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Tunable Super-Structured Fiber Bragg Gratings with
Perfect Sequences Based on m-Sequence

Joao S. Pereira, Marco P. M. Ferreira, and Marko Gasparovic

Abstract—Recently, a tunable fiber Bragg grating
(FBG) was developed by using stress-responsive colloidal
crystals. In this paper, we have simulated the application
of these nanoparticles into the super-structured fiber
Bragg grating (SSFBG) written with perfect sequences
derived from a short maximal-length sequence. A tunable
SSFBG will be available to overcome the prohibitive
temperature variation of the optical codecs. Nevertheless,
we presented a method to implement coherent time
spreading  optical code-division = multiple-access
(OCDMA) where a unique code (or perfect sequence) can
be reused and mixed with different wavelengths to obtain
a tunable wavelength-division multiplexing (WDM)
system. In order to maximize the binary throughput, we
have selected a unique short maximal-length sequence
composed of 7 chips that can be tuned with 7 different
optical wavelengths. We found thousands of different
tunable combinations that presented power contrast
ratios (P/C) higher than 12 dB. When a WDM-OCDMA
system used 2 different combinations simultaneously, the
perfect binary detection with error correction codes was
achieved successfully. The tunable SSFBG with colloidal
crystals will be a simple and good alternative choice for
fiber-to-the-home (FTTH) communications.

Index Terms—Optical code-division multiple-access
(OCDMA), super-structured fiber Bragg grating
(SSFBG), wavelength-division multiplexing OCDMA
(WDM-OCDMA).

1. Introduction

Optical fibers provide an enormous and unsurpassed
transmission bandwidth with negligible latencies, and are now
one of the transmission media for the long distance and high
data rate transmission in telecommunication networks'"*.
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Optical code-division multiple access (OCDMA) is a
promising candidate for next-generation broadband access
networks. Super-structured fiber Bragg gratings (SSFBGs) can
be used as encoders/decoders on time spreading optical code-
division multiple access (TS-OCDMA) communication,
offering high performance, compactness, and compatibility
with fiber-optic systems with a potential low cost™ ",

The optical performance with high throughput passes
through the use of optical codecs and decoders that can perform
this task in optical domain and in real time. It is possible to find
many kinds of optical codecs. Some of them are planar light
wave circuits", spatial light wave phase modulators'”, and
arrayed waveguide gratings"®. However, all of them require a
temperature stability. For example, if the temperature range
between two optical network units (ONUs) of a fiber-to-the-
home (FTTH) system is larger than 8.0 K, the temperature
controller for the SSFBG should be installed in each ONUY.
To avoid this problem, in this paper we will present a new
optical SSFBG codec that is tunable and can, by this way,
compensate the temperature drift. Nevertheless, the tunable
SSFBG can also implement a simple wavelength multiplexing
process between different users.

Fiber Bragg gratings (FBGs) are optical fibers which were
developed by using stress-responsive colloidal crystals that can
reflect particular wavelengths of light and transmit all others!".
The FBG is a periodic perturbation of the refractive index
along the fiber length which is formed by exposure of the core
to an intense optical interference pattern”. An SSFBG, also
called a sampled FBG, is a special FBG that consists of several
small FBGs placed in close proximity to one another. SSFBGs
have attracted much attention in recent years with the discovery
of techniques allowing the creation of equivalent chirp or
equivalent phase shifts. The biggest advantage of an SSFBG
with equivalent chirp or equivalent phase shifts is the
possibility to design and fabricate gratings with greatly varying
phase and amplitude responses by adjusting the spatial profile
of the superstructure"”. The SSFBG technology has been
shown to provide an attractive and highly flexible route to
produce high-performance and potentially low-cost code
generation and recognition components as required for direct
sequence (DS) OCDMA systems'”. In this paper, we present
the integration of SSFBG with a tunable mechanism where the
thickness of the nanomaterial can be adjusted to reduce the
error probability in an optical communication system. A based
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piezoelectric device can control this thickness with precision.
Also, these FBGs are using stress-responsive colloidal crystals
as their Bragg reflectors which have interesting optical
properties, such as photonic band gaps (PBGs)". This feature is
responsible for making colloidal crystals optimal candidates for
the construction of FBGs with a tunable filter or reflector,
depending on the objective. It can also have the function of
filtering multiple wavelengths by incorporating different
colloidal crystal segments into the fiber"!. The problem is that if
we have fixed the colloidal crystal film, then the tuning ranges
of the PBGs are mostly limited by their refractive index
parameters. There is a necessity to alter the distance between
neighboring colloidal crystals films to reduce the refractive
index.

