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Abstract—In this paper, we propose a novel 10 Gb/s-based
passive optical network (PON) over optical code division mul-
tiple access (OCDMA) system to realize the new generation full
capacity optical access network which is easily upgraded from
existing time division multiplexing PON (TDM-PON) without sac-
rificing the currently uplink bandwidth assigned to the individual
user. 16-ONU (4-OCDMA x 4-packet) uplink burst transmis-
sion, an upgrade scenario by a factor of four of conventional
10 Gb/s-based PON, is experimentally demonstrated by using
multi-level phase-shift-keying (PSK) super-structured fiber Bragg
grating (SSFBG) encoder/multi-port decoder and burst-mode
receiver. In the discussions, it will be shown that 32 users can be
accommodated in 10 Gb/s-based PON over OCDMA system, and
a key is newly introduced multi-level phase-shifted en/decoding,
of which auto-correlation waveform can be preferably adopted in
the burst-mode reception at 10 Gb/s.

Index Terms—Burst-mode transmission, code shift keying, op-
tical code division multiple access (OCDMA), 10 Gb/s-based pas-
sive optical network.

I. INTRODUCTION

HE progress of a time division multiplexing passive
T optical network (TDM-PON) system stimulates the
growth of commercial fiber-to-the-home (FTTH) services
due to the user-shared cost-effective facilities. Especially,
the 1 Gb/s-based PON systems such as 1 Gigabit Ethernet
PON (1G-EPON) has been widely spread because of a high
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1.25 Gbit/s bit-rate, a 32-user shared low-cost system, and
a long 20-km transmission line. Due to explosive growth of
1G-EPON systems, standardization activities for 10 Gb/s-based
PON systems [1], [2] are underway. Researches on optical
burst-mode transmitter [3], [4], receiver [5], and clock and data
recovery (CDR) [6], [7] for 10 Gb/s-based PON system have
been strongly pursued. 10 Gb/s-based PON system is able to
achieve only the bandwidth of about 300 Mb/s per user when
the data rate of 10 Gb/s is shared among 32-user. In the future,
optical access network of more total capacity will be required
to provide “symmetric gigabit-bandwidth” of up/down link for
the peer-to-peer applications [8]. However, it is very difficult
to realize this network by adapting only TDM-PON because of
many development problems of optical/electrical devices. For
that reasons, over 40 Gb/s wavelength division multiplexing
(WDM)/TDM-PON systems has been proposed [9], but this
system has a problem of the wavelength allocation due to the
lack of usable wavelength windows when new systems co-exist
with 1 Gb/s and 10 Gb/s—based PON systems [10].

On the other hand, optical code division multiple access
(OCDMA) can multiplex a number of channels on a single
wavelength and same time slot. In addition, OCDMA has
unique characteristics of low signal processing latency and
asynchronous transmission. In recent years, the coherent
OCDMA systems are making remarkable progresses over in-
coherent OCDMA because of its excellent correlation property
and frequency efficiency. Note that the coherent time-spreading
(TS)-OCDMA system is realized by only applying compact
optical passive devices such as super-structured fiber Bragg
grating (SSFBG) [11] and multi-port optical encoder/decoder
in the arrayed waveguide grating (AWG) configuration [12].
Therefore, the network capacity is able to upgrade easily for
new generation full capacity optical access network by com-
bining OCDMA technique and existing TDM-PON systems.
We have proposed the 1G-EPON over OCDMA system having
tell-and-go multiple access capability without sacrificing
link capacity and successfully demonstrated its uplink burst
transmission using SSFBG encoder/decoder adapting bipolar
phase-shifted encoding scheme and optical burst-mode receiver
for 1G-EPON [13]. However, the 10 Gb/s-based PON over
OCDMA system with considering the phase-shifted encoding
scheme remains a challenge since bipolar phase-shifted en-
coding auto-correlation signal is hard to receive due to a few
picoseconds pulse width.

