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Abstract—It will be revealed that a myth of deploying low
bit-rate uplink fiber-to-the-home (FTTH) services while provid-
ing a high bit-rate downlink is wrong. Therefore, for the future
broadband FTTH services, the focus should be on the capabil-
ity to provide gigabit- or even multigigabits-per-second both in
up- and downlinks, namely gigabit symmetric systems. Optical
code-division multiple access (OCDMA) now deserves a revisit
as a powerful alternative to time-division multiple access and
wavelength-division multiple (WDM) access in FTTH systems. In
this paper, the authors will first highlight the OCDMA systems.
The system architecture and its operation principle, code design,
optical en/decoding, using a long superstructured fiber Bragg
grating (SSFBG) en/decoder, and its system performance will be
described. Next, an OCDMA over WDM passive optical network
(PON) as a solution for the gigabit-symmetric FTTH systems will
be proposed. The system architecture and the WDM interchannel
crosstalk will be studied. It will be shown that by taking advantage
of reflection spectrum notches of the SSFBG en/decoder, the WDM
interchannel crosstalk can be suppressed and can enable OCDMA
over WDM PON to simultaneously provide multigigabit-per-
second up- and downlinks to a large number of users.

Index Terms—Gigabit, optical code-division multiple access
(OCDMA), passive optical network (PON), time-division multi-
plexing (TDM), wavelength-division multiplexing (WDM).

I. INTRODUCTION

F IBER-TO-THE-HOME (FTTH) will resolve the first/last
mile bottleneck in between the high-capacity metro net-

works and the customer premises of small-to-medium-sized
businesses and residential users. From the viewpoint of the
service provider or the carrier, the cost effectiveness as well
as smooth service upgradeability with a negligible impact on
the existing infrastructure are crucial for introducing the new
FTTH system. Passive optical network (PON) will satisfy these
criteria, to address the first/last mile of the communication
infrastructure between the service-provider central office, head
end or point-of-presence, and business or residential customer
premises [1].

From the viewpoint of the customers’ service demand, we
will soon see a transition from a single play to triple play, such
as high-speed Internet, IP telephony, and broadcasting video
[2]. In the long run, the service demands will further progress
toward high bit rate and customization. Eventually, it will be
revealed that a myth of the uplink being of low bit rate while
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only the downlink being of high bit rate is wrong. This is
because the peer-to-peer applications, such as exchanging
the gigabyte files of uncompressed 1.2-Gb/s high-definition
(HDTV) class or even 6-Gb/s super-high-definition (SHD) class
digital movies [3] on a peer-to-peer basis as well as bidirec-
tional medical applications of telediagnosis and surgery, are
expected to become widespread. Customized services would be
another demand for a wide variety of service options in the
bit rate and QoS. Without an abundant bandwidth of uplink
available either on demand or on an always-on basis, these
applications could not be well supported and, consequently,
ordinary nonpeer-to-peer users will be put in a disadvantageous
position by being forced to share the limited bandwidth with
a small number of bandwidth-hungry users. Therefore, in the
upgrading scenario of the FTTH services in the near future, in
order to meet the users’ needs, a high bit-rate uplink is a req-
uisite, leading to a novel-system concept of gigabit-symmetric
FTTH [4], [5].

TDM PONs, such as asynchronous transfer mode (ATM)
PON [1] and Ethernet PON (E-PON) [2], are currently being
deployed. Current TDM PONs provide data rates ranging from
155 Mb/s to 1 Gb/s, shared among 8–32 users. However, in
such TDM PONs, the time-sharing transmission in the uplink
limits the bandwidth of the individual users. In the time-
division multiple access (TDMA)-based PON system, it would
be difficult to simultaneously provide all the customers with a
gigabit-class bandwidth uplink, due to the nature of the time-
slot-based multiple access protocol. It will also be difficult to
provide the services to the users with different bit rates in the
uplink. Therefore, TDM PON will not be a solution to the
gigabit-symmetric FTTH system.

