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Introduction

Optical wavelength division multiplexing (WDM)
communication systems are forging ahead towards higher
data transmission rate and lower channel spacing to utilize
available bandwidth more effectively [1]. Increasing
spectral efficiency is important for building efficient WDM
communication systems, since this allows the optical
infrastructure to be shared among many WDM channels,
and thus reduces the cost per transmitted information bit in
a fully loaded system [2].

Numerous variations of data transmission rates from
2.5 Gbit/s to 40 Gbit/s and channel spacing ranging from
200 GHz to 25 GHz (and lower) are currently being
explored. High performance optical filters are groundwork
for realization of high speed dense WDM communication
systems where coherent crosstalk between adjacent WDM
channels becomes a main source of degradation: adjacent
channels interfere with each other upon detection, and the
resulting beating gives rise to signal distortions, provided
that the beat frequencies lie within the bandwidth of the
detection electronics [2].

Low channel spacing and high data transmission rate
sets strict requirements for WDM filter characteristics and
any imperfections in their parameters, such as amplitude
and phase responses, becomes critical. Understanding and
distracting of those optical filter imperfections to high
speed dense WDM communication systems are of great
importance [1].

One realization of optical filtering is based on fiber
Bragg grating (FBG) filters. A FBG is periodic variation of
the refractive index along the propagation direction in the
core of optical fiber that reflects particular wavelengths of
light and transmits all others [1].

Low channel isolation from adjacent channels is one
of these imperfections in optical filter parameters. To
ensure high channel isolation we need to inscribe FBG
filters with complex apodization profiles. Changes in
apodization profiles emerge in different filter bandwidth at
-3 dB and -20 dB level and suppression of undesirable side
lobes in optical filter amplitude response.
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In this paper we demonstrate performance of three
different apodization profiles and their influence on high
speed dense WDM systems main parameters: channel
spacing and data transmission rate. We foresee that lower
channel spacing and higher data transmission rate WDM
systems will need FBG optical filters with inscribed more
complex apodization profiles.

System setup

To evaluate impact of different FBG apodization
profiles on high speed dense WDM communication system
we used combination of two different simulation programs.

Firstly, we used Bragg Grating Filters Synthesis 2.6
(BGFS 2.6) simulation program for mathematical
description of FBG optical filter. In the simulation program
we realized different FBG optical filters with defined
apodization profiles. This simulation program is based on
Transfer Matrix Method. This method is used to simulate
periodic non-uniform FBG filters. It is applied to solve the
coupled mode equations and to obtain the spectral response
of the fiber Bragg grating. In this approach, the grating is
divided into uniform sections. Each section is represented
by a 2x2 matrix. By multiplying these matrices, a global
matrix that describes the whole grating is obtained (see

Fig. 1. and equation 1):
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Fig.1. Transfer matrix method used to obtain the spectral
characteristics of a fiber Bragg grating (An- average index of
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The reflection coefficient
defined as:

of the entire grating is

()

The main drawback of this method is that M may not
be made arbitrarily large, since the coupled-mode theory
approximations are not valid when uniform grating section
is only a few grating periods long. Thus, it requires Az >>
grating period [3, 4].

Secondly, we used OptSim 5.0 simulation program to
simulate high speed dense WDM communication systems.
This simulation program uses method of calculation that is
based on solving a complex set of differential equations,
taking into account optical and electrical noise, linear and
nonlinear effects. Two ways of calculation are possible:
Frequency Domain Split Step (FDSS) and Time Domain
Split Step (TDSS) methods. These methods differ in linear
operator L calculations: FDSS does it in frequency domain,
but TDSS calculates linear operator in the time domain by
calculating the convolution product in sampled time. The
first method is easy to realize, but it may cause severe
errors during simulation. In our simulation we used the
second method, TDSS, which despite its complexity grants
a precise result. The Split Step method is used in all
commercial simulation tools to perform the integration of
the fiber propagation equation:
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where A(t,z)
stands for dispersion and other linear effects; N — operator
that is responsible for all nonlinear effects. The idea is to
calculate the equation over small spans of fiber Az by
including either linear or nonlinear operator. For instance,
on the first span Az only linear effects are considered, on
the second — only nonlinear, on the third — again only
linear [5]. Us we noticed before, in research are used two
simulation programs: BGFS 2.6 — to realize FBG filters
amplitude and phase responses and OptSim 5.0 to
numerically evaluate high speed dense WDM
communication systems. Realized FBG filter parameters
were recorded in data file, which after simple mathematical
calculations were used in OptSim 5.0 simulation program
to build user defined optical filters.

