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Abstract—In this paper, we propose and investigate a ring-based
wavelength-division-multiplexing passive optical network
(WDM-PON) providing both Rayleigh backscattering (RB) noise
mitigation and fiber-fault protection. The proposed ring-based
WDM-PON has a dual-ring architecture to protect and restore
any fiber fault. Besides, the ring architecture also can mitigate
the RB beat noise, since the RB and the upstream wavelengths
are propagating in opposite directions. Here, we discuss and
analyze the characteristics of the downstream signals using 10
Gb/s ON–OFF keying (OOK), 10 Gb/s differential phase-shift
keying, and 10 Gb/s orthogonal frequency-division multiplexing
(OFDM) modulations, respectively. Moreover, we also investigate
the upstream traffic using the 2.5 Gb/s OOK and 10 Gb/s OFDM
generated by the directly modulated reflective semiconductor
optical amplifier-based optical network unit, respectively.

Index Terms—Differential phase-shift keying (DPSK),
fiber-fault protection, ON–OFF keying (OOK), orthogonal fre-
quency-division multiplexing (OFDM), ring access, wavelength-
division-multiplexing passive optical network (WDM-PON).

I. INTRODUCTION

B ECAUSE of the rapid growth in the demand of broad-
band multiservices, passive optical network (PON) is a

promising solution for the future fiber access systems [1]–[4].
Furthermore, wavelength-division-multiplexed passive optical
networks (WDM-PONs), using directly modulated laser (DML)
at the central office (CO) [5], [6] and reflective semiconductor
optical amplifier (RSOA) for signal reuse and remodulation at
each optical network unit (ONU) [7], [8] are desirable system
architectures for the future high-speed and high-capacity PON
[9]. However, in colorless WDM-PON system, the Rayleigh
backscattering (RB) interferometric beat noises will be gener-
ated by the downstream signal and result in impairment of net-
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work performance [10], [11]. Hence, in order to reduce the RB
interferometric beat noise, different RB mitigation techniques
have been proposed and discussed, such as using the phase and
bias-current dithering, utilizing wavelength-shifting technique,
employing advanced modulation formats, using double laser
bands source, etc. [11]–[15]. However, these proposed methods
would increase the complexity and the cost of PON. In addition,
these proposed techniques were mainly employed in tree-based
WDM-PONs.
Furthermore, to enhance the spectral efficiency and reduce

the cost of high-speed transmitters (Tx) and receivers (Rx),
optical orthogonal frequency-division multiplexing quadrature
amplitude modulation (OFDM-QAM) has been proposed and
reported [16]–[20]. And this modulation format could be a
promising candidate for the future WDM-PONs.
Next-generation WDM-PON must provide high quality of

service and reliability. When the fiber between the CO and each
ONU is broken inWDM-PONs, the data traffic cannot reach the
affected ONU, leading to data loss. Hence, the protection man-
agement of fiber fault is one of the critical issues in PON access
[21]–[24]. Furthermore, the ring-based TDM- and WDM-PON
has been actively studied [2], [25]–[28] and is regarded as one
of the important architectures for next-generation PON.
In this paper, we propose and experimentally demonstrate the

ring-based WDM-PON system with the RB noise mitigation
and fiber-fault protection. Here, we propose a new design in
each RSOA-based ONU to produce the downstream and up-
stream traffic propagating in opposite directions. Consequently,
advanced modulation techniques are not required for mitigation
of the RB noise. In the proposed architecture, dual fiber ring
configuration is used to protect the occurrence of fiber fault.
Besides, each ONU can select the fiber path automatically
to transmit the data traffic. In this paper, the downstream 10
Gb/s differential phase-shift keying (DPSK), ON–OFF keying
(OOK) and OFDM signals, and the upstream 2.5 Gb/s OOK
and 10 Gb/s OFDM upstream signals by using RSOA-based
ONU have been achieved and analyzed, respectively.

