dispersion arising in FOCL.
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