— the optical field; L — linear operator that

Simulation scheme and parameters

Simulation scheme consists of four channels, which is
chosen to evaluate influence of nonlinear optical effects
(NOE): self — phase modulation (SPM), cross — phase
modulation (XPM), four — wave — mixing (FWM) to used
optical filters performance.

The transmitter consists of (see Fig.2.) data source,
NRZ driver, continuous wavelength laser source and
external Mach-Zehnder modulator. The data source
produces a 2.5 Gbit/s or 10.52 Gbit/s bit stream, which
represents the information we want to transmit via optical
fiber. Then we use a driver to form NRZ pulses from
incoming information bits. The pulses are then modulated
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with continuous wavelength laser irradiance in Mach-
Zehnder modulator to obtain optical pulses. Then formed
optical pulses are sent directly to a 40 km long standard
single mode fiber (SSMF). The utilized fiber has a large
core effective area 80 umz, attenuation o = 0.2 dB/km,
nonlinear refractive coefficient n; = 2.5-10% cm/W and
dispersion 16 ps/nm/km at the reference wavelength 1 =
1550 nm [5]. Receiver block consists of PIN photodiode
(typical sensitivity -17 dBm) and Bessel — Thomson
electrical filter (4 poles, 7.5 GHz -3dB bandwidth). To
simulate insertion loss (polarization dependent loss: 0.1
dB, ripple insertion loss: 0.2 dB, splice and connector loss:
0.1dB) of optical filter we used optical attenuator.
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Fig. 2. Four channel simulation scheme with NRZ coding and
variable transmission speed 2.5 Gbit/s and 10.52 Gbit/s

Parameters for simulation scheme are chosen based
on experimental two channel scheme which is realized in
our Fiber Optics Communication Systems Laboratory.
Simulation scheme and measurement results were equal so
applied numerical results in this paper are actual.

Results and discussions

The main idea of our simulations is to demonstrate
FBG filters with different apodization profiles influence on
high speed dense WDM communication systems.
Investigation of high performance optical band-pass filters
are groundwork for realization of high speed dense WDM
communication systems.
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Fig. 3. Amplitude response of 25 GHz FBG optical filters with
different apodization profiles shown in inset



The main problem is to ensure high channel isolation
between adjacent channels. To realize channel isolation
performance evaluation of FBG optical filter we used eye
diagram, bit error rate (BER) and optical signal spectrum
in different system configurations (different channel
spacing and data transmission speed). We have chosen
three different apodization profiles (see Fig.3.):
rectangular, cosinusoidal and Gaussian, four channel
spacing values: 200 GHz, 100 GHz, 50 GHz and 25 GHz
(25 GHz channel spacing is not included in ITU standard
to date) and two data transmission speeds: 2.5 Gbit/s and
10.52 Gbit/s. In combination of all these parameters we
have simulated 24 different WDM communication
systems.
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Fig. 4. BER dependence on channel spacing using FBG with
rectangular, cosinusoidal and Gaussian apodization profiles: a —
2.5 Gbit/s; b — 10.52 Gbit/s data transmission speed. BER values
measured at the worst channel

The results of BER dependence on channel spacing
using FBG with rectangular, cosinusoidal and Gaussian
apodization profiles are presented in Fig. 4. As we can see
systems with 2.5 Gbit/s data transmission speed
performance are better (BER values are lower) than
systems with 10.52 Gbit/s data transmission speed. This
can be explained by greater influence of chromatic
dispersion on higher data transmission speed optical
pulses. In addition, from results we can see that BER
values are higher at 25 GHz channel spacing because of
greater NOE influence and 25 GHz FBG filters greater
delay, which also influence optical signal detection. At
both data transmission speeds and all channel spacing
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values, the worst performance showed the 200 GHz, 100
GHz, 50 GHz and 25 GHz FBG optical filters with
rectangular apodization profile. This is mainly because of
great undesirable side lobes in optical filter amplitude
response. These imperfections in filter amplitude response
reduced channel isolation. Adjacent channel had high
optical power (see Fig.5.) after optical filter and this factor
consequently resulted in system degradation (BER level
was higher than 1.0E-9).
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Fig. 5. 10.52 Gbit/s 25 GHz 4 channel WDM system spectrum
after 25 GHZ FBG filter with rectangular apodization profile and
the second channel eye diagram (BER = 4.95E-5)
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Fig. 6. 10.52 Gbit/s 25 GHz 4 channel WDM system spectrum
after 25 GHZ FBG filter with Gaussian apodization profile and
the second channel eye diagram (BER = 5.63E-10)