Wavelength-division multiple access (WDMA) is a natural
approach to enhance the uplink capacity. WDM PON creates
point-to-point links between the optical line terminal (OLT) and
each user by uniquely assigning a wavelength to the user. A
smooth migration to WDMA from TDM PONs is expected for
the service providers in the near future if the mass production
and the common specifications can reduce the cost of the
optical network unit (ONU). Coarse WDM (CWDM) with
the wavelength spacing of 20 nm in the spectral range from
1270 to 1610 nm has been linked with the PON architecture
by International Telecommunication Union (ITU) G.694-2 [6].
However, the number of wavelengths is only 18, which may not
be sufficient for the multiple access system, which accommo-
dates even a moderate number of users.

Optical code-division multiple access (OCDMA) provides
another dimension for multiple access, other than time- and
optical frequency domains. Unfortunately, it has long remained
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outside the main stream of optical communications R&D since
its proposal in the mid-1970s [7] followed by experimental
demonstrations in the 1980s [8]. This is mainly due to immatu-
rity of optical devices, which are proprietary to OCDMA, such
as optical en/decoder and optical thresholding device. Recently,
a remarkable progress has been observed in device technolo-
gies for the optical en/decoder of the record-long sequence
[9], [10] and optical thresholding devices [10]–[12].

The crosstalk between the different users sharing the com-
mon channel, known as the multiple access interference (MAI),
and the signal-interference beat noise is the main source of
bit errors. The reduction of the MAI and the beat noise are
big challenges to make OCDMA a practical option for FTTH
systems. Demonstrations of OCDMA-system test beds have
also been conducted [13], [14]. Being encouraged by the pro-
gresses, OCDMA now deserves revisiting as a multiple-access
technique for FTTH systems [15].

In this paper, we will first highlight the OCDMA systems
and describe the system architecture as well as its operation
principle, the code design, the optical en/decoding using a long
superstructured fiber Bragg grating (SSFBG) en/decoder, and
the system performance. Next, we will introduce the OCDMA
over WDM PON as a solution for the gigabit-symmetric FTTH
systems. We will analyze the system architecture and crosstalk
between the WDM channels. It will be shown that, by tak-
ing advantage of the reflection spectrum notches of SSFBG
en/decoder, the WDM interchannel crosstalk can be suppressed
and, hence, OCDMA over WDM PON can simultaneously pro-
vide multigigabit-per-second up- and downlinks to a sufficient
number of users.

II. OPTICAL CODE-DIVISION MULTIPLE ACCESS

(OCDMA) PASSIVE OPTICAL NETWORK (PON)

A. System Architecture and Its Operation Principle

OCDMA provides another dimension for multiple access,
other than the time- and optical frequency domains. Fig. 1(a)
shows a basic architecture of a 1 × N OCDMA access network.
An OLT located in the end office and a number of ONU
installed in the users’ homes are connected via a 1 × N coupler.
The number of transmitters and the receivers equals the number
of users’ OLT. Moreover, a transmitter and a receiver are put in
each ONU. The transmitters and receivers have optical encoders
and decoders, respectively. Note that the optical encoding and
decoding are performed solely in the optical domain. In the
time-spread OCDMA system, each bit is divided up into chip
time periods, and each chip is represented by a temporal
waveform that is a so-called optical code sequence, as shown
in Fig. 1(b). The encoder of each transmitter represents each
“1” bit by sending the optical code, while a binary “0” bit is
not encoded and is represented using an all-zero sequence. A
unique optical code sequence is assigned to each decoder so
that the decoder can restore only the intended signal out of
composite received waveform.

The most attractive property of OCDMA for FTTH services
is an asynchronous nature of OCDMA. OCDMA can support
a fully asynchronous transmission in the uplink, which allows
all the users to access on demand without contention. It is note-

worthy that TDMA requires a tight control on synchronization,
and WDMA needs a tight control on wavelength. There is a
time-slotted operation of OCDMA in which users are assigned
a time slot in addition to the code [11], [12]. Although the time-
slotted OCDMA can mitigate the beat noise, this synchronous
approach sacrifices the most desirable characteristic of asyn-
chronism. Moreover, the use of time-slot significantly lowers
the bandwidth efficiency of the system, and it requires the
delivery of timing clock signal to all the users. Therefore, our
choice will be asynchronous OCDMA. As the optical encoding
and decoding are performed in the optical domain, the low
latency of data transmission is guaranteed, and the transmitter,
as well as the receiver, does not require any complex electrical
equipment. OCDMA is also provided with the feature of soft
capacity on demand, in that the users can be added on demand
to the network by assigning new optical codes. It provides for
the network fairness [15] in that all the users in the network
have access to an equal portion of the shared bandwidth as
many active users share the bandwidth of a fiber.

