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Abstract

Modern telecommunication networks approach the @aparunch, which is associated with
the so-called nonlinear Shannon limit. So, the agego fiber optic links with few-mode optical

fibers is considered as an alternative solutio

thefdescribed problem concerned with high non-

linearity of conventional commercial single-modédicgl fibers. Presently, various designs of few-
mode optical fibers have been known, with the rédggrublished works presenting experimental

results demonstrating their potentialities for
haul fiber optic links with few-mode optical fi

ldral fiber optic links. A lot of models of long-
ibenave been developed based on which features

of a few-mode optical fiber transport network warenerically simulated. This work presents the

results of simulation of a 6000-km long-hau

| fibmptic link with a two-mode optical fiber and

100-km-per-span Erbium doped fiber optic amplifisygstem under 100 Gbps DP-DQPSK data
transmission. We studied the use of particularalilyepolarized modes and optical vortices for
signal transmission. The computation results weragared with the simulation of the same fiber

optic link with a single-mode optical fiber und

Betidentical conditions.
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Introduction

Nowadays modern telecommunication networks
proach to capacity crunch, which is associated wih
called nonlinear Shannon limit, and a passagéty fiptic
links with a few-mode optical fibers is consideeedone of
alternative solutions for described problem coneérwith
high nonlinearity of conventional commercial singtede
optical fibers [1-4]. At that time there are vagoknown
designs of few-mode optical fibers [5-8] as wellesent-
ly published works presenting experimental resigtsion-
strating their potentialities for long-haul fibept links
[9-12]. A lot of models of long-haul fiber optimks with
few-mode optical fibers were developed and based
them simulations were performed to research fewem
optical fiber transport network features.

For example, work [5] presents results of mentior
simulations for two-mode optical fibers. Here justly
one guided linearly polarized modePg; or LP11) satisfy-
ing to cut-off condition was utilized for channehtd
transmission, and computed results showed advatag
comparison with conventional single-mode optichéfs.

Also in few-mode optical fibers it is possible tiiline
particular mode combinations as well as opticakiges
[13-17]. Some works [8, 18, 19] announce that @pti
vortices modes are more resistant to perturbatitese-
fore they are more preferable for optical channefad
transmission in telecommunications. This fact makes
teresting the comparison between using of guidedesd
with particular order and application of opticalrtices
for optical channel data transmission over longiau
ber-optic links with a few-mode optical fibers.

Presented work is concerned with described prob

mode optical fiber and 100-km-per-span Erbium doped
1pf|ber optic amplifiers system under 100 Gbps DP-
DQPSK data transmission.

Model of fiber-optic link with few-mode optical fdrs

We utilized well known system of coupled nonlinear
Schrédingerequations to describe propagation of optical
pulses over few-mode optical fiber, which was \eritin
the following form [5, 20-25]:
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whereA n is complex envelope of mode with the azimuth-
all and radiam orders;a;m is loss of mode with azimuthal

| and radiaim orders;Bu,m, B2,m are inversed group velocity
and dispersion parameter for mode with ordeasd m;
Cimpq IS mode coupling coefficient between mode with
ordersl andm and mode with ordens andq; Eim is radial
mode electric field distributiom, is nonlinear parameter
corresponding to optical fiber material; is operating
wavelengtha is optical fiber core radius;

€M During simulation we numerically solved system (1)

-

for 6000 km length long-haul fiber-optic link witfwo-

by Split Step Fourier Method (SSFM) [20, 21, 26kr5
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erally this approach provides to find solution foece-
wise regular transmission links under taking intccunt
linear mode coupling. However, in the case of tafec
munication fiber optic cables and optical fibers sug-
posed that linear mode coupling may be neglecteat. §
posed assumption allowed performing detailed comp
son the influence of nonlinearity distortion factaturing

optical signal transmission by particular lineagglar-

ized modes and their combinations.

During simulation, we utilized known models d
DQPSK-system transmitter and receiver as well ageing
of Erbium doped fiber optic amplifier describedpuabli-
cation [27]. Also amplified spontaneous emissioiSE)
was taken into account, and optical fiber loss detep
compensation over transmission span was supposed.
persion was compensated by the equalizer placdideal
regeneration span output, and its parameters vefieed
by preliminary performed test results. We estimaddel
Error-Ratio (BER) after equalizer signal processaty
cording to recommendations based on algorithm
scribed in work [27].

Computation of optical fiber mode staff parameters

During mode staff parameters computation we td
into account that optical fiber is weakly guidingtical
waveguide, that allowed to apply weakly guiding rapp
imation concerned with linearly polarized mode esgn-
tation [28] and utilize fast and simple Gaussiapragi-
mation method [29]. We propose to use modificatddn
Gaussian approximation earlier developed for aislyk
optical fibers with complicated refractive indexofite
[30]. Here characteristic equation for equivalenbde
field radius is written in the following form:

{gkzﬂnznz[a“(x)]z}—c=o.

Mode propagation constant is calculated as follows
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where Lg) (x) is Laguerre polynomialn; is refractive in-
dex ofi-th layer;R=r/a is normalized radiug; is radial
coordinate.