In this paper, we propose a novel 10 Gb/s-based PON over
OCDMA system which multiplexes the 10 Gb/s-based PON

0733-8724/$26.00 © 2010 IEEE
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Fig. 1. Architectures of scalable 10 Gb/s-based PON system upgrade by using OCDMA approach.

systems by using OCDMA technique. The proposed system is
able to increase the total capacity without sacrificing currently
uplink bandwidth assigned to the individual optical network unit
(ONU). 16-ONU (4-OCDMA x 4-packet) uplink burst trans-
mission, an upgrade scenario by a factor of four of conven-
tional 10 Gb/s-based PON is experimentally demonstrated for
the first time by using hybrid 16-chip (200 Gcehip/s), 16-phase-
shifted SSFBG encoder/multi-port decoder [ 14] and burst-mode
receiver [15] along with a forward-error correction (FEC). Fi-
nally, we will discuss that 32-user can be accommodated in 10
Gb/s-based PON over OCDMA system, and a key to an un-
precedented symmetric uplink bandwidth is a newly introduced
multi-level phase-shifted en/decoding, of which auto-correla-
tion waveform can be preferably adopted in the burst-mode re-
ception at 10 Gb/s.

II. 10 GB/S-BASED PON OVER OCDMA SYSTEM

Fig. 1 shows an upgrade scenario of a single 10 Gb/s-based
PON ton x 10 Gb/s-based PON systems over OCDMA. Whenn
conventional 10 Gb/s-based PON systems including m x ONUs
are accommodated, the bandwidth per user is reduced by a factor
of n due to the nature of time division multiple access (TDMA),
resulting in the bandwidth reduction factor of m X n, that is,
10 Gb/s/m/n per ONU. On the contrary, 10 Gb/s-based PON
over OCDMA system can maintain the bandwidth reduction
factor of only the number of ONUs (=m) by assigning dif-
ferent optical codes (OCs), OCs #1 ~ #n, to an individual
10 Gb/s-based PON system. For example, OC #1 is shared with
#11 ~ #1m ONUs where uplink signals #11 ~ #1m in a
group are time-aligned without a contention. As a result, uplink
bandwidth per user can be increased by a factor of n, that is, 10
Gb/s/m. Unlike WDM-PON, it is unnecessary to reallocate the

wavelength channel of an individual 10 Gb/s-based PON system
due to the nature of OCDMA, for example, by adapting same
uplink and downlink wavelength channels of 10 G-EPON [1].
From the view point of the upgrade cost of 10 Gb/s-based PON
system, the cost of our proposed system increases by adding the
OCDMA-specific components. Additional components of PON
over OCDMA to conventional PON systems would include the
encoder/decoder as well as a special class of short pulsed laser.
However, the costs of multi-port decoder as well as that of the
short pulsed laser can be shared with the numbers of ONUs,
and the SSFBG type of encoder could become inexpensive if
it’s mass-produced.

For 10 Gb/s-based PON over OCDMA system, a single multi-
port OCDMA encoder/decoder [12] is located at optical line ter-
minal (OLT), which can generate n different OCs, while, on
the other hand, at each ONU uses a multi-level phase-shifted
SSFBG. The multi-port encoder/decoder can improve the loss
budget due to the simultaneous processing of the multiple OCs
without splitters. In addition, it has a cost-effective capability
because the cost can be shared by all ONUs. While, SSFBG
has the ability of the processing of the ultra-long OC, polariza-
tion-independent operation, compact structure as well as low-
cost capability for mass production [11]. Therefore, it is most
appropriate to allocate the multi-port encoder/decoder to the
OLT and the SSFBG encoder/decoder to the ONUs, respec-
tively. A crucial challenge of 10 Gb/s-based PON over OCDMA
system is the detection of uplink optical “burst” signals, de-
coded after the transmission. To study the feasibility of the 10
Gb/s-based PON over OCDMA systems, we developed the 10
Gb/s burst-mode receiver which consists of avalanche photo-
diode (APD)-preamplifier module and a limiting amplifier. This
burst-mode receiver can realize the high-sensitivity by adapting
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Fig. 2. Experimental setup of 16-ONU 10 Gb/s-based PON over OCDMA uplink transmission.

the Mitsubishi’s APD, which has large gain-bandwidth products
[16], and the low-noise preamplifier.