The main peak position (for a chip i) can be estimated by
Bragg’s equation!” for a normal incident beam:

/Ii = 1~633dinaverage (])

where d; is the distance between two adjacent nanoparticles
and R 1s the average refractive index of the colloidal
crystal films i. By definition, in digital communications a
chip is a pulse of a pseudo-random noise (PN) code
sequence used in DS code division multiple access (CDMA)
techniques.

Based on (1), there are several protocols for tuning the
PBGs of the films which are placed on the proximal end faces
of two sections of optical fibers. A good example of tuning the
PBG is changing the distance between neighboring colloidal
crystals with mechanical stress. Its PBG can be tuned precisely
by using different strengths of pressure.

Tunable FBGs, using responsive colloidal crystals, have
characteristic reflection peaks of the FBG shifts when
compression is applied to them. Furthermore, it has been found
that the shift is linearly dependent with the compression ratio!".
Let the compression ratio of the reflector R; be defined as

R =1-(T;/Ty) (2)

with 7, being the compressed thickness of the colloidal
crystal Bragg reflector and 7, being its initial thickness.
Then, the shifted center wavelength (1,) resulting from the
compression can be approximated, with a 0.9899 correlation
coefficient, as

J; = 603.1-385.3R,. &)

According to (3), the FBG with different Bragg reflectors
could be customized precisely by quickly tuning the
thicknesses of its Bragg reflectors.

In Section 2, we introduce a theoretical model for the
tunable SSFBG. Section 3 presents a coherent wavelength-
division multiplexing OCDMA (WDM-OCDMA) system with
tunable SSFBG. The following Section 4 shows that it is
possible to estimate the error probability of the tunable SSFBG,
and main conclusions are gathered in the last section.

2. Theoretical Model for Tunable
SSFBG

The SSFBG power reflection of the FBG i, with length L,
is given by the following equation!'”:

. ~wsinh( Vie L)) ’
* |asinh(Vie —&L)+j Vie =& cosh( Ve —&°L)

where j is the imaginary number, & = (A /A—1)2Ng/L;,
and i=0, 1, ---, N—1. Here, 4, is the wavelength of
maximum reflectivity, that occurs when ¢ =0 and is given
bY Zmax = (14 0ntesr/ne) 2. To simplify the study of SSFBG,
it is possible to consider that 4., ~ ;. Here 4, is the design
wavelength of the FBG i for Bragg scattering by an
infinitesimally weak grating"”. n.; is the refractive index.
For a single-mode Bragg reflection with a uniform grating,
the “dc” index change!” spatially averaged over a grating
period dne is constant. Therefore, the coefficients & and x
are also constants. « is the “ac” coupling coefficient and & is
a general “dc” self-coupling coefficient used in the coupled-
mode theory of uniform gratings, where N is the total
number of grating periods'”.

The usage of responsive colloidal crystals in a SSFBG is
represented in Fig. 1 with the R, blocks, where Az; is the value
of the separation between two chips. The N sections of length
L; have a tunable thickness 7; of colloidal crystals with a
compression R;. The N sections of length L, are written by using
the wavelength 4; = 4, + iA4, where A1 is an incremental value
of the wavelength (Al <<4y). Each section of the grid
represents a SSFBG chip that is etched with a phase ¢,
i=0,1,--, N-1.

