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The fiber optics technology is constantly being developed, and is becoming an essential com-
ponent of contemporary communications, medicine and industry. Fibers, their connections
and system components play a major role in optical signal transmission, telecommunications,
power transmission, and sensing processes using fiber technology. The two main light propa-
gation characteristics of an optical fiber are attenuation and dispersion. The possibility of
controling these parameters is of utmost importance for obtaining the requested transmis-
sion quality. This paper reports on an investigation to determine the influence of gamma radi-
ation of °°Co on the variation of optical fiber propagation parameters, such as polarization
mode dispersion. In addition, it also considers chosen topics in the field of fiber optics tech-

nology.
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INTRODUCTION

The continuing need for larger bandwidth and
capacity to support existing and advanced technolo-
gies, such as fiber-to-the-building (FTTB), fi-
ber-to-the-home (FTTH), and Internet Protocol Tele-
vision (IPTV), has led optical-communication
systems to higher data rates per wavelength channel,
ranging from 10 to 40 and 160 and, at present, even to
640 Gb/s [1]. Degrading effects have become critical
aspects of high-performance networks. Among them,
polarization mode dispersion (PMD) is perhaps the
most pressing problem and has, thus, received a great
deal of attention [2-5]. Apart from different
formalisms of describing beam polarization and the
modal structure of the waveguide, in this paper, a sim-
ple approach will be considered, as well. A well
known approach is that of a single-mode fiber (SM)
which actually refers not to a single, but two modes
(physically traveling over the same path). These
modes exist due to the fact that light can be presented
via two orthogonal polarizations (fig. 1). Therefore,
two possible signals could be sent without interference
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Figure 1. Electrical field vector associated to the
propagating optical beam decomposed in two
polarization modes (fast and slow)

through a single-mode fiber. In a commercial
single-mode fiber, the signal consists of both polariza-
tions. However, polarization states are not maintained
in the standard SM fiber. During the propagation pro-
cess, polarization changes randomly unless special
precautions are taken.
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A simplified consideration of the problem

Birefringence, as a consequence of material
anisotropy, is the characteristic found in materials and
some geometries. It means that optical ray paths de-
pend on polarization states in anisotropic materials.
Therefore, the power in each optical pulse can be pre-
sented via two polarization modes which travel at dif-
ferent velocities, creating a differential group delay
(DGD) between the two modes, figs. 2(a) and (b). This
process can result in pulse spreading and intersymbol
interference. It happens in a regular single-mode fiber
which is usually characterized with a very small differ-
ence in the refractive index (RI) for each polarization.
The produced dispersion is trivial for most applica-
tions and labeled as polarization mode dispersion
(usually less than 5 ps/nm-km). The most general, el-
liptic polarization mode, can be simplified by means of
other forms of polarization (circular, linear, etc.). In
order to present the propagation process, an optical
beam can be described through various formalisms,
including Maxwell equations, the material equation,
matrix algebra (Jones, Mueller matrices, Stokes pa-
rameters), with 2 x 2 or 4 x 4, depending on respective
crystallographic cases and material anisotropy. Ex-
plicitly, the dispersion resulting from birefringent
properties of the fiber is labeled “Polarization Mode
Dispersion”.

The source of “Birefringent Noise” is an impor-
tant element producing different dispersion parame-
ters. It is also called “Polarization Modal Noise” in
some publications. This is a form of modal noise, hav-
ing the adequate mechanisms. Light propagates along
the fiber and, depending on waveguide material and
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Figure 2. (a) Mode coupling in telecommunication fibers,
(b) Transmission of a signal through an optical fiber

source type, it can change the polarization state. Such
changes are produced by variations in fiber composi-
tion, geometry, and material fluctuations. The level of
power remains approximately constant, but the axes of
polarization and the orientation of associated mag-
netic and electric fields constantly change. It is as-
sumed that there is a polarization sensitive device in
the circuit that undergoes significantly higher losses
for one polarization mode than the other. These pro-
cesses produce changes in the total signal power, par-
ticularly in respect to various complex signal modula-
tions. Technically, they are the cause of birefringent
noises [6-10].

