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A new method for realizing spectral phase optical code-division multiple-access (OCDMA) coding based on step
chirped fiber Bragg gratings (SCFBGs) is proposed and the corresponding encoder/decoder is presented. With
this method, a mapping code is introduced for the m-sequence address code and the phase shift can be inserted
into the subgratings of the SCFBG according to the mapping code. The transfer matrix method together with
Fourier transform is used to investigate the characteristics of the encoder/decoder. The factors that influence
the correlation property of the encoder/decoder, including index modulation and bandwidth of the subgrating,
are identified. The system structure is simple and good correlation output can be obtained. The performance
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of the OCDMA system based on SCFBGs has been analyzed. © 2003 Optical Society of America
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1. INTRODUCTION

Optical code division multiple access (OCDMA) is a
spread-spectrum technique that permits a large number
of users to share the same bandwidth simultaneously but
to be addressable individually through the allocation of
specific address codes. With this technique, the encoded
optical pulses are usually transmitted through a star net-
work and received by the receiver designed to recognize
the data bits with a specific address code. Such an ad-
dress code recognition is usually achieved by matched fil-
tering. In recent years, OCDMA as a multiplexing tech-
nique having great potential in high-speed local area
networks has attracted much research interest because of
its advantages such as flexible bandwidth usage, poten-
tially good cross-talk performance, asynchronous access,
and dynamic sharing of the channel resources.

The encoder/decoder is one of the key components in an
OCDMA system that can be used either in the time do-
main or in the frequency domain. In the time domain,
each data bit to be transmitted is represented by a code
that consists of a series of pulses. The pulses contained
in the coded bit are referred to as chips. While in the fre-
quency domain, the total spectral band is divided into
many small segments and the code information is con-
tained in these segments.

For the optical fiber delay lines'? that perform coding
in the time domain or the fiber Bragg grating (FBG)-
based encoder/decoder that operates either in the time
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domain? or in the frequency domain,*® unipolar codes
that exhibit poor correlation property and support only a
small number of simultaneous users are widely used.
For a traditional free-space grating-pair (FSGP)
encoder/decoder®” that operates in the frequency domain,
bipolar codes can be employed through a phase-coding
scheme. The use of phase coding is of great interest to
OCDMA, since the bipolar codes adopted in the phase-
coding scheme exhibit good correlation property, low in-
terchannel interference, and support a relatively large
number of simultaneous users for a given code length.
However, a FSGP encoder/decoder suffers the drawback
of poor coupling efficiency in optical fibers.

The OCDMA encoder/decoder based on fiber gratings
possesses the advantages of easy device fabrication and
compatibility with optical fiber communication systems.
In recent years, the rapid development of FBG fabrication
technology has reached a stage at which the optical phase
of the light reflected from an individual grating can be ac-
curately controlled, which allows the optical phase to be
used as a coding parameter®® and thus opens the way to
use FBGs to perform effective encoding/decoding func-
tions in an OCDMA system. 014

A spectral phase encoder/decoder based on a step
chirped fiber Bragg grating (SCFBG) has been experi-
mentally demonstrated by Grunnet-Jepsen et al. 2714
The SCFBG originates from traditional spectral phase
encoding/decoding by use of a FSGP configuration®’ and
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has the advantage of high-coupling efficiency in optical fi-
bers. Additional theoretical analysis is still needed to
improve the performance of this kind of OCDMA encoder/
decoder. The coding scheme based on a SCFBG must be
designed differently from that based on a FSGP in which
the phase shift on each pixel on the spatial mask is inde-
pendent from each other. However, in the encoder/
decoder based on a SCFBG, the phase shift of one of the
subgratings influences not only the phase of the reflection
coefficients of its own subgrating but also all the subgrat-
ings connected subsequently, i.e., the phase shift on any
subgrating is not independent of each other.

Here we propose a new method for realizing spectral
phase coding based on SCFBGs and present the corre-
sponding structure of an encoder/decoder. In this
method, a mapping code is introduced to the address code
and the corresponding phase shift is inserted into sub-
gratings of a SGFBG according to the mapping code. The
transfer matrix method together with the Fourier trans-
form is used to investigate the transmission characteris-
tics of the encoder/decoder. The factors that influence
the correlation property of the system are identified.