The performance of OCDMA system is evaluated bt the
signal-to-noise power ratio. Let us look at the signal-to-noise
power ratio at the receiver. In Fig. 1(b), the receiver block
diagram is shown. It consists of the optical correlator and pho-
todetector; between those two devices are the time-gate and/or
optical thresholder. Note that the optical decoder plays the role
of a correlator. In the time-spread OCDM system, the optical
correlator time despreads the encoded signal, reconstructing
the original short pulse, producing low-peak side lobes if the
codes between the encoder and decoder match. On the other
hand, the unmatched codes remain randomly spread over T
after the decoding. For K users, each user’s decoder processes
a composite received waveform containing the desired signal of
power S and (K − 1) interference signals. Thus, the signal-to-
noise ratio is given by

SNR =
S

(K − 1)S + σ2
=

1
(K − 1) + σ2

S

(1)

where σ2 is the variance of additive noise power [16]. It is
assumed that the signal powers of the channels are equal. The
additive noise includes the MAI noise, shot noise, and thermal
noise of the receiver. The beat noise between the desired signal
and the interference signals could become dominant over the
MAI noise [17]. The beat noise is generated by the square-
law detection of the photodetector, if a coherent light source
having its coherence time longer than the chip duration ∆τ is
used. On the other hand, the incoherent OCDMA is MAI noise
limited. SNR in (1) is obtained by the data-rate detection, in
which the desired signal and interference signals are converted
into the photocurrent by square-law detection, and the current
is integrated over a bit duration time T .

B. Time Gating and Optical Thresholding

The key to improve the system performance is the chip-rate
detection. The chip-rate detection is performed by time gating
the optical correlator output, as shown in Fig. 1(b). This is
exactly equivalent to the narrowbandpass filtering in wireless
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Fig. 1. (a) Basic 1 × N OCDMA architecture. (b) Operation principle of time-spread OCDMA.

spread-spectrum system [16]. Time gating can dramatically
reduce the MAI noise by eliminating the noises outside the
time window, but the beat noise remains because the peak
of the correlation waveform accompanies the beat noise. The
processing gain G is expressed as the ratio of one bit time
duration T to the time window ∼ ∆τ of the time gating,
which is nominally set equal to or slightly longer than the
chip duration ∆τ . The bit energy-to-interference density ratio
Eb/N0 [18] after time gating is obtained as

Eb

N0
=

S

(K − 1)S
(

∆τ
T

)
+ σ2

(
∆τ
T

) =
G

(K − 1) + σ2

S

G =
T

∆τ
. (2)

Comparing with (1), the bit energy-to-interference density ratio
is enhanced by a factor of the processing gain G. From (2), the
larger G becomes, the better the discrimination is obtained, or
in other word, the more users can be accommodated. Although
time gating has been demonstrated by using an injection-locked
laser diode [19] and fiber-optic nonlinear loop mirror [20], it
requires the chip-level synchronization and, for this reason, it
will diminish the asynchronous access without precoordination,
which is one of the advantages over TDMA.