II. FIBER-FAULT PROTECTION

First, a ring-based WDM-PON architecture with fiber-fault
protection and RB noise mitigation is proposed, as illustrated
in Fig. 1. In the CO, the downstream and CW signals are com-
bined via a blue/red-band filter (BRF) and transmitted through
a WDM multiplexer and a 1 2 optical coupler and then into
each ONU in counterclockwise (CCW) direction. Here, each

0733-8724/$31.00 © 2012 IEEE
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Fig. 1. Proposed ring-based WDM-PON architecture. Black solid line:
working fiber; blue dash line: protecting fiber.

ONU consists of three optical circulators (OCs), two 1 2 op-
tical switches (SWs), a BRF, an optical transceiver (TRx), and
two fiber Bragg gratings ( and ). The two FBGs
are used to reflect the corresponding downstream and CW sig-
nals into the TRx for data receiving and upstream signal gen-
eration, respectively. Besides, in the newly designed ONU, the
TRx consists of a 1.2 GHz bandwidth RSOA and 2.5 GHz PIN
receiver, respectively. Further, the downstream and CW sig-
nals are separated by a BRF for launching into the PIN and
RSOA in that order. Therefore, the RSOA will modulate the
CW signal to generate the upstream signal. In the signal trans-
mission path, the upstream signal will also be reflected by the

and transmitted through the CCW direction into the CO.
As a result, the backscattered CW signal and the upstream signal
propagate in two different directions. The RB noise is thus mit-
igated. Besides, the proposed ring-based WDM-PON scheme
can also support wavelength remodulation schemes to enhance
the wavelength efficiency effectively. These can be done by
using the DPSK as downstream signal and OOK as upstream
signal [29] or using the OFDM as downstream signal and OOK
as upstream signal [11].
The proposed ring-based network could be one of the

promising architectures for the next-generation access due to
the flexible wavelength assignment. More than one wavelength
can be assigned to an ONU to increase its capacity. Also the
network scalability can be improved. Besides, the ring-based
network can provide network protection. Recently, ring-based
networks have been studied in Europe (EU projects) [31], [32],
the U.S. [33], Japan [34], etc. Besides, the insertion loss of
the proposed network can be compensated by using optical
amplifiers.
Fig. 2 shows a schematic diagram of the design of the ONU

with flexible wavelength assignment together with optical am-
plifiers to compensate the insertion loss. By using several tun-
able FBGs, flexible wavelength assignment and management
can be achieved.
Here, we discuss the fiber-fault protection mechanism. In this

proposed architecture, there are two fiber paths: the working

Fig. 2. Schematic diagram of the design of the ONU with flexible wavelength
assignment.

Fig. 3. Scenario in which a fiber fault occurs between and in
our proposed ring-based WDM-PON system.

(black solid line) and protecting (blue dash line) fiber paths.
Two SWs of each ONU are connected to the working fiber path
(black solid line) for the downstream andCW signals initially, as
shown in Fig. 1, when there is no fiber fault. Besides, the down-
stream and CW signals could not pass through the protecting
fiber due to the isolation of SW in each ONU, as also shown in
Fig. 1.
If a fiber fault occurs between and , as shown in

Fig. 3, the entire data link cannot be connected after the .
Thus, self-protection will be an important issue. If the proposed
PON system is a single-ring architecture, the data traffic will be
disconnected for all the ONUs after the . To overcome
this problem, we propose a dual-ring WDM-PON architecture
with a new optical module in each ONU. To protect and restore
the fiber fault in the proposed PON, each ONU can automat-
ically switch the direction of 1 2 SW depending on whether
its receiver (Rx) receiving the corresponding downstream signal
or not. If the ONU-Rx does not receive the downstream signal,
the SW will switch automatically to reconnect the downstream
and CW signals.
As shown in Fig. 3, when a fault occurs between and

, the units from to cannot receive any
downstream and CW signals. At this moment, the two SWs in
these ONUs can switch the signals to the protecting fiber for
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Fig. 4. Protection and restoration time of the proposed self-protected ring-
based PON.