“4)

T

Fig. 1. Tunable SSFBG encoder structure.

For our SSFBG study (based on a selected family of codes)
we considered that Az; > max(T;+L;). The power reflection
(4) can be rewritten using a Taylor series for sinh(-) and cosh(+)
when WL,», i=0,1,---, N—1, assumes a low value.
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Thus, the power reflection of a chip i has been derived and it is
approximately™:

N _KlLi
N T Gl =D ]| ©®)

This expression is similar to the transfer function of a
bandpass filter (BPF) centered on the wavelength A,,.,, with

the amplitude 7; (Ana) = i L;|* and
L' 2
1 (£00) = |Kl—l|2 = eliei Ll (6)

When zNg >> L;, then r; (Ay,,) >> ri(£00) (because ¢ << 1),
and therefore it is possible to associate a specific SSFBG i
to a BPF.

In this scenario, it is considered that the N chips are written
with the wavelength 4; =1y +iA4, for 0<i<N -1, and all
chips will have the same value x = «,. x; is a constant and
equals to the “ac” coupling coefficient of all colloidal
crystals. For convenience, the transfer function of the 1st
chip of the SSFBG, when ¢, =0, may be modelled as a
scaled version of the rectangular function defined by the
following expression:

B B
i imax VV ll
Rectg(—) = { ! en Amax 2

<j~</1max A
SAS ety )
& other A

This special rectangular function, centered at A, has a
bandwidth equal to B and a minimum amplitude equal to
g=1/(1+(@Ng/L)). When aNg >> Li, then
B~ 2LiAn./nNg, and (7) is cut -3 dB at A = A, + B/2. Each
grid of each SSFBG chip 7,i =0, 1,---, N — 1, acts as a specific
BPF with a transfer function approximately equal to the
following expression:

. A=Ay —iAL
e, Li|* exp {J¢i}Rectg(oT). (8)

It was considered that A,,,, = 4;. The phase ¢, of the chip i is
shown in Fig. 1. The power reflection of a series of N chips
(a train of N FBGs) is given by

©)

N
1—[|le| exp{j¢;} Rect, ( 3

A—=Ao—iAL )
Considering the special case when B/2 < Al < B, then the
previous expression may be considered approximately equal

to

iAL—AL2
W

(’1_1"_ ) (10)

N-1

D A%expli(g;+y,.)) Rect,

i=0
with A% = eV, L,|* and &, = &/, L;|".

This result of (10) is obtained when the product of two
consecutive rectangular functions (of index i and index i+1) is
equal to a rectangular function with a bandwidth W = B— A/,
with 0 < W < B, centered at 4y +iAA+ Al/2. In this process,

&, =&/l L|* can be disregarded if (10) is sampled at the
centers of rectangular pulses Rect,, (1 -4y —iAL—AL/2)/W).
The sampling process is equivalent to considering that the
bandwidth W is reduced to an infinitesimal value. This
operation will convert (10) in a function approximately equal to
a train of unit pulses. That is, the SSFBG power reflection of N
chips (uniformly distributed) is approximately equal to (10)
after the sampling procedure defined by

YA explith g Mol --imi- S an

The function J(-) is a unitary pulse. For convenience, it is
considered that ¢, = ¢,. In other words, the power reflection
has undergone a translation of one cycle. This simplification
can be made if the codes written in SSFBGs are considered
long (N >>2). In this case, the inverse discrete Fourier
transform (IDFT) of a normalized SSFBG power reflection
(IDFT of (11) around 4, + A4/2) is approximately proportional
to the following expression:

N-1

Xsseng (1) < VNIDFT {Z exp[j (g, + i) 64— lM)} (12)
i=0

when the input of the SSFBG is a unitary pulse with an

amplitude VN/A2. After the 1, +AA/2 translation of (11),

this signal (12) can be considered as a baseband signal of

the codes written in the SSFBG.