The characterization of the PMD

The modification of PMD due to nuclear radiation
is just a part of the general investigation of the influence
of nuclear radiation on materials, devices, components,
biological measurements, diagnostics, and therapy
[11-16].

Characterizing fiber dispersion characteristics is
a rather complex issue. This complexity is mainly re-
lated to resolving a specified dispersion type, in particu-
lar, to polarization dispersion. In contrast to obstacles
when performing measurements in the field, the char-
acterization in laboratory conditions is less difficult.

Standards, such as ITU-T, IEC, and TIA/EIA,
have provided guidelines and recommendations related
to PMD and associated measurements. In general,
three methods are used for determining the PMD of an
optical fiber in the field. They are described by the fol-
lowing TIA/EIA industry standards: the Fixed Ana-
lyzer Method (TIA/EIA-455 FOTP-113 standard), the
Jones Matrix Method (TIA/EIA -455- FOTP-122A
standard), and the Interferometric Method (TIA/EIA
-455- FOTP-124A standard) [17-19].

Basically, PMD can be categorized as a firstand
second order PMD. The first order PMD (FOPMD) re-
fers to pulse spreading. This effect results from the
DGD which originates from different signal propaga-
tion times of the two orthogonal principal polarization
states — PSP, regardless of the transmission wave-
length (optimized or not). The FOPMD coefficient,
can, thus, theoretically be represented as

ﬁrstffqrder 1 5 Az ps
PMDCOC 1ient — <Q (a)) 20 |: i| (1)
Ji VI [Vkm

where / is the transmission distance, 2(w) — the PMD
vector, and At — the DGD.

The typical acceptable FOPMD coefficient is
from 0.1 ps/(km)"2 to 0.5 ps/(km)"2. As the transmis-
sion wavelength changes, the DGD also changes. The
FOPMD compensator solves the FOPMD, but resid-
ual second order PMD (SOPMD) has to be compen-
sated in another way. Note that the SOPMD coeffi-
cient is defined as
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second order

P eocticient :% (.Qf,(a))) [ps/nm-km] (2)

where (.Qaz, (w)) is the wavelength dependence of the
DGD, A — the laser wavelength, and / — the transmis-
sion distance.

The SOPMD behaves differently from the
FOPMD because it is strongly dependent on wave-
length [20-22].

Methods of compensation of the PMD

There are a number of ways to remove or com-
pensate PMD characteristics:

(1) The first and most obvious method is to use so-
called square waveguides. Square waveguides
have characteristics similar to those of cylindrical
geometry, and chosen materials often exhibit a
minimal birefringence. It is difficult to produce a
waveguide layer of adequate thickness.

(2) Appropriate cutting across the array waveguide
region enables the insertion of components (polar-
ization plates — 1/2,A/4, etc.). The PMD is an ob-
stacle that requires a retardation plate with an in-
dex of refraction close to the waveguide material.
This can be solved for silica and lithium niobate
based waveguides, but remains a problem for de-
vices made in InP and similar materials.

(3) Careful design of the free space coupler at the re-
ceiver side of the device can compensate for the
PMD introduced into the waveguides. However,
this introduces severe limits on the total wave-
length device operating range.

(4) The use of sectioned waveguides with different
PMD characteristics in each section creates a bal-
ance.

(5) Splitting the input signal into its orthogonal polar-
izations and their injection into the device at dif-
ferent points in the input free space region.

EXPERIMENTAL

Our samples of interest were optical fibers of a
commercial type in the shape of a coil 1000 m long
(according to ITU-T G.652), as shown in figs. 3(a) and
3(b), and tab. 1. The sample was positioned in a cali-
bration stand and placed in the radiation field for the
purpose of irradiation. The irradiation was performed
in the Secondary Standard Dosimetry Laboratory of
the Vinca Institute of Nuclear Sciences, Belgrade, Ser-
bia, using source ®®Co of activity 124.1 TBq (28. 8.
1990). The energies ofy-radiation of ®°Co were 1.173
MeV and 1.332 MeV. The diameter of the coil was 100
mm and, due to the hollow central area, the attenuation
in the coil can be neglected. During irradiation, the coil
central axis was perpendicular to the radiation beam

Figure 3(a). Coiled monomode optical fiber sample in
front of “*Co source housing