2. STRUCTURE OF THE OPTICAL CODE
DIVISION MULTIPLE ACCESS

SPECTRAL ENCODER/DECODER BASED ON
STEP CHIRPED FIBER BRAGG

GRATINGS

Figure 1 is a schematic diagram of an encoder/decoder
based on SCFBGs. Figure 1(a) is an encoder and Fig.
1(b) represents a decoder that matches the encoder in Fig.
1(a). The encoder consists of a pair of SCFBGs in a se-
ries arrangement. When an input bit (ultrashort pulse)
is incident on the first SCFBG, G1, the wavelength com-
ponents are dispersed and the reflected pulse is tempo-
rally expanded. When this expanded bit is reflected by
the second SCFBG, G2, which exhibits opposite disper-
sion slope to G1, the wavelength components are resyn-
chronized and the original pulse is reconstructed. How-
ever, in G2, if the phase shifts are incorporated into the
subgratings according to their corresponding address
code, the output pulse then represents a spectral phase-
encoded bit. The encoded data bit subsequently trans-
mits through the network before it reaches the receiver.
The decoder consists of a pair of SCFBGs, G3 and G4,
which are essentially the same as G1 and G2, but con-
nected to the circulator in reverse order. The phase shifts
are incorporated into the subgratings of G4 according to
the same address code as that of the encoder but in re-
verse order when compared with that of G2. After the
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Fig. 1. Schematic diagram of an all-fiber encoder/decoder based
on SCFBGs: (a) encoder and (b) matched decoder.

encoded data bit passed through the matched decoder,
spectral phase shifts are compensated and the original co-
herent ultrashort pulse is reconstructed. On the other
hand, if the decoder does not match the encoder, the spec-
tral phase shifts are rearranged but not necessarily com-
pensated, and the pulse at the output of the decoder is
still a low intensity pseudonoise burst, which is known as
multiple access interference. The threshold device is
used to detect the data that corresponds to relatively high
intensity and properly decoded pulses and to reject rela-
tively low intensity and improperly decoded pseudonoise
bursts.

3. OPERATING PRINCIPLE OF ENCODING/
DECODING BASED ON STEP CHIRPED
FIBER BRAGG GRATINGS

A. Transmission Characteristics of Step Chirped Fiber
Bragg Gratings with or without Phase Shift
For the SCFBG used in an encoder/decoder, the reflection
spectral bandwidth for each subgrating should be the
same. Considering the weak coupling condition «Az
< 7%, the bandwidth between the spectral peak and the
first zero position in the reflection spectrum of a uniform
subgrating is given by Eq. (1):
A2
AN = ——,
2neffAz

(»

where k = (mAn/\n .y is the coupling index, An is the in-
dex modulation, A is the wavelength in vacuum, n . is the
effective mode index of a FBG, and Az is the length of the
subgrating.

The transfer matrix method is used to investigate the
transmission characteristics of an encoder/decoder based
on SCFBGs. For a SCFBG, its transfer matrix can be
written as!®
2

]._.[ Tn(znfl > Zn)q)n
n=N

TO,L) = T1(z9, 21), (2)

where zyp = 0, zy = L, and T,(z,_1, z,) represents the
transfer matrix of a subgrating:
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where p; and ¢} are the complex conjugates of p, and
q,, respectively, 88, = 2a(\"1 — )\,;1) is the detuning
from the Bragg wavelength of the nth subgrating A, ,
a, = [|k,|? = (8B8,)*]Y2, and ®, is the transfer matrix
that corresponds to the phase shift of ¢,/2 inserted be-
tween the (n — 1)th and nth step subgrating:

exp(i¢,/2) 0

n = 0 (6)

exp(—ig,/2)|
The reflection coefficient is'®
r = _(T21/T22). (7)

When An is small and there is only a slight overlap be-
tween the central peaks of the adjacent reflection spec-
trum, for spectral band A, = AN (corresponding to the
Bragg wavelength of the nth subgrating), 8, is small
and even becomes zero when the phase of the forward
wave and the phase of the backward wave match.
Whereas 68,,(m e {1, N}, m # n) of the other subgrat-
ing is large. When An is small and 68,, > «, then «,
= (k? — 6B%)Y2 ~ i5B,,, and we have g,, ~ 0. Thus
according to Egs. (2)—(5), the reflection characteristics
within spectral band \, = AN can be approximately ex-
pressed by the reflection coefficient of the nth subgrating:

