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Abstract—We develop a methodology for numerical optimiza-
tion of fiber Bragg grating frequency response to maximize
the achievable capacity of a spectral-amplitude-coded optical
code-division multiple-access (SAC-OCDMA) system. The optimal
encoders are realized, and we experimentally demonstrate an
incoherent SAC-OCDMA system with seven simultaneous users.
We report a bit error rate (BER) of 2.7 x 10~8 at 622 Mb/s for
a fully loaded network (seven users) using a 9.6-nm optical band.
We achieve error-free transmission (BER < 1 x 10~?) for up to
five simultaneous users.

Index Terms—Fiber Bragg gratings (FBGs), frequency encoded
(FE) optical code-division multiple access (OCDMA), fre-
quency encoding, intensity noise, spectral-amplitude-coded (SAC)
OCDMA.

I. INTRODUCTION

VARIETY of technologies and architectures are cur-

rently under study for optical code-division multiple-
access (OCDMA), targeting different applications, bit rates,
and throughputs. In this paper, we focus on spectral amplitude
coding for access networks due to the potential for low-cost
client premises equipment. Access networks deliver services
such as video on demand, multichannel high-definition tele-
vision (HDTV), ultrahigh-speed Internet, etc., to residential
customers. This type of traffic is known to be bursty, and
code-division multiple-access (CDMA) in the electrical do-
main has been demonstrated to be very efficient in this sce-
nario as compared to carrier-sense multiple-access networks
(Ethernet, ALOHA, etc.) [1]. The main challenge that faces
researchers is the efficient transfer of this advantage to the
optical domain, with many methods under investigation [2]-[6].
Some OCDMA systems achieve high bit rate but are quite
complex and expensive because they use mode-locked lasers,
nonlinear thresholders, etc. [7]. These components are of high
cost and not easily available commercially. Achieving spectral-
amplitude-coded (SAC) encoding/decoding by means of bulk
optics (diffraction gratings, mirrors, amplitude masks, etc.)
has high losses (11-13 dB), and such setups are difficult to
adjust and to stabilize [8]. This paper focuses on low-cost
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architectures offering moderate bit rates (622 Mb/s to gigabit
Ethernet rates) that are suitable, for example, for passive optical
networks (PONs) [9]. A variety of technologies have been
proposed for SAC-OCDMA encoders; however, we focus our
attention on the use of fiber Bragg gratings (FBGs) as an ideal
component to achieve our system goals of stable, low-cost, and
low-loss encoders.

An incoherent SAC-OCDMA system using superimposed
FBGs in reflection as encoders/decoders was tested in [10] for
a system that uses m-sequence codes. The authors identified
many points where the capacity of SAC systems could be
improved and their cost could be reduced: 1) use of codes
with fixed minimal cross correlation instead of m-sequences,
2) use of FBGs in transmission, and 3) minimal frequency
guard bands. In this paper, we adopt their suggestions and
demonstrate an improved system. In [10], a system with an
optical bandwidth of 6 nm operating at 622 Mb/s showed a
10~ bit error rate (BER) floor with only three active users.
At an optical bandwidth of 9.6 nm, we achieve seven active
users with a BER floor of 2.7 x 1078 at 622 Mb/s. In order
to get this improved performance, we needed to optimize the
shape of the achievable FBG spectral response (spectral shape)
to best achieve the suggestion of “minimal frequency guard
bands.” In [10], a simulation tool was described to predict
the performance of SAC-OCDMA systems as a function of
the encoder/decoder spectral response using theory derived
from Goodman [11]. Their encoders/decoders were written
with significant frequency guard bands between frequency bins
(with these bins being a partition of the available bandwidth
into uniform segments for coding). The original intent of the
guard bands was to reduce multiple-access interference (MAI)
by assuring that when two codes do not have a given bin in
common, no energy would “leak through” one bin to the other.
Unfortunately, MAI was not the principal source of system
impairment, and this actually reduced the system capacity. The
principal source of impairment was interferometric beat noise,
which leads to intensity noise, which is also known as phase-
induced intensity noise.

