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Based on the coupled-mode theory of fiber grating and codes theory, the design of an optical code division
multiple access (OCDMA) encoder/decoder with stepped chirped fiber Bragg grating (SCFBG) has been
proposed. The length of each uniform subgrating, the realization of encoding and decoding are provided.

Numerical result is also presented and discussed.
OCIS codes: 050.2770, 060.2330, 060.2340.

OCDMA technique resently has attracted considerable
attention as a potential candidate for multiplexing of high
speed fiber optical local area networks (LANSs).

Encoder/decoder is the key component in OCDMA
technique. In the earliest implementation, optical fiber
delay line (OFDL) encoder/decoder, which operates code
in time domain, has defect of inexact delay and poor re-
production in fabrication['; traditional 4F grating-pair
device encoder/decoder, which operates in frequency do-
main, is hindered in fiber optical communication for
it’s physical and coupling efficiency limitation[®3. En-
coder /decoder based on fiber grating has attracted much
attention due to its good reproduction in fabrication and
easy coupling with optical fiber communication system.
Moreover, stringent requirements of DWDM technique
boost improvement and enhancement of fiber grating
fabrication technique: from common uniform fiber grat-
ing to all kinds of chirped grating, now it is possible to
design and reliably fabricate superstructured fiber Bragg
gratings (FBGs)!?! with truly complex amplitude and
phase responses. The progress of the fabrication of FBG
makes it possible to realize phase encoding and decoding
in FBGI6-9L,

Use of phase coding is significant since it is well
known that bipolar codes exhibit better cross-correlation
crosstalk characteristics than unipolar codes. This key
aspect of phase encoding allows lower interchannel inter-
ference and thus more simultaneous users for a given code
length than unipolar coding. This ultimately permits a
higher overall system spectral efficiency than unipolar
coding.

In Ref. [7], a phase coding OCDMA system was demon-
strated, but no code and detail theory analyses are given.
This paper will discuss the design of the encoder, decoder
and realization of system in detail.

Figure 1 is the schematic of encoder/decoder based on
a pair of SCFBGs. The device includes a pair of SCF-
BGs arranged in series. By SCFBGs, it means gratings
composed of spatially adjacent subgratings, each of which
has constant spatial period but between of which has con-
stantly incremented one. When an input bit is incident
on the SCFBG1, the wavelengths are dispersed in time
and the reflected pulse is temporally expanded. When
this expanded bit reflected from a SCFBG has an op-
posite dispersion slope, the wavelength components are
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resynchronized and the original pulse is reconstituted.
However if the SCFBG2 contains phase-shift along its
length, these phase-shifts are transferred to the reflected
signal and the output pulse represents a spectral-phase-
encoded bit. The encoder data bit transmitted through
network until it reached a receiver. For data bit encoded,
only those whose address code matches that in the de-
coder can be decoded by auto-correlation detection, oth-
erwise there is multi-access interference at the output of
decoder.

Bandwidth from peak to the first zero of reflection
spectrum in uniform period grating is given by

P\ L\/ (kd1)? + 72, (1)
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where & is coupling index, negr is effective refractive index
in fiber grating, and &1 is the length of each subgrating.
Considering weak coupling condition xdl < 72, thus
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Total length [ of fiber grating equals to the sum of
each length of subgrating 6/. To ensure that each sub-
grating controls the backward diffraction of an isolated
spectral band, we design the length of each subgrat-
ing to satisfy the relationship that dA equals to the in-
crease of Bragg wavelength of neighbor subgrating, that
is A = )\Bn - )\Bn—l = 6)\chirp-

Using the matrix analysis method, the relationship be-
tween initial point (! = 0) and the end of the grating
(I = L) for forward/backward transmission wave ampli-
tudes can be expressed by
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Fig. 1. Schematic of encoder/decoder based on a pair of
SCFBGs.
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Fig. 2. Amplitude transaction and reflection of step chirped
FBG.

The T matrix in Eq. (3) is the product of scattering
matrix of N grating in series, which is given by

T(0,L) =Tn(en-1,2n) - Ta(21, 22) - T1(20,21), (4)
where zg = 0, zy = L, and T},(z,_1, 2,) represents ma-

trix of each subgrating1®
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where p}, and ¢, are the complex conjugates of p,, and ¢,
respectively, 88, = 2m(A~! — AL) is the detuning from
the Bragg Wavelength of the nth subgrating Ap,, and
an = \/ |%n|%2 — (68n)2. Considering boundary condition
= 0, the amphtude reflection coefficient at point
of l = 0 can then show to be
B(0) To1
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Assign an address code to the kth user c¢
(ck,cb,---,ck_,), where ¢ € {1, -1}. Using maximum-
sequence as address code is well known as one of PN se-
quence and its correlation property is also known. We
consider each subgrating as an encoding unit, adding
phase shift ¢¢ € (0,7), which corresponding to ck €
{1,—1} in the unit. When @k = m, the phase-shift ma-

trix is(10]
e—z'7r/2 0
¢ = [ 0 ez'7r/2 :| . (9)

When ¢f = 0, the phase shift matrix is a unit ma-
trix. For example, using a maximum sequence with code
length 7 (1,1, —1, =1, 1, —1, 1) as an address code, in-
serting corresponding phase shift into the SCFBG during
fabrication, then Eq. (4) is changed by

T=T¢-Ts-Ts-¢-Ty-¢-Ts-To-Tr.  (10)

Unit matrix is omitted in Eq. (10), because for a de-
coder matched with the encoder, its structure is the same
as that in the encoder except that the corresponding

phase shift matrix is conjugate with the one in encoder.