Mentioned above formulas become more simple for con
sidered two-mode step-index optical fiber. Hereppgation
constant of the fundamental modBy, is defined by well
known analytical formula derived from (3) — (4) [29

f

D B§,1=k2n§—a—12(1+%} (5)
1
R.= 2inV)’ (6)

HavhereV is normalized frequency of optical fiber.

For the second higher-order mot®:1 we derived
from formulas (3) and (4) both characteristic etprafor
equivalent mode field radius and expression foppga-

okion constant, which have following form:
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Optical vortices are well represented by combimatid
linearly polarized modes [8, 14, 15]. Here we cd@sbpti-
cal vortices with complex amplitude propagationroveo-
mode optical fiber described by combination of dirkg po-
larized mode LP11 components in the following f¢&1:
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Results of fiber-optic link
with two-mode fiber simulation

We performed simulation of 6000 km length long-
haul fiber optic link with 100-km-per-span Erbiuraped
fiber optic amplifiers system. DP-DQPSK data traissm
sion with 100 Gbps bit rate per channel is reseatch
Two-mode step-index optical fiber supporting progag
tion of two linearly polarized moddsPo; and LP11 was
considered. It contains Germanium-doped fused asilic
core with radius 4.5m bounded by solid outer fused sil-
ica cladding. Step refractive index profile heigarame-

ter isA=0.025.
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At first step we compared optical signal transnoiss
by excited only one guided linearly polarized md@deo:
or LP11) supported by described fiber. Analogously
work [5] we supposed, that only one operating (@c-"

tive") mode is amplified. The next step was conedrr]

with simulation of signal transmission by two linggpo-
larized modes and by optical vortices. Here we éracth
two version of receiving differing only by equalizeon-
nection scheme.

All computed data were compared with simulatio

performed for the same fiber-optic link configuoati
but with standard single-mode optical fibers of FTU
Rec. G.652. Sample of eye-diagram been computed
ing simulations is shown on Fig. 1. As a resulihadd-

to

eling we obtained curves of error probability degen

------- SMF
—-—-= TMF LP01
H TMF LP11
ur P FEC Limit Pch, dBm
-5 0 5 10

ence on transmitted optical channel power levelicap
channel potentiality was estimated analogously ¢okw
[5] as maximal possible value of power level prawgd
still required quality of signal at the receiverddny us-
ing of error-correcting codes. According to worke]3

forward error correction (FEC) DP-DQPSK system ¢

tical channel error probability boundary under d#sex
dispersion and nonlinearity factors correspondsatme

Fig. 2. Optical channel transferring by only onedarly
polarized modes Ld? or LP11 supported by considered two-
mode optical fiber

Fig. 3 shows simulation results during optical aten
transferring by two linearly polarized guided modé&%s:
and LP1; over described above two-mode optical fiber.

PHere improvement for optical channel power leveivegs
up to 5.25 dBm or 6.19 dBm in comparison with singl
mode fiber depending on receiver error correctiathm

probability error limit value equal to 3.8-£0 This
threshold is further denoted in Fig-2 as FEC limit
(forward error correction limit) [5].

1 a.u =103

61
il

0 50 100 150 200 250
Fig. 1. Example of eye-diagram received at the égemoutput

Fig. 2 demonstrates results corresponding to m
eling of optical signal transmission over describ

above two-mode optical fiber by one particular ord

linearly polarized mod&Po1 or LP11. Here due to us-
ing two-mode optical fiber it is able to increaggtio

cal channel power up to 2.37 dBm by transferri
impulse by the fundamental mod®,1 in comparison

with standard single mode fibers ITU-T Rec. G.65

while it may be improved up to 3.48 dBm by optic
channel operation at higher-ordeP;, guided mode.

A good agreement should be noticed with research
results published in work [5] and experimental d3

represented in paper [9].

3.8 dBm in comparison with previous case correspand
to optical channel transferring by only one lingaoblar-
ized modd_Po; or LP11 respectively.
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Fig. 3. Optical channel transferred by two lineagyplarized

hd- modes LB and LR1 supported by considered two-mode

L d optical fiber

e Fig. 4 demonstrates simulation results correspandin

to channel signal transmission by optical vortioe®r

considered two-mode optical fiber. Here power lawe!

hgoroves up to 5.14 dBm in comparison with single-eod

optical fiber or e.g. up to the same value likehe previ-

2 0us case with optical pulse transferring by twaediry

nl polarized mode& Py andLP11. Therefore optical cannel

nonlinearity may be reduced by using combinatiotirof

ingarly polarized modes instead application of thy one

tdinearly polarized mode with particular order fagrsal
transferring.
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Fig. 4. Optical channel transferred by vortices owensidered

mode optical fiber in comparison with single-mode
terms of nonlinearity distortion factors reducimg fong-
haul fiber optic links. We showed that for two-maomjwi-

ca

larized guided mode combination is more effective
nonlinearity decreasing in comparison with sigmahs-
ferring by only one guided mode.
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