Ultimately, all SAC-OCDMA systems are intensity noise
limited, even if they use coherent multifrequencies sources
having the same center frequencies [13]. In this paper, as
in [10], we focus on the use of broadband sources due to their
low cost and large emission bandwidth compared to coherent
sources. The intensity noise in an incoherent system is inversely
proportional to the effective optical bandwidth (the occupied
bandwidth and not the spanned bandwidth) and proportional
to the electrical bandwidth. For a given bit rate, systems with
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greater optical bandwidth would offer better performance in
terms of BER or, for fixed BER, could accommodate more users
for greater capacity.

Since intensity noise is the principal noise source, frequency
guard bands reduce the occupied bandwidth; hence, they reduce
the effective optical bandwidth and, therefore, the capacity. If
ideal rectangular filters could be achieved, the encoders would
carve out truly orthogonal frequency bins while exploiting all
available bandwidth. Realistic FBGs that can be written in
a cost-effective manner will have finite rolloff, leading to a
tradeoff between MAI and intensity noise. In this paper, we use
the simulator proposed in [10] as a design tool to numerically
trade off the MAI versus intensity noise. This tradeoff requires
the identification of further constraints on the code family to
achieve optimization, as will be described later. We simulate
achievable FBG spectral responses with various levels of over-
lap between bins. These spectral responses are then used to
predict the BER floor in a SAC-OCDMA system. The optimum
spectral response is determined, and a set of encoders/decoders
is realized. These components are then tested in a system
configuration similar to that in [12].

The remainder of this paper is organized as follows: In
Section II, we describe SAC-OCDMA networks and their
principles of operation, explaining the role of each component.
Section III discusses the computation of the BER floor in
intensity-noise-limited SAC-OCDMA networks. In Section IV,
we describe our encoder optimization, including the issues of
code choice and the apodization profile used for writing FBGs.
In Section V, we present our experimental setup and BER mea-
surements for the optimized system. Finally, we conclude with
suggestions for further optimizations that might be attained.

II. SAC-OCDMA SYSTEM

Tree architectures are efficient for fiber-to-the-home or the
so-called “last mile” market. A network of this type that
employs only passive optical components (couplers, splitters,
circulators, etc.) is referred to as PON and has low installation
and management costs, as compared with active networks.
The standards for today’s PON have bit rates per household in
the range of 20-30 Mb/s, which are inadequate to meet grow-
ing consumer demand (multichannel HDTV, ultrahigh-speed
Internet, video on demand, etc.). Future PONs will exploit
OCDMA or wavelength-division multiplexing to increase per-
client rates up to 1.25 Gb/s, with 16 or 32 simultaneous clients
per network. We propose a network using SAC-OCDMA at
the physical layer. Such a network assigns a unique spectral
code to each user, as shown in Fig. 1. SAC-OCDMA takes
a data-modulated optical signal with wide spectral content,
e.g., multiple lasers, multifrequencies source, or a broadband
source, and encodes each bit in the spectral domain. In this
example, a low-cost light-emitting diode (LED) is directly
modulated, followed by a passive encoder ENC. The encoder is
an FBG working in transmission that takes a broadband source
and filters out all spectral content, except those frequencies
included in the user’s unique spectral code. All the users in
the system share the same optical bandwidth and contain fre-
quency elements from the same band; they access the channel
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Fig. 2. Balanced detection in SAC-OCMA network.

asynchronously and without coordination. An N x 1 coupler is
used to combine all signals onto one fiber to the central office
(CO). The receiver for SAC-OCDMA systems is the balanced
detector illustrated in Fig. 2 and would be the same at the
CO or client premises. Balanced detection [4] eliminates MAI
for codes with fixed cross correlation, leaving only intensity
noise. The upper arm contains an FBG with the decoder DEC
identical to the ENC for the data to be received. In the lower
arm, the complementary decoder C-DEC is orthogonal to the
ENC spectral response, i.e., it contains only the frequency bins
that are not present in the ENC. An optical attenuator is inserted
to achieve balanced detection and is adjusted according to the
used codes.

