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ABSTRACT

A numerical simulation study of the performance of encoding and decoding of short optical pulse in OCDMA (Optical
Code Division Multiple Access) systems under non-linear optical effects is presented. The performance of encoding and
decoding short pulses is obtained through use of device FBG (fiber Bragg grating) where the codes are inserted through
discrete jumps in the optical phase (+m). The multiuser interference is also the object of the present study, where a
figure of merit (interference figure) is used to quantify the interference in multiuser auto and cross correlation. We eva-
luate the dependence of the multiuser interference for the coupling constant of FBG. Finally, the interference inserted in
the autocorrelation due to nonlinear effects generated in the nonlinear switching of the coded pulse in a dual core
nonlinear directional coupler is examined, where temporal broadening of pulses decoded is observed.

Keywords: Fiber Bragg Grating; Gold Code; OCDMA; All-Optical Digital Processing of Signals

1. Introduction 2].

Depending on the coding approach, the optical CDMA
can be divided into the following categories: temporal
encoding, spectral amplitude encoding, spectral phase
encoding and spatial encoding [1]. A hybrid encoding
can be achieved through the use of two of the encodings
listed above. Initially, the OCDMA technology uses the
temporal encoding employing a delay line network. In
this method, an ultrashort optical pulse is converted into
a pulse train with low intensity, so each replica pulse oc-
cupies a temporal position according to the delay line, re-
sulting in the coded pulse. For decoding, a second delay
line network having a complementary delay response was
used so that the pulses in the train are despread into the
same time slot [3].

The coding in the spectral amplitude, in turn, is real-
ized with the inclusion of a broadband signal in spatial
filters with amplitude masks. The pattern of filtered fre-
quencies signal is encoded, so each code is represented
“Corresponding author. by a sequence of different arrangements of masks ampli-

The increasing demand for traffic information is leading
to an increase of the capacity and functionality of com-
munication systems. In this context, characteristics such
as bandwidth, security of transmitted information and the
data rate transmission, are critical to the evolution of sys-
tems. In this sense, access and multiplexing techniques
allow the simultaneous existence of multiple users on the
network sharing the same optical domain. The most pop-
ular techniques are TDMA (Time Division Multiple Ac-
cess), FDMA (Frequency Division Multiple Access) and
CDMA (Code Division Multiple Access). The main ad-
vantages of CDMA over other techniques include the ca-
pacity for higher connectivity, more flexible bandwidth
usage, higher granularity and scalability within optical
networks, improved crosstalk performance, asynchronous
access, and potential for improved system security, as
each user on the network has a specific address code [1,
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tude [4]. As the spectral amplitude encoding, spectral
phase encoding considers a ultrashort pulse (broadband)
initially dispersed by a diffraction grating. The spectral
phase encoding uses the spectral content of the signal be-
ing encoded, that is, different displacements are applied
to different frequency components [5].

The spatial encoding, in turn, uses various fibers or in-
cluding multi-core fibers [6]. Used to propagate images
in optical fibers, this type of coding has received atten-
tion in hybrid coding schemes, which are used two si-
multaneous encoding schemes, such as coding space-time
coding or wavelength-time [7].

FBG has shown excellent performance for the results
of autocorrelation and cross correlation in OCDMA sys-
tems [2]. A form of code using FBG optical signals is to
arrange the grating in a specific sequence, using the cen-
ter frequency of the grating reflection. In this encoding
scheme, the position of the grating and the wavelength of
reflection are the key points to coded spectral and tem-
poral information. In [2] a scheme using FBG encoding
and decoding was presented, where grating is a pure am-
plitude-modulated grating containing various discrete sec-
tions of grating (spatial chips), which exhibit either full
or zero refractive index modulation [2]. The encoding us-
ing the optical phase of light as a parameter, is obtained
with the inclusion of discrete jumps in phase (£n) in the
fiber Bragg grating. The inserted sequences of phases are
defined by the used code.