Each chip Az; of a SSFBG, when B/2 <AL < B, has a
phase 0, = ¢, + ¢,,, defined by the cosine pattern (Z; of Fig. 1)
and the stress-responsive colloidal crystals (7; of Fig. 1). The
amplitudes must be constant for all chips. This means that the
SSFBG power reflection baseband signal, defined by the model
(12), is the IDFT of a unimodular sequence. By definition, (12)
is a perfect sequence™. This means that our tunable SSFBG
codec will be immune of multipath interferences.

3. Coherent WDM-OCDMA System
with Tunable SSFBG

Continuing the study, we simulated the usage of a coherent
WDM-OCDMA system using a tunable SSFBG coded with a
7-chip m-sequence. The sequence used was [+1, +1, +1, —1,
—1, +1, —1]. Because of the wavelength shifting properties
of the compressed colloidal crystals, different wavelength
channels can be chosen for each chip. Table 1 shows the 7
different channels that we used in our simulation, including the
compression ratio R; required to achieve the desired wavelength
A. Each channel has a bandwidth of B = 25 nm, B/2 = Al =
12.5 nm.

By giving different tunings to each section of the SSFBG,
different combinations of channels can be used to transmit the
code. Our simulation includes three different scenarios of
channel configurations for the same code, which we called
SSFBG1, SSFBG2, and SSFBG3. Table 2 shows the scenarios
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used. Notice that SSFBG3 uses only one channel. These
multiple combination scenarios would also allow simultaneous
users (each with a different WDM channel combination), or

increase the throughput of the communications (sending
multiple bits in parallel).

Table 1: Wavelength and compression ratio for the m-sequence of

7 chips
Channel 7 Wavelength 4, (nm) Compression ratio R;
0 512.5 0.235
1 525.0 0.203
2 537.5 0.170
3 550.0 0.138
4 562.5 0.105
5 575.0 0.073
6 587.5 0.040

Table 2: Different WDM combinations used to encode the m-
sequence [+1, +1, +1, -1, -1, +1, —1].

Configuration name ‘WDM combination
SSFBGI +Ch5, +Ch4, +Ch2, —Ch3, —Ch6, +Ch0, —-Ch1
SSFBG2 +Chl, +Ch0, +Ch6, —Ch4, —Ch5, +Ch2, —Ch3
SSFBG3 +Ch6, +Ch6, +Ch6, —Ch6, —Ch6, +Ch6, —Ch6

Figs. 2, 3, and 4 represent the power spectra of SSFBGI,
SSFBG2 and SSFBG3 respectively. The m-sequence of 7 chips
has been simulated by using 42 samples in the 100 nm that
composes the entire 7-channels bandwidth, considering a
SSFBG writing phase precision of z/10.

—_
[=}

Normalized power
ot s =

Fig. 2. Spectrum SSFBG1=+ChS5, +Ch4, +Ch2, —Ch3, —Ch6,
+Ch0, —Chl.

361

configuration =~ SSFBG3  presenting  slightly = worse

autocorrelation, but still presenting a very distinctive in-phase
peak. All configurations present a minimum power contrast
ratio equal to 12.3 dB. The average power contrast ratio
(defined as P/W=20log[Peak(Autocorrelation)/Average(Cross-
correlation)]), is much larger and equal to 30.0 dB. P is the
maximum value of the autocorrelation function of a signal and
W is the average value of the cross-correlation function, using a

logarithmic scale. The worst error probability has been found to
be max {P,} =5x10".

Fig. 4. Spectrum SSFBG3=+Ch6, +Ch6, +Ch6, —Ch6, —Ch6,
+Ch6, —Ch6.
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Fig. 5. Normalized autocorrelation, in time domain, with SSFBG1,
SSFBG2, and SSFBG3.

= Cross-correlation SSFBG3 with SSFBG2
Cross-correlation SSFBG1 with SSFBG2
= Cross-correlation SSFBG1 with SSFBG3
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Fig. 3. Spectrum SSFBG2=+Chl, +Ch0, +Ch6, —Ch4, —Ch5,
+Ch2, —Ch3.