III. SIMULATION OF SYSTEM PERFORMANCE

The main limiting noise at high received power is the inten-
sity noise generated by the incoherent broadband source. The
intensity noise goes as the square of the photocurrent, unlike
shot noise, which varies linearly, and thermal noise, which does
not depend on the photocurrent [14]. In [15], intensity noise
led to a BER floor, even with only one interferer. In [10], the
simulation results were presented to fit the BER floor, which
was ultimately attributed to the low ratio of optical bandwidth
to electrical bandwidth and high cross correlation of the used
codes. In this section, the methodology of [10] is used to
predict the BER floor as a function of all components’ spectral
responses.

Let SEvo(v), Spec(v), and Sc_prc(v) represent the
spectral response of the kth user’s ENC, the DEC, and
the C-DEC, respectively, where v is the optical frequency.
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To avoid burdensome notation, the last two expressions have
no superscript as they refer to a unique detection device for
the desired user, which we refer to as user#l. Ssourcg (V)
represents the spectrum of the broadband source, which is taken
to be identical for all users. Let Fipo(v) and FE ppe(v)
represent the spectrum after DEC and C-DEC, respectively,
when only the kth user is active. They are given by

= Ssourcr (V) - Sinc (V) - Sprc (V) )]

= Ssource(V) - Sgnc(v) - Sc-pec(v).  (2)

F[k)Ec(V)
F(}JffDEC(V)

The spectral responses of components other than the source and
the encoders are considered ideal, i.e., flat. Let £’ R be the ex-
tinction ratio of the modulated broadband signal at the receiver
and K be the total number of users in the system; the number
of active interferers is ¢ € {0,1,..., K — 1}. Let d be a row
vector of length K, where each element dj, takes one of three
values (0, 1, 1/ER). The kth element of d is O if the kth user is
inactive, 1 if the kth user is active and transmitting a logical “1,”
and 1/FER if the kth user is active and transmitting a logical
“0.” Finally, let Fpgc (v, d) and Fo_pgrc(v, d) be the spectrum
striking the photodiodes at the decoder and the complementary
decoder arms, respectively. These spectra are the sum of all ac-
tive users’ spectra and, thus, a function of data vector d and are
given by

FﬁEc(V)

Fprc(v,d) = d- Z di - Fipe(v).  (3)

DEC

FI%(EC(V)

A similar equation holds for Fo_prc (v, d). Having determined
Fprc(v,d) and Fo_pgc(v,d), va, which is the signal-to-
noise ratio (SNR) as a function of d, can be found for each
photodiode. The analysis used by Goodman [11] gives the
following expression for vg4:

m - \H(O)|2 . <JrfOOFDEC(V,d)dV>2

d = +o0 /+0oo ’
/ (f FDEC(V,d)FDEc(V-Ff,d)dV) \H(f)|? df

“4)

A similar equation holds for the SNR of the C-DEC. The
polarization is accounted for by m (m = 2 for a nonpolarized
broadband source and m = 1 for a polarized signal); H(f) is
the normalized frequency response of the photoreceiver includ-
ing the photodiode, electrical amplifiers and filters, where f is
the baseband electrical frequency.

For an electrical response with I" time constant, integrated
intensity W can be expressed as follows:

T
W:/I(s)-ds %)
r
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where [ is the time-varying intensity. Considering the spectrum
hitting the photodiode in the DEC arm, the average integrated
intensity Wé, depending on data vector d, can be calculated
from the following equation:

+oo
= /FDEC(V7£l)dV- (6)

—0Q

According to Goodman [11], the probability density function
(PDF) of the integrated intensity is approximated as a gamma
density parameterized by the SNR ~4 and mean WQ. On the
DEC arm, the PDF of W is given by

=L

where I is the standard gamma function. A similar expression
applies for the PDF f$ PEC(W) on the C-DEC arm. As in
[10], the spectra are assumed to be orthogonal, i.e., independent
on the two arms of the balanced photodetector. We wish to cal-
culate the BER as a function of the number of active interferers
q. Recall that there are at most ¢ nonzero elements of d. The
PDF pdf (W, ¢)q at the output of the balanced detector is calcu-
lated by convolving together the PDFs at each arm [16], i.e.,

pdf (W, q)a = f7F°(—

T pra-t exp(—Wyq - ”YQ/WQ)
L'(va)

N

W) f§PPew). 8)

Since weak overlap between bins exists in realistic systems,
the arms are not truly independent, and other considerations in
calculating pdf (W, q)4 will be discussed in Section V-B.