III. BURST-MODE UPLINK TRANSMISSION EXPERIMENT OF
16-ONU 10 GB/s-BASED PON OVER OCDMA

Fig. 2 shows the experimental setup for 16-ONU 10
Gb/s-based PON over OCDMA uplink burst-mode transmis-
sion. The capacity of 16-ONU was realized by the 4-packet
10 Gb/s-based PON over 4-OC OCDMA. The 1.8 ps pulse
train was generated by a mode-locked laser diode (MLLD) as
shown in Fig. 2(a). The center wavelength was 1546 nm and the
repetition rate was 9.95328 GHz. The output of the MLLD was
modulated to 4 packets by the optical burst-mode modulators
which were constructed by the LiNbOg3 (LN) intensity mod-
ulator and acousto-optic modulator (AOM) as a burst-mode
gate switch. The switching speed and the extinction ratio of
the burst-mode gate switch were about 100 ns and over 40
dB, respectively. Therefore, the optical burst-mode modulators
could realize the fast burst turn-on/off time and sufficient power
suppression during idle period simultaneously. Fig. 2(b) shows
the LN intensity modulator output data with 23! — 1 pseudo
random bit sequence (PRBS). Each packet length was 64 us
which includes 10 us overhead as shown in Fig. 2(c). Fig. 2(d)
shows the packet pattern which guard time was O ns. This
guard time was set to cope with the most severe condition for
a fast response of the burst-mode receiver. These packets were
encoded by 4 different 16-chip, 16-phase-shifted SSFBGs. In
the SSFBG encoder, the input optical pulse is time-spread into
16 pulses so called chip pulse with 5 ps interval. These chip
pulses have the relative phase shift with respect to each code.
The design parameters of the SSFBG encoder are; the center
wavelength is 1546 nm, chip length is ~0.52 mm, total length

of grating is 8.32 mm, and the 16 phase levels are generated
by shifting the chip grating by a step of /8. These encoded
signals were time-multiplexed into TDM over OCDM signal.
Tunable optical attenuator (ATT), tunable delay line (TDL) and
polarization controller (PC) were inserted in the each path to
investigate the system performance in the worst scenario that
the interference becomes most serious as shown in Fig. 2(e).

Atthe OLT side, the received signal was decoded by a 16-chip
with 5 ps interval (200 Gchip/s), 16-phase-shifted multi-port
decoder which could process the 16-OC simultaneously. In
the decoding process, each chip pulse is time-spread again
into 16 pulses and suffers a relative phase shift with respect
to the combination of in- and out-put ports. The frequency
deviation (channel spacing) between neighboring ports of
16 x 16 port decoder is 12.5 GHz. Fig. 2(f) shows the decoded
signal of OC #1, showing the high-peaked auto-correlation
waveform with multiple access interference (MAI) noise skirt.
Each decoded signals were processed at our own developed 10
Gb/s burst-mode receiver. The 10 Gb/s-based PON burst-mode
receiver could provide a high-sensitive burst-mode 2R function
with the optimal multiplication factor M of the APD (M = 8.0).
Fig. 2(g) shows the good electrical eye opening from the de-
coded signal despite the MAI noise because of the adequate
bandwidth of the burst-mode receiver, which was more than
6.0 GHz, for 10 Gb/s-based PON over OCDMA systems. In
this experiment, erbium doped fiber amplifiers (EDFAs) were
inserted to compensate the optical loss of each component such
as SSFBG encoders and multi-port decoder.

Fig. 3 shows the measured bit error rate (BER) performances
about all 16-ONU of 4-OC x 4-packet and those of back-to-
back non-en/decoded signal, respectively. All packets can re-
alize error-free (BER < 10~3) operation with the FEC as
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Reed—Solomon (RS) (255, 223). In the 4-OC multiplexed case,
BER of less than 10~7 could not be measured due to the MAI
noise. However, the feasibility of the 10 Gb/s-based PON over
OCDMA system could be shown because the 10 Gb/s-based
PON system is operated with the FEC. We obtained good eye
openings for all four decoded signals of OC #1-#4, as are ev-
idenced by the BER measurements in Fig. 3. This fact con-
firms that the uplink bandwidth is equal to 10 Gb/s/4 that is
four time larger than the conventional 10 Gb/s-based PON, 10
Gb/s/16. Fig. 4 shows the receiver sensitivity at BER = 1073
for all 16-ONU uplink data. The receiver sensitivity of less than
—29.9 dBm was successfully achieved by adapting the high-

JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 28, NO. 4, FEBRUARY 15, 2010