*

qn
r, =~ 7_* exp(i&ﬁ'nzn_l). (8)
Pn
When there are phase shifts between the subgratings,
9 -
Py~ —— exp(idB,z,1)exp| i >, |, )
Py 1=1

where ¢;/2 is the phase shift between the (I — 1)th and
[th subgrating. Comparing approximation (8) with ap-
proximation (9), the phase shifts between subgratings
produce a term of additional phase shift 2]_;¢; only,
which is the two times sum of phase shifts inserted be-
tween subgratings before the nth subgrating, for reflec-
tion coefficient r,,. The total reflection coefficient is the
sum of the reflection coefficients of all the subgratings:

N
r~ E r,. (10)
n=1

B. Realization of Phase Coding in a Step Chirped Fiber
Bragg Grating

The m sequence is used as the address code in our system.
Assigning an address code to the £th and vth user, respec-
tively, c¢* = (c’f, cg,..., cﬁ,) and ¢’ = (cf, ¢5,..., cx),
where ¢®V e {1, -1} and k, v e {1, N}. We consider the
sequence ¢’ as being (p'c?) = (c*)!, where p is the opera-
tor that shifts vectors cyclically to the left by one place,
that is, (pc*) = (cg, cé‘ . cﬁ,_l, c]f), in which case the
correlation function of ¢* and ¢’ can be written as

1 Y 1 Y
%m:ﬁgﬁﬁ=ﬁ§&¢h 1

which results in 6,,(0) = 1 for [ = 0 and 6,,(l) = 1/N
for/ = 1 toN. By assigning N cycle shifts to IV subscrib-
ers, one can obtain an OCDMA network that supports up
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to N simultaneous users. In Eq. (9), if ¢¥/2 e {/2, 0}
and exp(i3! ,¢f) = c*, the SCFBG with incorporated
phase shifts represents an OCDMA encoder/decoder. To
satisfy the condition exp(i=) ,¢f) = ¢*, an address code
mapping needs to be established: no change for the first
code element; for the others, each must be compared with
the previous code element. If they are the same, the
mapping code element is 1, otherwise —1. Thus a map-
ping code is established. For example, the mapping code
of the m-sequence address code with a length of 7, (-1,
-1,-1,1,1, -1,1),is (-1,1,1, =1,1, =1, —=1). The se-
quence elements ¢¥/2 e {7/2, 0}, e {1, N}, correspond-
ing to {—1, 1} of the mapping code element, is added in
front of the corresponding subgrating. Thus, for G2 in
Fig. 1, from \; = AN to Ny = A\, the additional phase
shifts of the reflection coefficient for the subgratings in G2
are {(ﬁﬁ} = {E?:lnpf} ={m, m, m, 2w, 2, 3w, 47}, corre-
sponding to the address code (-1, —1, -1, 1, 1, —1, 1).

An ideal spectral OCDMA encoding/decoding scheme
based on SCFBGs should satisfy the condition that the
spectral band of each subgrating has a flat top and there
is neither overlap nor gap between adjacent spectral
bands. Thus according to approximations (8) and (9), the
reflection coefficients of the spectral band \,, = A\ for G1
and G2, respectively, can simply be written as

- anl)]exp(ib‘ﬁnznfl)’
Nen, £ AN (12)

r, ~ i tanh[ «(z,

I'n =~ itanh[K(Zn - anl)]exp[i5:3(N+lfn)2nfl]

n
X exp(iE @f),
=1

If the power spectrum of the input pulse is a constant over
the entire spectral bandwidth, with an inverse Fourier
transform, the time domain expression of the field ampli-
tude for the optical pulse that passes through G1 and G2
in the encoder can be written, respectively, as

VPy &
C1(t) ~ i tanh(kAz) TE sinc[TAF(t + 2¢, 1)]

n=1

N e\, £ AN (13)

X exp(127f,t), (14)

P
Coplt) ~ 770 tanh?(xkAz)sinc[ 7Af(E + 2ty 1)]

N n
x> exp(ianfnt)exp(iE gof)
=1

n=1

P
- —70 tanh?(xkAz)sinc[ 7Af(E + 2ty 1)]

N
X >k exp(i2mf,t), (15)
n=1

where P, is the total power of the input pulse, f,
= ¢/\,, Af = cANA2 () is the central wavelength of
the SCFBQ), and ¢,,_; = (n.g2z,_1)/c is the time delay as-
sociated with each spectral band, which represents the
dispersion property of the chirped fiber grating. After
the signal pulse passes through G2, which exhibits an op-
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posite dispersion slope to G1, the dispersion obtained
from G1 can be compensated by G2. In other words, the
same time delay 2¢5_; can be obtained for all the spectral
segments. Thus if no phase shift exists between any pair
of subgratings of G2, the pulse will be reconstructed; oth-
erwise, the pulse represents a spectral phase-encoded bit.