In order to derive the BER floor for a certain number of
active interferers g, the PDF is averaged over all possible data
vectors d; note that all possible sets of g active interferers
must be found. For a given code cardinality K, there are (K —
DI/(K — 1 — q)!q! possible sets of ¢ active interferers and 2¢
distinct data vectors for each set. Suppose that user#1, which is
the desired user, is transmitting a logical “0;” the corresponding
averaged PDF pdf (W, q)q,—1/Er is given as follows:

pdf (W, @)a,=1/5r= (K - q),'q'l S pdf(Wiq)a

all comb. alldata
of g inter. vectors
d1=1/ER

©))
The outer summation covers all sets of ¢ interferers (the amount
of interference could vary with which particular interferers are
active), and the inner summation covers all data vectors with
the desired user transmitting logical “0.” A similar expression
applies for the PDF pdf(W, q)4,—1 when user#l transmits a
logical “1.” Finally, assuming equally probable data bits, the
BER floor for user#1 can be calculated from the previously
obtained results using the following expression:

—+o00

1
9 /pdf(WaQ)dlzl/ERdW
n

BERuser#l (Q) =

n

1
+3 [P0 aw 0

—00
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Fig. 3. Spectral response of a bin with a 3-dB bandwidth value. (a) Narrow,

(b) broad, (c) 102 GHz, (d) 139 GHz, and (e) 172 GHz.

where 7 is the decision threshold at the receiver. The optimal
threshold can be found numerically. Calculation of the BER
floor is used in the next section to optimize the encoder/decoder
spectral responses and minimize the BER.

IV. CODE OPTIMIZATION FOR REALISTIC FBG

In this section, we describe the methodology for the numer-
ical optimization of the FBG spectral response. Our goal is to
maximize the achievable capacity of SAC-OCDMA systems by
proper selection of the code family, as well as the design of
the FBG apodization profile, thus achieving minimal frequency
guard bands [10]. The BER floor is then predicted by inserting
the FBG spectral responses in the equations of Section III.

When an encoder design strategy leads to unequal quality
of service (QoS) between users, it is difficult to find an unam-
biguous optimization strategy—overall network throughput,
BER of a favored (higher paying) client, average BER over
all clients, etc. When allowing overlapping frequency bins, we
can have unequal QoS among users if the number of successive
ones varies from code to code. Note that for ideal rectangular
bins or widely spaced frequency bins (large guard bands) [10],
the number of successive ones does not impact QoS. In order
to assure roughly equal QoS among all users, we consider
cyclic code families, where all but one code have the same
run length of successive ones. Successive ones are attractive
for overlapping, as the effective optical bandwidth is increased
since adjacent overlapping bins become essentially one
wide bin.

We consider the two principal noise sources in incoherent
SAC-OCDMA: the intensity noise, which is inversely propor-
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TABLE 1
BIBD CODES USED (L =7, w =3, A = 1)

User ENCor DEC C-DEC
#1 1101000 0010111
#2 0110100 1001011
#3 0011010 1100101
#4 0001101 1110010
#5 1000110 0111001
#6 0100011 1011100
#7 1010001 0101110

tional to the effective optical bandwidth and the MAI. Previous
systems [10] used significant guard bands, as in Fig. 3(a),
that led to greater intensity noise. As shown in Fig. 3(b),
allowing overlap between adjacent frequency bins increases the
effective optical bandwidth and thus reduces the intensity noise.
However, the orthogonality of the two adjacent bins is lost,
leading to higher MAI. Clearly, a tradeoff exists between MAI
and intensity noise. Different overlap configurations must be
tested in order to obtain optimum performance.

A. Code Constraints

Code choice is a major issue in SAC-OCDMA systems due
to the significant impact on global performance. Many codes
were proposed by several research groups [17]-[20], but they
usually consider long code length (hundreds of frequency bins)
and a square frequency response, which is impossible to achieve
experimentally. This last assumption leads to the zeroing out
of MALI after balanced detection when using constant cross-
correlation codes. In [10], Ayotte et al. used m-sequence codes,
leading to severe intensity noise that limited system perfor-
mance. They reported that the high cross correlation between
codes was the major reason for BER floors, even with only
two active users in their system. To solve this issue, they
recommended the use of unity cross-correlation codes such as
modified quadratic congruence (MQC) codes [21].