1E-2
A —&— OC #2 x Packet #1
w —@— OC #2 x Packet #2
—— OC #2 x Packet #3
4 OC #2 x Packet #4
1E-3 f- - - s A A Packet #1 (B-to-B)
A O  Packet #2 (B-to-B)
[0 Packet #3 (B-to-B)
2 Packet #4 (B-to-B)|
~
=
1E-4
£
i<
-
= 3 %\/é
2 1E5| /
1E-6 | A
1E-7 PR Q PR S TS S SRS S
34 32 30 28 26 24 22 20 -18
Received Optical Power (dBm)
1E-2 ——
A —A— OC #4 x Packet #1
e M —@— OC #4 x Packet #2
3 —— OC #4 x Packet #3
) © - OC #4 x Packet #4
IE3+ - -o-\M_ ... A  Packet #1 (B-to-B)
O  Packet #2 (B-to-B)
[0 Packet #3 (B-to-B)
e Packet #4 (B-to-B)
<
2 B4
i<
B
=
2 1E5f % Y
166 | PAY
":j. W —
1E-7 PR Q R T T TS S S

Received Optical Power (dBm)

()

ks
10 ps/div

20 ps/div

Fig. 5. The auto-correlation waveforms of (a) bipolar and (b) 16-level phase-
shifted encoding.

sensitive burst-mode receiver and the power penalties between
4-OC x 4-packet and back-to-back were less than 2.0 dB which
were caused by the degradation of optical signal-to-noise ratio
(OSNR) due to the amplified spontaneous emission (ASE) and
MAI noise. The small deviation of receiver sensitivities was
caused by the characteristic mismatch of optical components
such as burst-mode modulators and SSFBG encoders.
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In this experiment, it was not shown that the dynamic range
dependence between packets and guard time dependence due
to the lack of the burst-mode optical amplifier [19]. However,
the system feasibility can be demonstrated by using this burst-
mode receiver which can process the 10 Gb/s uplink packets
with different optical power [15].

IV. DISCUSSIONS

A. Bipolar versus Multi-Level Phase-Shifted Correlation
Performances for 10 Gb/s Burst-Mode Reception

A burst-mode reception is a “must” for PON system, which
has never been realized at 10 Gb/s for any OCDMA sys-
tems. This is because the auto-correlation waveform in the
optical decoding has a sharp peak, which requires tens of
gigahertz bandwidth of the burst-mode receiver at 10 Gb/s.
This requirement will be tolerated by narrowing the band-
width of the decoded signal, and we will take this approach.
Two different phase-shifted encoding schemes for coherent
TS-OCDMA have been proposed and demonstrated [17].
One is the bipolar phase-shifted encoding (0, m) by using
SSFBG [11]. The other is multi-level phase-shifted encoding
by using multi-port encoder/decoder [12]. Figs. 5(a) and (b)
compare the auto-correlation waveforms of bipolar and 16-level
phase-shifted encoding used in the transmission experiment, re-
spectively. The pulsewidth of auto-correlation signal of bipolar
phase-shifted code (63 chip and 640 Gcehip/s) is a few picosec-
onds due to the suppression of side-lobe. On the other hand,
the envelope width of 16-level phase-shifted auto-correlation
signal is about 80 ps (=16 chip/200 Gchip/s). The difference
in the pulsewidth is a key to successful burst-mode reception
at 10 Gb/s. For 1G-EPON over OCDMA [13], the bipolar
phase-shifted encoding has been adapted for the burst-mode
reception, however, this narrow pulsewidth was a stumbling
block at 10 Gb/s. This is because that it is difficult to receive
the bipolar phase-shifted auto-correlation signal without OSNR
degradation, and the high bandwidth receiver (tens of giga-
hertz) is required. Currently, it won’t be feasible to realize both
high-bandwidth and high-gain burst-mode reception under the
condition that the gain-bandwidth product remains constant. In
addition, bipolar phase-shifted encoding has another problem
of using long-OC. As longer the code length becomes for a
high data rate, the narrower the auto-correlation waveform
becomes. This feature indicates that the bipolar phase-shifted
encoding is inadequate for the proposed systems. This is why
we employed the multi-level phase-shift encoder, having the
broader and smoother auto-correlation temporal waveform. It
is noteworthy that the multi-level phase-shifted encoding can
generate more codes than bipolar phase-shifted encoding with
the same number of chips. In perspective of inter-symbol in-
terference (ISI), the spreading duration of 63-chip bipolar (640
Gchip/s) and 16-chip multi-level (200 Gchip/s) are 200 and 160
ps, respectively. Therefore, 16-chip multi-level phase-shifted
code can suppress the influence of ISI than 63-chip bipolar
code. In addition, the multi-level phase-shifted code has better
power contrast ratio (PCR) characteristic than bipolar code
[21]. It can suppress coherent beat noise and MAI. Therefore,
the multi-level phase-shifted encoding is the best solution for
10 Gb/s-based over OCDMA uplink burst transmission because

369

higher bandwidth of burst-mode receiver is not required in
order to process the multi-level phase-shifted auto-correlation
signal.