To achieve good and high-contrast code recognition,
one needs to restrict the use of codes within the system to
those that have both distinct autocorrelation features with
a single dominant, well-defined autocorrelation peak and
low peak-level mutual cross-correlation functions. The
used chip patterns are usually the well known M-sequen-
ces, or are based on combinations of M-sequences such
as Gold codes, Kassami codes, or Walsh-Hadamard codes,
which are known to have such properties [4]. Such codes
are also applicable to OCDMA. The quality of the code
recognition and the number of orthogonal codes sup-
ported by a given code length is a strong function of the
code length and degree of polarity (i.e., the number of
possible coding levels) of the implementation. Both of
these properties improve significantly with the use of
longer codes and increasing degrees of polarity.

2. Theoretical Procedure

2.1. Fiber Bragg Grating

A FBG consists of a periodic perturbation of the refrac-
tive index in the longitudinal direction of the core of an
optical fiber. The perturbation of the refractive index of
the core of an optic fiber is a periodic structure that acts
as a band-reject filter. Thus, a narrow spectral band of an

Copyright © 2013 SciRes.

incident optic field through a fiber is reflected by succes-
sive and coherent scatterings, caused for the variations of
the index. The coupling is more intense between modes
occurs in the wavelength of Bragg, 4z, this condition can
be thought of as a phase-matching condition, presented
Equation (1) below [8-10],
2An,,

by = (1)
where A is the grating period, n.y is the effective index
and N is the order of Bragg [9-13].

The coupled-mode theory [11-13] has been used to
describe the dynamics of fiber Bragg grating. Wave pro-
pagation in a linear periodic medium has been studied
extensively using coupled-mode theory. For optical fi-
bers is necessary to include both the nonlinear changes
and the periodic variation of the refractive index by using
Equation (2)

ii(,2) =7 (@) +n|E|" +5n,(z), @)

where n, is the nonlinear parameter and Jng(z) accounts
for periodic index variations inside the grating [13].

Using Maxwell equations, considering the refractive
index given for Equation (2), Arand 4, vary slowly with
z and keeping only the nearly phase-matched terms, the
equations in coupled mode can be written in time domain
as:
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where Ay and A, are forward and backward amplitude,
respectively [13]. The measurement of the grating de-
tuning ¢ and the coupling coefficient x are given, respec-
tively:

§(@)=(7/c)(0-a,), )
s K[ 7 om|F(x ) dxdy |

jf:|F(x,y)|2 dxdy

For a transversally uniform grating, we can write
k =2n8n, /A . The Equations (3) and (4) include the non-
linearity SPM (Self-Phase Modulation) and XPM (Cross-
Phase Modulation), that multiply the nonlinear parameter
give y =n,o, / (CAW) . The terms f; and f, are the rela-
tive inverse of the group velocity and dispersion of the

(6)
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group velocity (GVD-Group Velocity Dispersion). The
0/2 term, in these equations, is relative to the inserted
losses for the system. In the present study the loss and
nonlinearities will be neglected (¢ = 0 and y = 0), which
is associated to the small length of the device [10,13].

2.2. Analytical Generation of Gold Codes

Gold sequences considers the bit-by-bit (modulo-2) sum
of two pseudorandom sequences of the same length but
generated by two distinct primitive polynomials. If one
sequence is shifted and the second sequence is kept fixed
bit-by-bit, N =2" -1 different sequences can be gener-
ated, one for each different shift. Considering the two
original PN sequences, altogether N +2=2"+1 of Gold
different sequences of length N can be generated with
one pair of primitive polynomials [14-16].

From two distinct primitive polynomials (s,;s,) we
obtain six Gold sequences. The four additional codes

were obtained considering the Equation (7)
SGold

{ 2 3 4 (7)

=15,58,:8, DTs,;8, T 5,55, PT8,55, DT sz}.