By analyzing the autocorrelation and cross-correlation
properties of the SSFBGs, as shown in Figs. 5 and 6,
respectively, we notice that all configurations present good
autocorrelation and cross-correlation properties, with the

Fig. 6. Normalized cross-correlation, in time domain, with
SSFBG1, SSFBG2, and SSFBG3.

4. Tunable SSFBG Error Probability

To simplify the study and analysis of the tunable SSFBG
error probability, we chose to consider only bipolar codes (with
two phases: 0 and 7). The chip +1 is coded with a phase 0
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and the chip —1 is coded with the phase 7. The worst case to
be considered is when the 7 chips are coded in the same
wavelength channel. Then, the phase modulation is simply a
binary phase shift keying (BPSK) modulation and the system to
be analyzed is a time-spreading optical-code-division multiple-
access passive-optical-network (TS-OCDMA-PON) system
with coherent coding and decoding making use of bipolar
codes. The error probability P, may be used to find an upper
bound for an OCDMA system. This P, upper bound max {P,}
can be a function of the cross-correlation power contrast ratio
P/C =201og[C(0)/ max{Cy;}] (in dB), where C, is the
cross-correlation and C, is the autocorrelation™. P is the value
of the autocorrelation function, centered in zero, and C is the
maximum value of the cross-correlation function, using a
logarithmic scale. Some P/C upper bounds, for periodic
correlations, have been found. One of them is the Welch

bound® of K perfect sequences of length N
P/C =20log V(KN-1)/(K—1). For the aperiodic
correlation case, the upper bound is

P/C =20log VCKN-K-1)/(K-1).

For a good communication system, the code set selected
should have a high P/C value. For example, it has been
suggested that the SSFBG should have power contrast ratios
higher than 17 dB for 127-chips Gold codes®™.

In this study, we consider the upper bound of the error
probability” that is a function of the power contrast ratio P/C:

N, 1 2
max{Pe}zl—qs[(i +(K—1)(1—N)10‘P“°C) ] (13)
b

Fig. 7 shows a 3D representation of the upper bound (13), for
K=2users and the length is N="7x7 chips. For example, the error
probability upper bound is lower than 10~ when the two ratios
P/Cand E, /N, are at least equal to 12.3 dB. E, is the bit energy
and N, is the spectral density of additive white Gaussian noise
(AWGN). ¢ is the normalized cumulative distribution function
of Gauss (with zero-mean and unit-variance). This situation
requires a bit error correction method to guarantee an error free

1e+000 g
1e—001 E
1e—002
1e—003 E
1e—004
1e-005 E
1e-006 £
1e—007 £
1e—008

Error probability

Fig. 7. 3D representation of the probability error upper bound with
tunable SSFBG.

transmission. However, we should remember that (13) gives us
the worst case error probability. Frequently, the error probability
average is utilized and, of course, this average will be much lower
than the worst case (13).

Finally, we should remember that the selection of the
appropriate codes, the SSFBG ultraviolet light writing
precision, and the precision of the optical communication
synchronization (sampling operation) are important when we
want to design a gigabit OCDMA-PON transmission system
with a low bit error rate (BER) over more long distances.

5. Conclusions

In this paper, a new tunable SSFGB was developed by
using stress-responsive colloidal crystals. A new SSFBG codec
with nanoparticles has been simulated with a short maximal-
length sequence. Using a mathematical model, we found that
the novel tunable SSFBG is similar to a codec of perfect
sequences. These sequences are, by definition, immune to
multipath interferences.

Our proposed WDM-OCDMA system with coherent coding
and decoding processes has been evaluated with an error
probability based on the power contrast ratios of some code sets.
The good results obtained allow the conclusion that the proposed
tunable SSFBG, with colloidal crystals and perfect sequences,
will be a simple solution for WDM-OCDMA communications,
when the optical coding and decoding processes require the
temperature stability and multiplexing capacity.
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