B. Uplink Performances

The uplink performances of the proposed system are also dis-
cussed. Fig. 6 shows the uplink burst frame model. If data pay-
load is fully loaded, uplink bandwidth per user can be written as
GP — (m X OHPMD) N 100 — OHFEC % ﬁ

GP 100

BW = BR x
m
1
where BW is the bandwidth per user, BR is the bit rate of the
system, GP is the grant period which is equal to the optical
burst frame length, m is the number of ONUs belonging to a
10 Gb/s-based PON system, OHpyp is PMD overhead which
consists of burst-mode turn-on/off and sync time, OHpgc is
the FEC overhead ratio after the FEC frame mapping, n is the
number of multiplexed systems by using OCDMA technique.
Table I shows the parameters of throughput calculation of the
proposed system. For this calculation, we assume that OHpyp
includes the burst-mode CDR lock time because burst-mode
CDR can realize a quick burst-mode data recovery [7]. In ad-
dition, OHpgc and GT are 12.9% [18] and 1 ms, respectively.
Other parameters are based on the experimental conditions.

Fig. 7 shows the calculation results of uplink bandwidth per
user. Here, the number of the users is equal to . x m. The uplink
bandwidth per user of conventional 10 Gb/s-based PON systems
is given by the (1) with n = 1. The proposed system capacity
realizes more than four times larger than conventional 10 Gb/s-
based PON systems. Therefore, the uplink bandwidth per user is
achieved about 1 Gb/s even if the system accommodates 32-user
and all users can use symmetric gigabit-bandwidth applications
by applying OCDMA technique. On the other hand, the increase
in network capacity by using OCDMA technique is able to be
adapted to the rise of the subscribers. For example, the number
of users of this system can be added up to 128-user without
throughput degradation while, on the other hand, a 10 Gb/s-
based PON system accommodates 32-user.

From the view point of the number of users, the maximum
number of users could be increased more than 32-user for a
10 Gb/s-based PON over OCDMA system because the optical
power ratio between the burst signal and idle period is more
than 40 dB. According to the theoretical analysis of the max-
imum number in this coherent OCDMA system [22], provided
that the en/decoding are properly performed, 32 users and more
can be accommodated at any bit rate, and the number of active
users depends on the coherency of the light source. As the coher-
ence goes higher, the beat noise becomes dominant rather than
the MAI noise.

V. CONCLUSION

An upgrade scenario of a single 10 Gb/s-based PON to
n X 10 Gb/s-based PON systems has been studied, based upon
a novel 10 Gb/s-based PON over OCDMA system without
sacrificing currently assigned uplink bandwidth per user. The
uplink burst-data transmission of 4 x 10 Gb/s-based PON sys-
tems over 4 X OC has been demonstrated for the first time by
using 16-chip (200 Gcehip/s) and 16-level phase-shifted SSFBG
encoder at ONUs and a single multi-port decoder at OLT.
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TABLE 1
PARAMETERS OF THROUGHPUT CALCULATION

. . Parameter
Quantity Symbol Unit values
Bit rate BR Gb/s 9.95328
PMD overhead OHpumip us 10
FEC overhead OHpgc % 12.9
Guard time GT ns 0
Grant period GP ms 1
Optical code n 4
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Fig. 7. 10 Gb/s-based PON over OCDMA uplink bandwidth calculation result.

With the assistance of the FEC, error-free operation could be
achieved in all 16-ONU of 10 Gb/s-based PON over OCDMA,
having four times lager total capacity than the conventional
10 Gb/s-based PON. Finally, we have shown that 32-user can
be accommodated by being provided with the up/down link
of symmetric gigabit-bandwidth in 10 Gb/s-based PON over
OCDMA system, and a key to an unprecedented symmetric
uplink bandwidth is a newly introduced 16-level phase-shifted
en/decoding, of which auto-correlation waveform can be
preferably adopted in the burst-mode reception at 10 Gb/s.
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