Since the phase shifts are incorporated into subgrat-
ings of the SCFBG in the encoder according to the map-
ping code, and as we have in Subsection 3.B, the bigger
additional phase shift will be obtained for the reflection
efficiency of the latter subgrating before which the pulse
experiences more subgratings. To compensate the addi-
tional phase shift in the reflection coefficient, the step dis-
persion order of G4 in the decoder is set to be opposite
that of G2 in the encoder. Hence, the code elements in
the decoder are also set to be in reverse order with those
in the encoder as shown in Fig. 1(b). Thus from \;
+ AN to Ay £ A\, the additional phase shifts of the re-
flection coefficient for subgratings in G4 are {d)ﬁ}
= {37 ¢} = {0, m, 27, 27, 37,3m,3w}. If the decoder
does not match the encoder, no compensation can be pro-
vided, and a cross-correlation output will appear. The
electric field representation of the £th decoder output can
be written as

Ey(t) = Cra(t) + 2 Coplt — tly), (16)
k#v

where Cp,(¢) is the autocorrelation term, X,.,C,.(¢
— t,;) is the cross-correlation term that is a multiple ac-
cess interference term, and ¢,;, denotes the random time
delay between the arrival of the kth and the vth encoded
signals at decoder k. If¢,, = 0 is assumed, then perfect
synchronization can be maintained between the desired
transmitter and the receiver pair.

It should be noted that, if the first code element of the
mapping code is —1, no phase shift is required to be added
to the first subgrating; and the whole reflection spectral
band will undergo an additional phase shift of —, which
actually has no effect on the final correlation output.

C. Correlation Property of the Encoder/Decoder Based
on Step Chirped Fiber Bragg Gratings
A numerical simulation method is used to investigate the
feasibility and performance of the proposed system. The
correlation property of encoder/decoder based on SCFBGs
is simulated by use of the transfer matrix method!® and a
Fourier transform. A series of Gaussian-shaped pulse
trains of 0.1-ps pulse width is introduced to the encoder.
The configuration of encoder/decoder is shown in Fig. 1,
where an m-sequence address code with a code length of 7
is demonstrated for simplicity. Actually the m sequence
with a code length of 15 is used as the address code, thus
SCFBG consists of 15 subgratings, each of 2.7-mm length,
and a bandwidth of approximately 0.3 nm. Bragg wave-
lengths of subgratings are increased in steps of 0.3 nm
from 1540.3 to 1545.0 nm. The effective mode index
N = 1.456 and An = 2.5 X 10™* are used in the simula-
tions.

Figure 2 shows the reflection spectrum of G1, from
which the reflection spectrum of an individual subgrating
cannot be observed because of the overlap between neigh-
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boring spectral bands. In contrast, the sidelobe structure
of the reflection spectrum of an individual subgrating has
only a slight influence on the total reflection spectrum.

Figure 3 displays the dispersion of the pulse at the out-
put of G1 in the encoder. It can be seen from this figure
that there are 15 peaks that correspond to the time delay
of 15 subgratings. The value of the step time delay is
given approximately by ¢, 1 = (n.2,_1)/c in approxima-
tion (14), which is a simplified expression of the transmis-
sion characteristics of the encoder/decoder. It should also
be noted that the intensity of the first subpulse is much
higher than that of the others, as the intensity of each
subpulse except the first is reduced because of the reflec-
tion spectrum overlap between adjacent subgratings. In
addition, subgrating sidelobes cause the dispersed sub-
pulse distortion. When Arn is increased, the side-mode
structure increases rapidly, resulting in greater distor-
tion.