In this paper, balanced incomplete block design (BIBD)
codes [22] are proposed because of their unity cross correlation
and their cyclic property. The cardinality of BIBD codes, which
equals the code length, is also higher than that of MQC codes.
BIBD codes exist for any prime power, so that more code length
choices are possible than with MQC codes. Codes having
length L = 7, weight w = 3, and cross correlation A = 1 were
selected to match equipment availability. This choice allows a
proof of concept, but systems supporting more users are just
as easily achievable with proper equipment. The codes used are
illustrated in Table I. The ENCs and DECs have identical codes,
whereas the C-DECs consist of the complementary code of
their corresponding ENCs. Note that all codes contain one run
of two consecutive ones, except for user#7, in order to achieve
roughly equal QoS. While cyclic codes are not required, they
have the property of preserving the length and number of runs
of logical ones, except when the runs are split by a cyclic shift
from end of line to front of line.
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B. FBG Encoders Optimization

In the experimental setup, encoding/decoding process is
achieved by FBGs that are working in transmission. The
apodization profile A(z) of an FBG is the modulation index
envelope that will be written in the fiber. The spectral response
of a highly chirped FBG is simply an inverse translation of the
grating apodization profile along the z-axis of the fiber [23].
Basically, no modulation index (A = 0) leads to a transmission
bin, whereas a modulation index (A = 1) leads to a nontrans-
mission bin, i.e., a reflective bin. An apodization profile based
on super-Gaussian lobes is used in order to minimize the ripples
in spectral response that cause MAI. Therefore, the apodization
profile used for the ith encoder along the z-axis of the fiber is
given by

L=7 PRy 2s
z)zl—;C’ij-exp<—O.5( l]> ) (11)

where Cj; =1 (occupied bin) if the code of the ith user
contains frequency j, and C;; = 0 (unoccupied bin) elsewhere.
s is the super-Gaussian lobe order, and [ is the super-Gaussian
lobe width. A linear chirped phase mask of 0.498 nm/cm and
with a length of 140 mm was used. Phase-mask properties
impose a total optical bandwidth of 9.6 nm or 1200 GHz. The
distance between two apodization bins is Az, as illustrated
in Fig. 4. We set Az to 17.5 mm, and s is fixed at 2. [ is
the free parameter to be optimized. Fig. 4 shows an example
of an apodization profile with [ = 8.5 mm. The simulated
resulting transmission spectral response (dotted line) is shown
in Fig. 5. This spectral response corresponds to the first encoder
(ENC#1). The experimental spectral response (solid line) is
also plotted. The correspondence between the two curves is
excellent. In this particular case, bin #1 and bin #2 are merged
to form a unique transmission bin, whereas bin #4 corresponds
to the isolated transmission bin of ENC#1.

The next step is to analyze the effect of 3-dB bin bandwidth
on BER performance by varying l. A bit rate of 622 Mb/s is con-
sidered. For the optimization, the E'R is assumed to be infinite.
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In the simulations, all ENCs and DECs are identical. The com-
puted BER versus 3-dB bin bandwidth is shown in Fig. 6 for
different numbers of active users. As the 3-dB bin bandwidth
goes from very narrow (73 GHz corresponding to [ = 4.5 mm)
to wider, the BER decreases, reaches a minimum, and then
increases. Best performance occurs at a 3-dB bin bandwidth of
148 GHz corresponding to [ = 8.5 mm for any number of active
users. We note that optimal performance occurs for Az/l = 2.
The reason for the BER increasing after the minimum is that the
SNR improvement due to the use of wider optical bandwidth
is counteracted by an increased crosstalk/overlapping between
adjacent frequency bins that yield MAI Fig. 3 presents the
computed spectral responses of a single bin for different 3-dB
bandwidth values [Fig. 3(c)—(e) are for 111, 148, and 188 GHz,
respectively]. The configuration of Fig. 3(c) leads to high
intensity noise level and low MAI, whereas the configuration
of Fig. 3(e) gives a lower intensity noise level but higher MAI
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VOA: variable optical attenuator, ODL: optical delay line).

due to strong overlapping. The configuration of Fig. 3(d) leads
to the best BER and corresponds to the tradeoff value that was
found in Fig. 6.