Figure 3(b). The details of the measuring place outside
of the exposition area

Table 1. Main characteristics of the optical fiber

Characteristics Specified values Unit
Fiber type G.652.D
Attenuation 1310 nm 0.40 dB/km
Attenuation 1383 nm 0.40 dB/km
Attenuation 1550 nm 0.28 dB/km
Attenuation uniformity <0.2 dB
Cut-off wavelength 1150-1330 nm
Dispersion 1285-1330 nm <3.5 ps/nm-km
Dispersion 1550 nm <18 ps/nm-km
Zero dispersion 1310+ 10 nm
Disanion mode 02 | o

central axis. The coil side oriented toward the radia-
tion source was at a distance of 45 cm, while the
opposite side of the coil was at a distance of 55 cm. Air
kerma rate at a distance of 45 cm was 13 Gy/h. Taking
into consideration that air kerma decreases due the in-
verse square law, the average dose for the entire coil
was 11.6 Gy/h. For an irradiation time of 3 hours, the
total dose was 34.8 Gy. Irradiation was performed in
controlled environment conditions (atmospheric pres-
sure and room temperature of 25 °C).
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Measurements of the PMD were conducted by de-
vices ANRITSU CMA 5000 including module PMD
1600. All measurements in the experiment were per-
formed in three steps. The first step was to measure the
PMD coefficient before the irradiation. The second step
was to conduct the measurements during the three irradi-
ation intervals. Each time interval lasted one hour during
which the measurements were successively performed in
ten minutes. The third step consisted of measurements
that were performed during the time period of five days,
approximately (160 hours). These measurements were
completed after the fiber’s exposure.

The characteristics of the laser power source in-
cluded in measurement equipment were presented in
tab. 2.

Due to the fact that the sample coil was 1000 m
long, the measurement system included a 5000 m test
fiber (FC/UPC-FC/UPC, SM, 5 km) connected in line
with the sample. All measurement devices, connectors
and test fibers were placed out of the experimental
room. The connection with the sample fiber was main-
tained through special wall apertures. The exposure
area was 100 cm? (fig. 4).

The PMD ofa fiber is completely described once
the differential group delay (DGD) and the principal
states of polarization (PSP) are characterized as func-
tions of wavelength. The terms of PMD and DGD are
often used interchangeably, although the term PMD
describes the phenomenon while DGD describes its
magnitude [17-22]. The graphic user interface of the
measured PMD parameters is shown in fig. 5.

Table 2. Main characteristics of laser source

Polarization mode dispersion source specification

Output power —1 dBm
Related dynamic range* 52dB
Minimum measurable PMD 0.06 ps

* Given for 1 ps PMD. Dynamic range for 10 ps PMD is 8 dB
below this value

Gamma cell
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Figure 4. The measurement scheme of the experiment
for the PMD
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Figure 5. Graphic user interface of the measured PMD parameters
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Note that polarization formalisms are different.
They include the matrix calculus, Stokes vectors, as
well as the Mueller matrix, descriptions specifically
developed for fibers [23-28].

Interferometry is a field application of the PMD
measurement technique. It is designed to measure high
PMD in installed fiber cables. It is characterized by a
high tolerance to fiber movement and a fast measure-
ment time.

The PMD is based on a statistics of measure-
ments which are also sensitive to the external envi-
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Figure 6. The PMD vs. time: (a) and (b) for wavelength
1550 nm, (c) and (d) for 1310 nm. “H” and “S” sign for
high and small measuring pulse width

ronment. Thus, it is recommended to perform vari-
ous measurements at different time intervals. In this
way, the long term fluctuation of the DGD can be
monitored, providing better records of the optical fi-
ber.