Below we present two of the codes (primitive polyno-
mials) used in this work. Other codes had been generated
from Equation (7),

Code1{S,}:
[ 10101011111100000100001100010100 (8.1)
111101000111001001011011101100 1 ]

Code 2 {S,}:
[ 11110000000001011000010101100010 |. (8.2)
111110110101011100010110101110 1 ]

2.3. Nonlinear Optical Fiber Couplers

All-optical data processing devices are fundamentals com-
ponents for future integrated photonic circuits. Fiber cou-
plers, also known as directional couplers, constitute an
essential component of lightwave technology. They are
used routinely for a multitude of fiber-optic devices that
require splitting of an optical field into two coherent but
physically separated parts.

The basic nonlinear coherent coupler, introduced by
Jensen [15], consists of two similar waveguides made of
a material with third-order susceptibilities, embedded in
a host with purely linear susceptibility. When the guides
are placed parallel to each other and in close proximity
over a given distance, the guide fields overlap to some
extent and power can be transferred between the two.

Copyright © 2013 SciRes.

When all the power is initially launched into one of the
guides, the nonlinear susceptibility can give rise to self-
trapping of power in the original guide. The output power
in the original guide, for a device length equal to a cou-
pling length, can be made to switch from essentially zero
percent at low power levels, to one hundred percent for
input power levels exceeding a characteristic threshold
[16].

The light proceeding from ones of the input gates (I1
or 12) will be guided for one of the output gates (Ol or
02), and depend, in linear regime, on the coupling length
(Lc). Thus, in the linear regime, the behavior of the cou-
pler is associated to the Lc parameter as [15-32]:

Le=m/2k . Q)

Jensen [15] showed that varying the input light in the
nonlinear coupler could lead to pulse switching between
the cores. He therefore foresaw the possible use of a non-
linear directional coupler as an optical switch. The non-
linear Schrodinger equations describe of the nonlinear
coupler and such equation is expressed by:

aA ip, 0°4, . e
+p, a; 22 % L=ixd, +iy|4| 4, (10)
l,B 0’4, . . 2
az ,Bl az 22 P L=id +iy|4)| 4, (1)

where A, and 4, are input amplitude, respectively. The
Equations (10) and (11) take in consideration only the
effect of self-phase SPM, and neglect the XPM (cross-
phase modulation) effect, which is considered to be small
[12-16]. In our simulation we study the behavior of
switching process of coded optical pulses in the nonlin-
ear coupler.

3. Results
3.1. Coding and Decoding of Optical Pulses

In this Section, the coding and decoding of short pulses
with full width at half maximum of 2.5 ps will be pre-
sented. For coding we used the hyperbolic-secant pulse
given by Equation (12), where A4y is the pulse amplitude,
Ay is the initial amplitude and 7} is the temporal width of
the pulse. The used codes, for this study are presented in
Section 2.2. We conducted this study based in the spectral
phase encoding, through discrete jumps in the optical
phase (£m) along the length of FBG,

A, :Ao-sech(%]. (12)

In our simulations, we have used the coupled-mode
Equations (3) and (4), described in Section 2.1, which
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neglects the effects of nonlinearity, dispersion and losses.
The characteristics of the FBG used in our simulations
were: effective refractive index of n, = 1.452, coupling
constant x = 24.05 m™' and length of 41.58 mm, with
each chip of 0.66 mm length. In the coding process, the
full width at half maximum of pulses takes the value of
402.5 ps in accordance with the Equation (13) (see Fig-
ure 1),
At = M , (13)
c
where L is length of the fiber and c is velocity of light.
Figure 2(a) presents the autocorrelation and cross-cor-
relation considering the sequences 1 and 2 presented in
Section 2.2. The autocorrelation is achieved using the
sequence 1 for both FBG encoder and decoder, in which
one can observe that the results show good autocorrelation
characteristic, in view of the low interference presented
in the decoded pulse. Like the encoded and decoded
pulse is obtained by reflection of the grating, and only
part of the input power is reflected, the decoded pulse ob-
tained after two reflections (encoding and decoding) is in
time larger than the input pulse. For the frequency band
of the reflected pulse is less than the input pulse. The de-
coded pulse presents full width at half maximum time of
5.7 ps, which is 3.2 ps larger than the input pulse, as pre-
sented in Figure 2(b). In the same figure is presented
cross-correlation between the sequence coding 1 and se-
quence decoding 2. We can see, from the figure, that the
cross-correlation presents values close to zero except for
a peak in the autocorrelation (0.13 a.u.) around 350 ps,
making this method very attractive for CDMA communi-
cations.