The optimal FBG apodization profile (148 GHz for | =
8.5 mm) for ENC#1 is presented in Fig. 4. The measured
spectral response of ENC#1 (solid line) is presented in Fig. 5.
Isolated bin #4 and bin #1 and bin #2, which were merged,
have a 3-dB bandwidth of 156 and 314 GHz, respectively.
Seven encoders (one per user) were written. A set of decoders
and complementary decoders was written to build a balanced
detection receiver. The sidelobe rejection ratio is greater than
25 dB for out-of-band frequencies. Normalized insertion losses
over transmission bins are 0.25 dB. All components were
written according to these specifications.

V. EXPERIMENTAL SETUP AND RESULTS
A. Experimental Setup

The experimental setup is illustrated in Fig. 7. A filtered
(1200 GHz or 9.6 nm) broadband source (AFC BBS 1550) is
used. This filtered source is modulated by a polarization-
independent  electroabsorption  modulator  (CyOptics
EAMI10-10Gb/s) at a bit rate of 622 Mb/s using a 223 — 1
nonreturn-to-zero pseudorandom binary sequence. The clock
signals at both transmitter and receiver sides are obtained using
an HP 8657B signal generator. The data stream is provided
by an HP 70841B pattern generator. An erbium-doped fiber
amplifier (EDFA) associated with a gain flattening filter
(Teraxion) is used to compensate for the modulator losses and
the 1 x 8 coupler that follows. Seven of the coupler branches
are connected to the FBG encoders corresponding to the codes
listed in Table 1. Data streams are decorrelated using fiber
delay lines A7 of various lengths (0, 3, 6,9, 12, 15, and 18 m)
on each arm during the encoding process. Three meters of fiber
corresponds approximately to a delay of 9.33 bits with the bit
rate used. The signals from different users are then combined
onto the same fiber using an 8 x 1 coupler. The second
EDFA, which is also associated with a gain-flattening filter
(Teraxion), compensates for encoding and combining losses. A
bandpass filter (1200 GHz or 9.6 nm of bandwidth) suppresses
the out-of-band amplified spontaneous emission. An optical
variable attenuator (Exfo 1Q-3100) is inserted to adjust the
power at the receiver and to compensate for the variations of

Experimental setup (BBS: broadband source, EAM: electroabsorption modulator, EDFA: erbium-doped fiber amplifier, GFF: gain flattening filter,

EDFA gain when changing the number of active users. A fiber
link can be included to examine the propagation over a network
link. A balanced detection scheme [4] matched to user#l is
used. The upper arm contains DEC#1 matched to ENC#I.
An optical delay line is also inserted to achieve equal optical
lengths between the two arms, which is necessary to ensure
MAI cancellation. The lower arm contains C-DEC#1, which
is the complementary of DEC#1, and a 3-dB attenuator. The
3-dB attenuator assures that the MAI is correctly suppressed
during detection for the selected codes. This 3-dB value
is theoretical because it is based on the assumption that
components have ideal square spectral responses. In practice, a
variable optical attenuator is adjusted to a fixed value in order
to eliminate the MAI when the six interferers are present. Each
arm goes into one of the two separate inputs of an 800-MHz
balanced photodiode (New Focus 1617). The electrical signal
is amplified (MITEQ Inc. 0.01-500 MHz) and then low-pass
filtered by a 4th order Bessel-Thomson filter (Picosecond
467 MHz) to remove the out-of-band high-frequency electrical
noise. Finally, the electrical signal is launched into an error
detector (HP 70842B) to perform the BER measurements.

In contrast to the system in [10], the FBGs are working
in transmission, thereby reducing system cost by obviating
circulators. Furthermore, this approach streamlines the FBG
writing process so that 1) the FBGs no longer need to be
superimposed as in [15], and 2) longer codes can be achieved
by writing additional FBGs sequentially.