The correlation output curve of the decoder obtained
with the m sequence as the address code with a code
length of 15 is demonstrated in Fig. 4. When the decoder
matches the encoder, there is an autocorrelation output
as shown in Fig. 4(a); otherwise, cross-correlation output
appears as shown in Fig. 4(b), where the address code (1,
1,-1,1,1,-1,-1,1, -1,1, -1, -1, =1, —1, 1) is added
to G4.

A number of factors such as index modulation An and
the bandwidth of the subgrating can influence the corre-
lation property of an encoder/decoder based on a SCFBG.
To satisfy Eq. (8) and approximation (9), a small An is re-
quired for an encoder/decoder based on SCFBGs. Figure
5 demonstrates the autocorrelation and cross-correlation
output curves that correspond to different values of An.
When An = 1 X 1072, it is difficult to distinguish the au-
tocorrelation and the cross-correlation outputs as shown
in Fig. 5(a). If An = 3.5 X 1074, the intensity ratio of
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the autocorrelation to the cross correlation becomes 2.4:1,
and the autocorrelation output can be clearly recognized CiCr, = 0 tanh®(kAz)sin c?[ wAf(t + 4tyn_1)]
as demonstrated in Fig. 5(b). For An = 1.5 X 1074, the N?

intensity ratio reaches 7:1 and the autocorrelation output
becomes extremely dominant as shown in Fig. 5(c).

N
Z exp(i27rfnt)}cc

Another important parameter that determines the cor- X -
relation output of the system is the reflection spectrum "
bandwidth. In Eq. (16), the autocorrelation term C;(¢)
is similar to Cy;,(¢) and can be expressed as -0 tanh8(kAz)sin e[ 7Af(t + 4ty_1)]
N? .
— sin?(mNAft)
P, X — a7
Cur = N tanh*(«kAz)sinc[ wAf(t + 4ty_1)] sin®(wAft)

The term [sin?(mNAft)]/[sin?(7wAft)] has a comblike struc-

N ture with period Ty = (1/NAf). Only when time delay

% 2 exp(i27f,t), 4ty -1 in approximation (17) is a multiple of Ty is there
n=1 an overlap between one of the peaks in the comblike
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structure and the peak of sinc[#Af(t + 4ty_1)]. As a
result, the maximum autocorrelation peak can be
obtained; otherwise the autocorrelation peak could
decrease sharply. According to Eq. (1), under the condi-
tion that the bandwidth AN in the reflection spectrum
of the subgrating is equal to the Bragg wavelength
increase/decrease of the adjacent subgratings, i.e., o\
_» Where \p is the Bragg wavelength of the
nth subgrating, we have 4¢y_ /Ty = 2N(N — 1) and the
maximum autocorrelation will appear. While AN=0.2 nm
and 6A=0.3 nm, the time delay 4¢,_, is not a multiple of
T, and thus the correlation property is poor as shown in
Fig. 6(a). In Fig. 6(b), AN = 0.15 nm, and &\ is still 0.3
nm, the time delay 4¢5_; is a multiple of T, and the
spectral bandwidth of each subgrating is half of that in
Figs. 4 and 5. Thus the length of each subgrating and
hence the time delay is double that in Figs. 4 and 5, and
the peak of the comblike structure at the 4¢5_; position
decreases sharply. As a result, the correlation property
becomes worse than that in Figs. 4 and 5. To obtain a
good correlation property, a large code length is required,
but a proper selection of other parameters such as An and
the bandwidth is also essential. From Fig. 6 it can be
seen that good correlation property can be obtained only
when the bandwidth of the reflection spectrum of each
subgrating is equal to the difference between Bragg wave-
lengths of the neighboring subgratings, i.e., AN = S\.
There are two ways to increase the code length. The first
is to increase the number of subgratings without any
change of A\, which thus increases the total bandwidth.
The second is to use a narrow bandwidth AN without
any change in total bandwidth. However, the relation
AN = 6\ also needs to be satisfied in this case.

= )\Bn}\Bn

4. PERFORMANCE ANALYSIS

Figure 7 shows block diagrams of a coherent ultrashort
light pulse OCDMA transmitter and receiver. In Fig.
7(a), the data source is first encoded by an on—off keying
(OOK) encoder. The pulses generated are sent to an
OCDMA encoder based on SCFBGs, an m-sequence ad-
dress code is assigned to each data pulse, and the output
pulses represent the spectral phase of OCDMA encoded
signals. Figure 7(b) represents a receiver for an ul-
trashort pulse OCDMA communication system. The kth
receiver is assumed to be a correlation receiver matched
to the kth transmitter.