Input Pulse
]\ @ FBG/coding
— = A LU R
Encoded Pulse
Output Pulse
jk
— FBG/decoding

1 chip—0.66 mm

Figure 1. Setup of short optical pulse encoded and decoded.
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Figure 2. (a) Autocorrelation (code 1/code 1) and cross-cor-
relation (code 1/code 2); (b) Autocorrelation—Tryyy = 5.7
ps and input pulse—Tgywm = 2.5 ps.

3.2. Multi-Users Interference

To study the multiuser interference (MAI), we consider
the interference of 1 to 6 different users (sequences 1 - 6)
simultaneously. The design for the study of multiuser
interference is shown in Figure 3, in which we can ob-
serve that the encoded signal is inserted in the decoding
grating with the sequence 1. Additional users are added
simultaneously to the user 1 (sequence 1), and autocor-
relation is achieved. The Figure 4 presents the autocor-
relation for the code sequence 1, considering 1 to 5 addi-
tional extra codes. As additional channels are inserted,
the profile of the output pulse presents higher interfere-
ence peaks due to overlapping of the results of autocor-
relation (code 1) and cross correlation (codes 2 - 6). An-
other observed effect is the temporal broadening of pulses,
increasing to about 16 ps for 6 simultaneous users.

To quantify the multiuser interference, we calculated a
figure of merit (Interference Figure—I/F), expressed in
Equation (14). In this equation, SIR, represents the signal
to interference ratio, considering only one user present in
the process of encoding and decoding, and SIR;, the sig-
nal to interference ratio for 7/ users sending information
simultaneously. Figure 5 shows the result for the evolu-
tion of the figure of merit given by Equation (14),

SIR
IF =10log| —L |. 14
g(smj (14)

i

One can notice that one has an increase in the inter-
ference figure as a function of the increase in the number
of users sending information simultaneously.

The figure also presents the result of the figure of
merit for several values of the coupling constant (the
band of reflection of the FBG, which is proportional with
the x value), where one observe a nonlinear dependence
of the IF with the coupling constant. We observe an in-
crease in the /F" with the increases the band of the FBG
from x=24.11 m~' with a maximum of 13.45 dB in x =
120.54 m™', from this value the /F decreases until a mi-
nimum value in x = 241.08 m™' (approximately 2 dB for
6 users). The increase in interference with the coupling
constant, between the values x = 24.11 m' to k=
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Figure 3. Setup of the decoding process.
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Figure 4. Decoding of the code 1 as a function of the pres-
ence of others users (we add 1 to 5 canals).
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Figure 5. Interference figure as a function of the number of
users (codes).

120.54 m', is due to the increase in the cross-correlation
energy of additional users. After this value, the decrease
in the interference level could be explained by the su-
perposition of the cross-correlation energy in the region
of the decoded pulse.

To confirm the accuracy of the previously obtained re-
sults, we performed a comparative analysis between the
energies of the interference generated by the additional
channels on the autocorrelation and cross-correlation en-
ergy. In the autocorrelation, the energy of interference
obtained for autocorrelation is achieved by calculating

Copyright © 2013 SciRes.

the area of interference in figure intensity of decoded
pulses shown in Figure 4. The calculation of the energy
of interference, for the cross-correlation, was performed
through the total energy of the obtained response, consi-
dering the situations where we have the codes: 2; 2 and 3;
2,3and 4; 2,3,4,5;2,3,4,5 and 6 simultaneously, de-
coding with 1 (sequence 1) in the grating decoding. Fig-
ure 6 reveals the high degree of agreement of both me-
thods to obtain the cross correlation energy.