This method involvesthe measurement ofthe
light propagation time along the fiber at various
wavelengths. In our investigation two wavelengths
of 1310 nm and 1550 nm were applied. The results
of the computed PMD coefficients are presented in
figs. 6(a)-(d) and of PMDC in figs. 7(a)-(d).
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RESULTS AND DISCUSSION

In this paper, the fiber parameters PMD were
measured over several time periods. According to the
ITU G.652 standard, optical fibers were exposed to
gamma radiation of ®*Co. During the exposure, all
characteristics were monitored in real time and re-
cordings collected every ten minutes. The period of
time in which the annealing was monitored was up
to160 hours. The short time response was found as
soon as the exposure started. After that, changes were
noticed when irradiation was included. These changes
were produced by both increased and decreased PMD
magnitudes. The changes were smaller for the range of
1550 nm than for that of 1310 nm. Note that the optical
fiber samples are optimized for the transmission range
of 1550 nm. The same procedure can be applied to
other types of optical fibers, developed for commer-
cial and non-commercial purposes. The behavior of
single and multimode fibers can present another inter-
esting point of investigation, with the same equip-
ment. Note that the problem could arise if the various
sample fibers are not standardized by characteristic
parameters. In case of different indices of refraction
i. e. n(r), dispersion measuring data will be changed.

CONCLUSIONS

Theoretically speaking, dispersion can be inter-
preted diversely, depending on the theoretical and tech-
nical point of view. Among other things, the consider-
ing linear and non-linear phenomena is of great
interest. The variations of signal amplitudes (from low
to high) additionally lead to modulation of material with
the associated electric and magnetic fields. This pro-
vokes anisotropy of material in the modern sense with
ultra short laser pulses. Furthermore, normal, and
anomalous dispersions with non-linear effects attract
considerable attention. Technically speaking, measure-
ment devices with optical fibers are sophisticated
equipment. Therefore, in this paper, we present only
cases of low power optical signals and the behavior of
the main technical characteristics for transmission, as
well as their changes in fibers exposed to particular nu-
clear radiation.

The results of our investigations are: the data rate
per optical channel increases, solving the PMD-in-
duced degrading effects in such a way that the PMD
emulation and compensation techniques become more
desirable. This requires effective and fast PMD moni-
toring and PMD control, as well. In addition, there are
many examples of other degrading effects, such as fi-
ber non-linearities and polarization-dependent, as
well as wavelength-dependent losses. Some of them
may interact with PMD and make the situation even
worse.

By observing the microstructural point of view,
macroscopic parameters and theoretical simulation
could be implemented for fundamental advances in
materials and communication systems design. Rela-
tively low power laser sources were used in this re-
search. Nowadays, high and ultrafast lasers (femto and
atto second) are used in optical communication sys-
tems. Utilizing them will certainly lead to new theoret-
ical and experimental tasks.
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YTULAJ TAMA 3PAYEBA HA NMOJAPUSALIMOHY NUCIHEP3UIY
OIITNYKUX BJAKAHA Y TEJIEKOMYHUKAIINJAMA

TexHonoruja ONTUYKUX BJIaKaHAa KOHCTAaHTHO CE€ pa3BHja U IOCTaje IJIaBHA KOMIIOHEHTa y
CaBpEMEHUM KOMYHHMKalyjaMa, MeAUUUMHU M MHAycTpuju. OnTuyka BiIakHa, UXOBU CIIOjJEBU U
KOMIIOHEHTE CHCTeMa UMajy IJIaBHY YJIOTY Y IPEHOCY ONTUYKUX CUTHAJA, y TEJIeKOMYHHUKalldjaMa, IPEHOCY
CHare UM y MpolecuMa, Tie ce KOPUCTe Kao ceH30pu. [IBe HajBakHUje MpoMaramioHe KapakTepUCTHKE
ONTUYKOT CUTHAla y BJIAKHY Cy clabibethe 1 gucrnep3uja. MoryhHOCT KOHTpoOIle OBUX TapaMeTapa je BpJo
BayKHa 32 IOCTU3abe 3aXTEBAaHOI KBAJIUTETA IPEHOCa. Y OBOM pajly, aHAIM3UPaJIH CMO ofipeheHa nurama y
BE3HM Ca ONTUYKKMM BJIaKHHMA U HAIIE eKCIIePUMEHTE ca yTHlajeM rama 3pauema °Co, Ha IIponaranmone
KapaKTEepUCTHKE BIaKaHa, Kao IITO je MoJapu3allioHa AUCIep3uja.

KmwyuHe peuu: olitiuiko 84aKHO, paoujauuoru eexit, oaapusayuona ouciepsuja, yinuyaj Ha

OKOJMUHY, zama o3padasarbe