If the power spectrum of the input pulse is a constant
over the entire spectral bandwidth, by inverse Fourier
transform, the time domain expression of the optical
pulse passed through SCFBG1 and SCFBG2 in the en-
coder can be written respectively as

N
C1x(t) = i tanh(kAz) @ Z sinc[rAf(t + 2tp—1)]

x exp(i27 fnt), (11)
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where P, is the total power of the input pulse, f, =
c/An, Af = CA)‘ (Ao is central wavelength of SCFBG),
D

NeffZn—1

th—1 = - is the time delay associated with
each spectral band, representing dispersion property
of the chirped fiber grating. After the signal pulse
passed through SCFBG2, which exhibits opposite dis-
persion slop with SCFBG1, the dispersion obtained from
SCFBG1 can be compensated by SCFBG2, in other
words, the same time delay 2¢y_; can be obtained for
all the spectral segments. Thus if no phase shift exists
between any pair of subgratings of SCFBG2, pulse will
be reconstructed; otherwise the pulse of SCFBG2 repre-
sents a spectral phase encoded bit.

In decoding process, only data bit whose address
code matches that in decoder can be decoded by auto-
correlation detection, otherwise there is multi-access in-
terference at the output of the decoder. The electric field
representation of kth decoder output can be written as

)+ ) Cur(t), (13)
k#v

Tm (t Ckk

where Cy(t) is auto-correlation term, while Y C,x(t)
k#v
is cross-correlation term.

We assume that 1-ps Guassian pulse is input into the
encoder in the numerical calculation. Figure 3(a) is the
reflection spectrum of a 15 step chirped FBG. The pa-
rameter used here is negr = 1.456, An = 2.1 x 10~%, and
Bragg center wavelength increment is 0.3 nm from 1540.3
to 1545.0 nm in the SCFBG. Each reflection spectral
band corresponding to each subgrating is not perfect iso-
lated (ideally, it is flat), and in fact there exists overlap
between neighbor spectral band. The overlap is deter-
mined by the length of each subgrating, and makes each
Bragg center wavelength not at the peak of reflection
spectrum. On the other hand, the side-lobe structure of
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Fig. 3. Reflection spectrum of a stepped chirped FBG. (a)
Reflectivity with no code; (b) reflectivity with code.
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Fig. 4. Correlation curve based on pair of step chirped FBGs

decoder with m sequence of code length 15. (a) Auto-
correlation curve; (b) cross-correlation curve.

reflection spectrum in each subgrating will also influence
the total spectrum and correlation property. Figure 3(b)
is the reflection spectrum of the SCFBG inserted phase
shifts in serial as address code. The parameter used here
is the same as that used in the Fig. 3(a). We choose a
maximum sequence with code length 15 (-1, -1, -1, 1,
1,1,1,-1,1, -1, 1, 1, -1, =1, 1) as address code, in-
serting corresponding phase shifts into each subgrating.

Figure 4 is the intensity correlation after coded data bit
passing through the decoder based on SCFBGs. Figure
4(a) is auto-correlation curve, 4(b) is cross-correlation
curve. When address code in the decoder matches with

that in data bit, auto-correlation is obtained. Otherwise,
cross-correlation will be obtained which become multi-
access interference in signal detection. From Fig. 4, we
also see that the peak of auto-correlation is not at zero
point of time axis. This is because we choose t = 0 when
initial pulse peak is input into the encoder. Although the
wavelength components are resynchroized at the output
of decoder, they experience a time delay from two pairs
of SCFBGs (encoder and decoder). This is just the result
of Eq. (13). The performance of cross-correlation is not
only determined by maximum sequence itself which is not
an orthogonal sequence, but also related to the side-lobe
structure of reflection spectrum of each subgrating. And
when side-lobes are large, the correlation property will
become worse; the imperfect isolated reflection spectral
band of each subgrating will also influence the perfor-
mance of cross-correlation. Besides, the use of the longer
code sequence provides much better auto-correlation con-
trast than that achieved with a shorter code sequence due
to property of maximum sequence.

In summary, design of encoder/decoder based on SCF-
BGs is proposed in this paper. Encoder or decoder is
made up of a pair of SCFBGs in which the second one
is phase coded. The length of each subgrating and re-
alization of encoding/decoding are provided. Numerical
result shows that good performance of correlation is ob-
tained.
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