3.3. OCDMA Operating with Gold Codes under
Nonlinear Effects

In this study we consider the effect of nonlinearities in
the coded OCDMA pulses. The codified pulse is inserted
in an optical nonlinear coupler and its decoding occurs
later, after the switching. During the switching in the
coupler, the pulses are under the effect of the nonlinear
index of refraction and dispersion. The simulated con-
figuration is presented in Figure 7 where we present the
outputs a and b where we have the decoding of the coded
pulse. The nonlinear optical coupler is projected in such
a way that for input powers below the critical power
(1.32 W) the input pulse is completely switched for out-
put 4. A gain factor (0, 10, 20 and 30 dB) was introduced
before the nonlinear optical coupler to perform the study
of the nonlinearities effect in the switched optical pulses
and in the decoding process. In the gates (a) and (b) we
will obtain the decoded pulses. Figures 8(a)-(d) present

2 3 4 5 6
[ —B— Autocomelation ' j .
o - Cross-correlation o /U
k2411 m) A il
F e=7232m o
- | g»»-‘/u o
3 L o—"" 1
s [ e~ . . .
&L 1 A
2 i12054m _—
& f i 1
C n / -
I & " =
1 1 1 1 1
[ -1 F-
k=192.86 m L
r e
L e ]
L g ]
[ %=241.08 m™! /n ]
L o~ ]
4 st
5 9/. -
g~

2 3 4 5 6
Code numbers

Figure 6. Comparison of the figure of merit obtained through
autocorrelation and cross-correlation, for x (24.11 m;
7232 m'; 120.54 m™'; 192.86 m™'; 241.08 m™) as a func-
tion of the number of users.
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the coded signals in output 3 and 4, for the 0, 10, 20 and
30 dB of gain, using the codel signal (see Equation (8.1)).
One observe that for the gain of 0 (Figure 8(a)) and 10
dB (Figure 8(b)) the energy is almost entirely switched
to output 4, it occurs because the input power is below
the critical power. For 20 dB (Figure 8(c)) of gain the
codified signal its partially switched to output 4, where
one can observe strong distortions in the output pulses in
channel 3 and 4. For 30 dB (Figure 8(d)) of gain the
energy is present totally in output 3, because the input
power is above critical power, and one can observe strong
fluctuations in the switched pulse in channel 3.

After the coded signals interact through the nonlinear
optical fiber coupler, one has the decoding process through

2 FBG/

decoding

b

Figure 7. Schematic of switching of the encoded pulses in a
nonlinear optical coupler and the subsequent decoding proc-
ess.

the FBG/decoder (see Figure 7).