In our system, the shot noise and the thermal noise of
the receiver are neglected because multiple access inter-
ference is the main noise factor, and it is assumed that

QOCDMA encoder
To fiber

Data source Optical
!

#K 00K
(a)
OCDMA Optical Optical 00K Data
Signal decoder threshold demodulation recovery
i device
input

(&

Fig. 7. Coherent ultrashort light pulse OCDMA (a) transmitter
and (b) receiver pair.
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Fig. 8. BER versus the number of simultaneous users.

communication between each transmitter and receiver
pair is continuous. Pseudonoise bursts generated by
spectral phase coding based on SCFBGs are not station-
ary random processes in a strict sense, hence it is also dif-
ficult to calculate the bit error rate (BER) of the system
precisely. However, when An in SCFBGs is small and
there are a large number of simultaneous users with long
m sequences as the address codes in the decoder,'®!” the
unsuccessfully decoded pulse can be assumed to be a
Gaussian random process.

For a single user case the intensity signal I has a chi-
square probability density function and can be shown to
be

1
px) = - exp(—x/0?), (18)

o

where variance o = 1.263\T/T,, T is the initial pulse
width, the root-mean-square width of encoded pulse
T, ~ ToN/\2, and N is the code length. Although mul-
tiple undesired users interfere with the desired user, the
total interference can be taken as the summation of inde-
pendent multiple random processes whose probability
density function is

xn*l

pu(x) =

exp(—x/a?). (19)
o2(n — 1)!

When the number of undesired users is large, according
to the central limit theorem

pn(x) =~ N(no?, no?). (20)

In the following we denote the photocurrent detected by
the photodetector of the kth receiver as the random vari-
able Y* and I, as the threshold of the decoder. Then the
BER of such a system can be expressed as

1
BER = 5[Pr(Yk > Tg|b® = 0) + Pr(Y* < Ia|b* = 1)],
(21)
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where!”

Pr(Y* > I, = 0)

n—1
n—1f, n-1-i
=2, pa-p
i-1
* 1 (x — ic?)?
X f exp dux, (22)
InN2mno? 2ig?

Pr(Y"* < I,/b% = 1)]

n—1
-1\ . .
= 21 (TL ; )pl(l _p)n—l—z

Iy 1 (x —ioc?2 —1)2
X exp dx, (23)
~=\2mno? 2ic?

where p = (1/2)(T,/T}) and T is the period of the data
source.

Figure 8 depicts the BER versus the number of simul-
taneous users when the code length is 15, 63, and 127, re-
spectively. T, = 0.1ps and T, = 50 ps for all the users.
From Fig. 8 it is obvious that the longer the code length,
the more simultaneous users the system can support.

5. FABRICATION OF SPECIALLY DESIGNED
STEP CHIRPED FIBER BRAGG
GRATINGS

With the development of fabrication technology for fiber
gratings, it is possible to fabricate SCFBGs with precise
control of the phase shift that needs to be incorporated
into the subgrating. The most direct method is to use the
phase mask with a specially designed phase shift, but
such a method is expensive. Another method is the so-
called continuous grating writing technique,'® which ef-
fectively writes gratings on a grating plane and allows for
fabrication of gratings with truly complex refractive-
index profiles. This technique uses a simple phase mask
with a uniform pitch and relies on precise control of the
positioning of the fiber relative to the mask and the expo-
sure of ultraviolet light used to write the grating. A
single phase mask can thus be used to write a wide range
of complex grating structures.

6. SUMMARY

We have proposed a new method for realizing spectral
phase OCDMA coding based on SCFBGs and presented
the corresponding structure of an encoder/decoder. With
this method, a mapping code has been introduced and the
designed phase shift was inserted into the corresponding
subgrating of a SCFBG according to the mapping code.
The factors that influence the correlation property of an
encoder/decoder include index modulation An and the
bandwidth of the subgrating. The structure of an
encoder/decoder is simple and good correlation property
can be readily obtained. The system performance analy-
sis shows that, when An is small and the code length of
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the m sequence is long enough, the unsuccessfully de-
coded pulse can be treated as a Gaussian random process.
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