Fig. 8 shows the power spectral density (PSD) corresponding
to different situations. When only the desired user is active, the
PSDs after the DEC and the C-DEC are illustrated in Fig. 8(a).
The cross correlation (C-DEC arm) is not equal to zero because
of overlapping between frequency bins and it is very low
compared to the autocorrelation (DEC arm). When only user#6
is active, the corresponding PSDs are shown in Fig. 8(b). Only
one frequency bin is present in the DEC arm witha 0.9 x 10712
W/Hz level, but two bins are present in the C-DEC arm with
a 0.45 x 10712 W/Hz level. In that case, the integrated power
is identical at both arms; therefore, the interferer’s signal
(MAI) is suppressed. In the C-DEC arm, a low-level peak
(< 0.2 x 10712 W/Hz) is also present because of overlapping.
The irregularities that can be seen in the occupied bins in Fig. 8
are due to the nonflat frequency response of components such
as EDFAs, broadband source, and all FBGs.
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B. BER Measurements

Two configurations for BER measurements are examined:
1) without fiber and 2) with 20.522 km of standard SMF-28
fiber paired with a dispersion-compensating fiber (DCF) of
appropriate length. All measurements are performed starting
from the desired user (user#l) to a fully loaded system (seven
active users). The BER curves with no fiber (solid) and with
20.522 km of compensated SMF-28 (dash-dotted) are presented
in Fig. 9. Error-free transmission (BER < 1 x 107Y) can be
achieved for up to five active users in the network in both con-
figurations. Without fiber, the BER floors are reported for five to
seven active users at 2.4 x 1071,9.5 x 10719, and 2.7 x 1078,
respectively. When SMF-28+DCF fiber is used, BER floors
change to 3.2 x 107!, 1.9 x 1079, and 4.5 x 1078, respec-
tively. BER performances are similar for both cases, showing
that no significant penalty results when propagating through a
20-km link. This proves that the chromatic dispersion can be ad-
equately compensated at 622 Mb/s, even for a wide-bandwidth
signal. These results confirm that a significant improvement
is obtained for a SAC-OCDMA system by using optimized
codes with low cross correlation, higher optical bandwidth, and
optimized FBGs spectral responses with low guard band, as
recommended in [10].
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Fig. 9. BER versus power of the desired user without fiber and with 20 km of
SMF+DCF.

We note that our experimental performance actually im-
proved compared to that predicted via simulation (Fig. 6); in our
analysis, we assumed that the signals from the two branches
of the balanced photodetector were statistically independent,
despite overlapping spectra. In fact, (7) and (8) are only valid if
the spectra on the DEC and C-DEC arms are orthogonal. For the
proposed spectral responses, this condition is not achieved as
overlapping occurs. The common part of the spectral responses
sends identical PSD to each photodiode. The intensity noise
generated by that common part is canceled out by means of
a perfectly matched balanced photodetector.

VI. CONCLUSION

In this paper, we examined the optimization of FBG en-
coders for a SAC-OCDMA system. This optimization began
by identifying the tradeoff between MAI and intensity noise
when allowing overlap of realistic nonrectangular frequency
bins. Overlapping can lead to excessively unequal QoS among
users unless care is taken in the selection of the code family.
We selected a code family with unity cross correlation and
cyclic codes that gave roughly equal QoS among users. The
degree of overlap of adjacent bins was varied via simulation,
and a numerical optimization of the apodization profile was
performed numerically to minimize the BER.

Once the optimal apodization was found, gratings were writ-
ten for a code family whose length could be accommodated
with phase masks that are readily available in our laboratory.
We measured BER for a fully populated system (all seven codes
in the code family) over a 9.6-nm optical bandwidth and a bit
rate of 622 Mb/s for both back-to-back operation and 20-km
single-mode fiber (SMF) with DCFE. Error-free performance
(BER < 1 x 10?) was achieved for six users back to back and
five users over a 20 km fiber link. Error floors were in a range
that could be easily lowered by the use of forward-error cor-
rection. Compared to previous SAC-OCDMA experimentation,
we have achieved much improved performance (many orders of
magnitude) and increased capacity with reduced cost encoders,
i.e., chirped (not superimposed) FBG working in transmission.
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Future work will focus on increasing the number of users to
be in the range of 16-32 to match PON requirements and
examination of low-cost components for that market.
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