The outputs “a” and “b” are the output for the decoded
pulses (see Figure 7). For the decoding presented in
Figures 9(a) and (b) and 10(a) and (b) one can observe
the effect of the nonlinearity in the decoded pulses. The
pulses are switched using an optical circulator after the
decoding in the FBG. The decoded pulses suffers the ef-
fect due to the nonlinearity described in Equations (10)
and (11). Figures 9 and 10 present the decoded pulses
for several gains (0, 10, 20 and 30 dB). The same behav-
ior observed in Figures 9(a) and (b) for the decoding
pulse for gains of 0 and 10 dB, where almost all energy is
switched to channel 4, that is expected for characteristics
the Figure 8. We observe in Figure 10, that the input
energy is divided in channel 3 and 4, where distortions in
pulse of channel 3 is observed. For 30 dB of gain we ob-
serve strong distortions in channel 3 (Figure 10(b)). Com-
paring the decoded pulses (code 1) in Figures 9 and 10,
we observe that the time duration of these pulses are
strongly dependent of the nonlinear effects like nonlinear
index of refraction and dispersion of the fiber coupler.
The time duration is changing from approximately 5.7 ps
(0 dB) to 12.5 ps (30 dB). The switching in the nonlinear
coupler introduced a temporal increase in the width of
the decoded pulses. Comparing the decoded pulse without
the nonlinear effects, presented in Figure 2 (Tryp = 5.7
ps), the increase in time duration due to nonlinear effects
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1.00 v
[smism Output4 | ! |} (b)
+Gain: 0 dB i
—, 075+
3
S,
> 0.50
&=
[72]
C
)
£ 0254
0.00
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Figure 8. Encoded signal switched out from the nonlinear directional coupler for 0 (a), 10 (b), 20 (c) and 30 dB (d) of gain.
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Figure 9. Decoding signal output 3 and 4, for gain (a) 0 dB; (b) 10 dB.
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Figure 10. Decoding signal output 3 and 4, for gain (a) 20 dB; (b) 30 dB.
were up to 10 ps for 30 dB.
Figure 11 presents SNR in output “b” (see Figure 7). 41
One can notice a decrease in the SIR with the increase of
the gain. The increase of the gain is leading to higher 5
nonlinear effects (described in Equations (10) and (11)) = —O— Output b
which is responsible to an increase of the SIR. In the I Pl
same figure one has the SIR value for the decoded signal % 04
without the interaction with the coupler (4.3 dB), which
is 0.1 dB above the value when comparing with the SNR o)
with 0 dB gain (4.2 dB). The SIR value was calculated
based in Section 3.2. We observe in Figure 11 that for
the 30 dB of gain, the SIR is negative because the re- 0 10 20 30
mainder energy is higher than the energy of the decoded Gain [dB]

signal.

4. Conclusion

In this work, a performance study of encoding and de-
coding of short optical pulse in OCDMA (Optical Code
Division Multiple Access) systems is presented. The per-
formance of encoding and decoding of short optical
pulses is obtained using fiber Bragg gratings (FBG), in

Copyright © 2013 SciRes.

Figure 11. Signal to Interference Ratio as a function of the
gain factor.

which the Gold codes are inserted through discrete jumps
in the optical phase (+m). The process of encoding and
decoding of short pulses, using spectral phase coding,
was studied in the context of multiuser interference and
interference associated to nonlinearities in a dual core
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optical coupler. A dependence of the autocorrelation as a
function of the number of users on the network was ob-
served. A study of the multiuser interference as a func-
tion of the reflection band of Bragg grating was per-
formed. A figure of merit (Interference Figure) was ob-
tained to quantify the multiuser interference in autocor-
relation and cross correlation, which was obtained in a
maximum of 13.45 dB for interference with six users.
The process of autocorrelation and cross correlation pre-
sent a non-linear dependence with the coupling constant.
Autocorrelation and cross-correlation were obtained after
switching in a nonlinear dual core directional optical
coupler. The switching of the coded pulses in the nonlin-
ear optical coupler, interfere in the decoding process.
Distortions and fluctuations in the coding pulses, in the
output channel was observed. Decoded pulses, after the
nonlinear coupler (output a) is presenting a broadening in
the time duration associated to the nonlinear effects. We
evaluated how the nonlinear switching is leading to a de-
crease of the SNR. Time broadening of the decoded pulse
switched from the dual core nonlinear optical coupler is
observed. Considering that the input pulse has a time du-
ration of 2.5 ps, an increase to 5.7 ps, was observed as a
result of the coding and decoding process. The time du-
ration is changing from approximately 5.7 ps (0 dB) to
12.5 ps (30 dB) after the switching in the nonlinear cou-
pler. The signal to Interference ratio (SNR) showed an
increase in the interference level of 7 dB considering the
increase of the amplification level (0 to 30 dB gain) which
is leading to the increase of the nonlinearity.
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