Fig. 6 depicts output that, FBG with Gaussian
apodization profile impart high adjacent channel isolation
and result in appropriate BER values for high speed dense
WDM system, although 25 GHz and 50 GHz optical filters
with cosinusoidal apodization function at higher data
transmission rate (10.52 Gbit/s) showed the same
performance (see Fig.4.B).
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Fig. 7. BER dependence on insertion loss using 25 GHz FBG
filters with rectangular, cosinusoidal and Gaussian apodization
profiles, 2.5 Gbit/s data transmission speed and channel spacing
25 GHz. BER values measured at the worst channel
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cosinusoidal or Gaussian apodization function (narrow
bandwidth at -20 dB level). FBG with rectangular
apodization profile showed the worst performance which
resulted in whole system degradation because of
imperfections (great side lobes) in amplitude response.

Realization of low insertion loss optical filter is a
core problem for realization of high speed dense WDM
systems. As we could see from the numerical results, filter
with Gaussian apodization profile had best stability to
insertion loss. We have numerically realized 10.52 Gbit/s
data transmission speed 25 GHz channel spacing WDM
communication system with 25 GHz FBG optical filters
with cosinusoidal and Gaussian apodization profiles
utilizing two different simulation programs.

Insertion loss, dB
Fig. 8. BER dependence on insertion loss using 25 GHz FBG
filters with rectangular, cosinusoidal and Gaussian apodization
profiles, 10.52 Gbit/s data transmission speed and channel
spacing 25 GHz. BER values measured at the worst channel
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As we can see from Fig. 7 and Fig. 8, dense WDM
systems are highly sensible on insertion loss of optical
filter. Similarly as in previous figure, FBG filter with 1.
rectangular apodization profile showed the worst
performance. In 2.5 Gbit/s system case FBG filters with 2.
cosinusoidal and Gaussian apodization profiles showed a
higher stability to insertion loss, whereas in 10.52 Gbit/s
systems case only the FBG filter with Gaussian
apodization function was the best.
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The influence on FBG filters with different apodization profiles on WDM systems is evaluated numerically with OptSim 5.0 and
FBGS 2.6 simulation programs at data transmission rate of 2.5 Gbit/s and 10.52 Gbit/s using 40 km of optical fiber. The realization of
low insertion loss optical filter is one of key elements to ensure high speed dense WDM system and FBG filter with different
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YucnenHo ouenuBaercs sausaue FBG QuiabTpoB ¢ pasinuHbIMU NPOQUIISIMY aroAN3alii Ha CUCTEMBbI CIIEKTPAIBbHOTO YIUIOTHEHUS
UCmoJb3ysi mporpaMmsl MozenupoBanust OptSim 5.0 u FBGS 2.6 na ckopoctsix mepemaud nansbix 2,5 I'out/c u 10.52 I'6ut/c ¢
UCTIONB30BaHIEM 40 KM ONTHYIECKOTO BOJMIOKHA. Peanu3anust onTudecKux GuiIbTPOB ¢ HU3KMMH BHOCHMBIMHU TTOTEPSIMH SIBIISIETCSI OJHUM
W3 KIIOYEBBIX DJIEMEHTOB U peanu3anud BhICOKO ckopocTHEIX HDWDM u Brnussaue FBG ¢dunbrpa ¢ pasHeIMH mpodMiisMu
aroxu3anuy Ha BEICOKO ckopocTHEIX HDWDM orpomna. Ui 8, 6u6m. 5 (Ha aHIIIHMICKOM s3bIKe; pedpepaThl Ha aHTITMHCKOM, PYCCKOM I
JIUTOBCKOM $I3.).
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Atliktas FBG filtry su skirtingais apodizacijos profiliais poveikio modeliavimas WDM sistemose taikant programas OptSim 5.0 ir
FBGS 2.6. Modeliavimas atliktas esant duomeny perdavimo greiciui 2,5 GB/s bei 10,52 Gbit/s ir optinio pluosto ilgiui 40 km.
Pagrindinis elementas, uztikrinantis srauto tankuma WDM sistemose ir FBG filtruose su skirtingais apodizacijos profiliais, yra mazy
nuostoliy optinis filtras. Nustatyta apodizacijos jtaka srauto tankiui WDM sistemose. Il. 8, bibl. 5 (angly kalba; santraukos angly, rusy ir
lietuviuy k.).
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