Without the time gating, an optical thresholder could mitigate
the MAI noise [21]–[23]. Here, we use an optical thresholding
technique based on supercontinuum generation in dispersion-
flattened fiber (DFF) [24]. The principle is illustrated in Fig. 2.
It consists of an erbium-doped fiber amplifier (EDFA), a
2-km-long DFF and a 5-nm bandpass filter (BPF). The oper-
ation principle is as follows. The EDFA boosts the decoded
optical signal, then only if the correctly decoded pulse, which

have a well defined shape with ∼ 2-ps pulsewidth and high peak
power, will be able to generate supercontinuum (SC) in the
DFF. While, on the contrary, the incorrectly decoded signals,
which is the MAI noise, will spread over a large time span with
very low peak power so that the SC cannot be generated. The
BPF only allows the SC signal passing through and rejects the
original signal. Therefore, after BPF, the correctly decoded sig-
nal can be recovered without MAI noise. It exhibits an excellent
discrimination between a desired signal and interference signals
with features of pulse reshaping, low insertion loss, polarization
independence, as well as a moderate operation power. In Fig. 3,
the measured power transfer function is plotted as a function
of input optical power. It shows a sharp thresholding property
despite a hump in the middle.

C. Optical Code Design

The only solution to the beat-noise issue in coherent
OCDMA systems is to use optical code sequences as long
as possible for a given bit rate [10]. Various code sequences
used for wireless CDMA communications, such as M sequence,
gold codes, Kasami code [25], have been adopted as the op-
tical codes. These code sequences are designed to have good
periodic auto/cross correlation properties. However, it is still
difficult to obtain a large number of available codes with good
aperiodic correlation property in the code theory. A simple
approach for our application is to select several code subsets
from the original code set, e.g., gold code, so that some specific
aperiodic auto/cross correlation criteria can be guaranteed. To
quantitatively measure the aperiodic correlation property of
optical code in coherent time-spread schemes, we introduce two
parameters in this paper: one is the autocorrelation intensity
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Fig. 2. Principle of DFF-based optical thresholding.

Fig. 3. Power transfer function of the SC-based optical thresholder.

peak to the maximum wing level ratio, so-called P/W ratio, and
the other is the autocorrelation intensity peak to the maximum
cross correlation level ratio, so-called P/C ratio [26]. Table I
lists, as an example, 127-chip and 511-chip gold codes for
different correlation criteria to illustrate this approach. The
number of codes that satisfies these rather stringent criteria is
severely limited.

D. Optical En/Decoding

A number of optical en/decoding techniques have been pro-
posed and demonstrated. They are classified into three cate-
gories: one dimensional (1-D) either in time domain [4], [5],

TABLE I
127- AND 511-CHIP GOLD CODE SEQUENCE AND ITS CRITERIA

[8]–[10], [13] or optical frequency domain [11], [12], [27],
and two dimensional (2-D) both in time and optical frequency
domain, simultaneously [28]. Another classification can be
made in terms of the coherency of the light source. Encoding of
coherent OCDMA, which employs a phase-shift-keying (PSK)
optical code, is superior in terms of the overall system per-
formance to the incoherent OCDMA, which uses an intensity-
modulated optical code because it provides better correlation
property than the intensity-modulated optical code.

The optical en/decoding technique used to obtain a long
optical code is the key to realize practical coherent OCDMA
systems. Devices that have been used as the optical en/decoder
for coherent OCDMA include planar lightwave circuits
(PLC) [4], [5], SSFBG [9], [10], [29], spatial light modulators,
arrayed-waveguide-gratings (AWG) [27], and micro-electro-
mechanical-system (MEMS) mirrors [30]. The reconfigurabil-
ity in encoding is desirable, and all the above devices have the
reconfiguration capability. Coherent time-spread OCDMA has
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Fig. 4. Superstructured SSFBG and generation of bipolar optical code. (a) Input pulse. (b-1) Encoded signal. (c-1) Autocorrelation. (d-1) Cross correlation.

Fig. 5. Measured transmission spectra of 511-chip SSFBG encoders.

been demonstrated by PLC and SSFBG. Up to 16 chips PLC
have been experimentally demonstrated, but the scalability in
code length might be a problem in the case of PLC due to the
size constraint of the substrate and the insertion loss caused by
power splitting.

An SSFBG is a promising device for a long PSK optical
code because of the low insertion loss and low cost. Recently,
a record long 511-chip SSFBG en/decoder has been demon-
strated [10]. The chip length of the grating and the total length
are 0.156 and 80 mm, respectively, which corresponds to the
chip rate of 640 Gchip/s with the duration of the generated op-
tical code of about 800 ps. Fig. 4 shows the temporal waveforms
of input pulse, encoded signal, auto- and cross correlations.
They show well-defined autocorrelation peaks and very low

Fig. 6. Influence of the different noise sources and the coherent ratio kt on
the BER performance of time-spread OCDMA with 32 active users.

level cross correlations. The measured spectra of ten tested
511-chip 640-Gchip/s SSFBG encoders are shown in Fig. 5.
The first notch appears 640 GHz (= 5 nm) apart from the
central peak. The peak reflectivity is measured to be about 92%,
which is the highest to date. Note that these characteristics
are insensitive to the polarization state of the input signal,
which shows that our fabrication progress has guaranteed good
cylindrical symmetry in the SSFBG.

E. System Performance

The effects of the MAI noise and the beat noise on the bit-
error rate (BER) performance versus the receiver sensitivity of
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Fig. 7. Architecture of OCDM over WDM.

OCDMA system are illustrated in Fig. 6. For example, 32 active
users are assumed. Here, kt is defined as the coherent ratio, and
kt = 1 and kt → ∞ correspond to the coherent and incoherent
limits, respectively. The lowest solid curve is the one with the
receiver noise only; the middle is that of an incoherent OCDMA
with the receiver noise plus MAI noise, and the highest one is
that of coherent OCDMA with the beat noise. It is clear that
in coherent OCDMAs, the beat noise could become dominant,
while, on the other hand, the incoherent OCDMA is MAI-noise
limited. Note that the comparisons between the coherent and
incoherent limits are based on a simple assumption that they are
with same P/C ratio to emphasize the impact of the beat noise.
However, in incoherent OCDMA, a much longer optical code
will be needed to achieve the same P/C as in coherent OCDMA.
The beat-noise suppression is a must in coherent OCDMA
systems. As described in Section III-B, the only way to mitigate
it is to adopt a long optical code sequence. For example, in
order to support ten active users with chip-rate detection, the
interference level should be lower than −27 dB. That means the
code length should be longer than 500 chips. An encouraging
fact is the recent experiment using a 511-chip long SSFBG

encoder/decoder to provide a 10-user truly asynchronous
1.24-Gb/s coherent OCDMA [14].

III. GIGABIT-SYMMETRIC OCDMA OVER WDM PON

A. System Architecture

A solution path to the gigabit-symmetric FTTH system
would be OCDMA over WDM PON, as shown in Fig. 7.
OCDMA channels can be overlaid on WDM grids. On each
WDM grid λn (n = 1, . . . , N), M users can be accommodated
by individually assigning each user with a different OCm (m =
1, . . . ,M). Note that the same code sequence OCm can be
reused on all the WDM channels. The total number of users that
can be accommodated in the PON becomes N × M . OCDMA
over WDM might be viewed in a way that a WDM channel is
shared with M users by equally dividing the bandwidth into
channels. A clear differentiation from a conventional TDMA is
that this channel division can be realized in an asynchronous
manner without using time slots.

In Fig. 8, the CWDM grids of 18 counts under ITU-T
G.694.2 along with the filter response are illustrated. There
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Fig. 8. CDWM-grid allocation over the spectral range from 1270 to 1630 nm under ITU-T G.694.2 along with the filter bandwidth.

Fig. 9. Channel allocation of OCDMA over CWDM using SSFBG encoder.

are 16 wavelengths available, spaced 20 nm apart over the
spectral range from 1310 to 1610 nm. In Fig. 9, for example,
spectra of OCDMA channels on the WDM grid of 10 nm
apart are shown in the case with 640 Gchip/s 511-chip SSFBG
in Fig. 5. Note that the first notch appears about 5 nm
(= 640 GHz) apart from the central peak. By taking advantage
of the pseudoperiodic nature of the SSFBG en/decoder reflec-
tion spectrum, the spectral efficiency OCDMA over WDM can
be increased. The neighboring WDM grids can be allocated at
the spectrum notch and, hence, the desired signal on the grid
is almost free from the WDM interchannel crosstalk from the
neighboring grids. This fact will be confirmed by the numerical
analysis described in Section III-B.

Let us consider the target total number of channels
in OCDMA over WDM. Our preliminary experiments of
1.24-Gb/s OCDMA have verified that at least ten active users

can be accommodated in a truly asynchronous manner on
a single WDM grid by using the SSFBG en/decoder [14],
and further increase of users is expected. Assuming that 16
users can be accommodated on a single WDM channel, the
projected total number of channels for four typical cases are
the following:

Case 1)
a) 256 channels : 16 active users on 16 CDWM

grids with the interval of 20 nm from 1310 to
1610 nm;

b) 512 channels: 16 active users on 32 WDM grids
of 10 nm with the interval of 10 nm from 1310
to 1610 nm;

Case 2)
a) 80 channels: 16 active users on 5 CDWM grids

with the interval of 20 nm in C- and L-bands;
b) 160 channels: 16 active users on ten CDWM

grids with the interval of 10 nm in C- and
L-bands.

From the economical viewpoint, OCDMA over WDM PON
is currently considered to be not viable. However, the FBG
en/decoder is a passive device, and it should be potentially of
low cost. The ultrashort pulse laser is an expensive mode-locked
laser diode. A loop-back scheme implemented by placing a
single ultrashort pulse laser in OLT will allow a number of users
to share the light source for the uplink. This will drive down the
system cost while improving the system reliability.

B. Interchannel Crosstalk

We theoretically analyze the interchannel crosstalk of
OCDMA over WDM. In Fig. 10, the numerical average peak
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Fig. 10. Average peak power of interchannel crosstalk versus WDM channel
interval for 127-chip and 511-chip SSFBG en/decoders.

Fig. 11. Power penalty versus number of active users K for 511-chip SSFBG
with different WDM channel intervals.

powers of the crosstalk 〈Px〉 from the same optical code are
plotted as a function of WDM channel spacing. The adjacent
wavelength channels for 127-chip 160 G-chip/s and 511-chip
640-Gchip/s SSFBGs are shown by filled circles and stars,
respectively. Note that the first notches of 127- and 511-chip
SSFBGs are located at 160 and 640 GHz apart from the
central peaks, respectively. 〈C〉 and 〈W 〉 represent the average
powers of maximum intrachannel cross correlations and auto-
correlation wings, normalized by their autocorrelation peaks. A
criterion of the WDM channel spacing for the tolerable inter-
channel crosstalk is set so that 〈Px〉 be equal or lower than
the values of 〈C〉 and 〈W 〉. For the 127-chip SSFBG, 〈C〉 ∼
−14 dB and 〈W 〉 ∼ −14.8 dB, while for 511-chip SSFBG,
〈C〉 and 〈W 〉 are reduced to −18.8 and −19.4 dB, respectively.
For the 127-chip SSFBG, therefore, the channel spacing can
be reduced to 50 GHz, while, for the 511-chip SSFBG, it has

to be 200 GHz or larger. In Fig. 11, the power penalty for
BER = 10−9 is plotted as a function of the number of active
users K for the 511-chip 640-Gchip/s SSFBG with different
WDM channel spacing. For K = 16, the power penalty is 2 dB
in the case of 200-GHz interval, but it can be made negligible
for 400-GHz interval. It is also confirmed that, with the channel
interval of 200 GHz, the interchannel crosstalks have smaller
impact on the BER than the intrachannel MAI.

IV. CONCLUSION

A focus has been put on the future-proof PON system having
gigabit symmetry in bandwidth between the up- and downlinks.
It has been shown that OCDMA is capable of providing a
gigabit- or even multigigabit-per-second for each user both in
the up- and downlinks, and OCDMA over WDM PON could be
one of the most promising system architectures that can break
through the last/first mile bottleneck. The theoretical analysis
of the interchannel crosstalk between the neighboring WDM
channels of OCDMA over the WDM system using SSFBG
en/decoder has shown a good spectral efficiency. In the case of
WDM channel intervals of 200 and 400 GHz, the interchannel
crosstalk can be negligible. Recent experimental results of truly
synchronous gigabit OCDMA system using the record-long
511-chip 640-Gchip/s optical en/decoder are encouraging to
support the feasibility of its practical system implementation.
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