Fig. 5. Experimental setup for the proposed ring-based WDM-PON
configuration.

reconnecting immediately. Hence, the proposed network archi-
tecture and optical modules can protect and restore the commu-
nication channel upon the occurrence of a fiber fault. Besides,
the new optical module design in each ONU can also minimize
the RB beat noise via the ring architecture.
In this study, we also measured switching time of the SW,

which is used in each ONU in the proposed self-protected ring-
based WDM-PON system for self-protection and restoration.
For such measurement, switching time of the SW was deter-
mined within 10 ms of the occurrence of a fiber fault in the
working fiber, as shown in Fig. 4.

III. UPSTREAM ANALYSIS

In this section, we will discuss and analyze the modulated up-
stream signal using the 1.2 GHz bandwidth-RSOA-based ONU
via the OOK and OFDM-QAM modulations using distributed
CW injection. Fig. 5 shows the experimental setup for the pro-
posed ring-based WDM-PON configuration. In the experiment,
the downstream and CW signals were combined via a BRF for
signal transmissions. The CW signal from the CO transmitted
through the (working fiber), SW and OC, and was re-
flected by the . The reflected wavelength also transmitted
through two OCs and a BRF, and then launching into RSOA
for modulation, as shown in Fig. 5. Besides, the modulated up-
stream signal also was reflected by the and transmitted
through the (working fiber), and then back to the CO.
In this measurement, the CW signal at a wavelength of 1550.6

nm was set at 7 dBm. The CW signal was generated from a dis-
tributed feedback laser diode (DFB-LD) with linewidth of 10
MHz. The RSOA (produced by CIP) was operated at a bias cur-
rent of 50 mA. The transmission lengths of and
were 5 and 20 km, respectively. The reflectivity and reflected
Bragg wavelengths of and are 99.3% and 1532.2

Fig. 6. BER performance of 2.5 Gb/s OOK upstream signal at B2B and after
20 km fiber transmission. Insets are measured corresponding eye diagrams.

nm, and 99.0% and 1550.6 nm respectively. First, we will dis-
cuss the results for OOK modulation upstream traffic. Here, the
RSOA was direct modulated by nonreturn-to-zero (NRZ) data
of pseudorandom binary sequence (PRBS) with pattern length
of at a 2.5 Gb/s to produce the OOK format. The up-
stream signal was launched back to the CO Rx for bit error
rate (BER) measurements through the . Moreover, an op-
tical preamplifier, which consisted of a variable optical attenu-
ator (VOA) and an erbium-doped fiber amplifier (EDFA), was
used in the CO to measure the BER. Fig. 6 shows the BER
performance of 2.5 Gb/s OOK upstream signal at back-to-back
(B2B) and after transmission over 20 km of fiber. As shown in
Fig. 6, the Rx sensitivity was dBm and the power penalty
was 0.4 dB. The insets of Fig. 6 are the corresponding eye dia-
grams. These eyes are clean and wide opening. Furthermore, to
achieve 20 km SMF transmission, CW injection power required
is dBm.
Then, wewill investigate and discuss the optical OFDMmod-

ulation applying to the RSOA for signal modulation. As the
modulation speed of the RSOA is limited to about 1.2 GHz, to
achieve a higher upstream data rate, the optical OFDM-QAM
modulation has been proposed due to its highly spectral effi-
ciency.
First, we need to investigate the effects of CW injection

power on BER performance, when 64-QAM OFDM modula-
tion is applied in the RSOA. In the experiment, the baseband
electrical OFDM upstream signal was generated by an arbitrary
waveform generator (AWG) utilizing the MATLAB program.
The signal processing of the OFDM transmitter consisted of
serial-to-parallel conversion, QAM symbol encoding, inverse
fast Fourier transform (IFFT), cyclic prefix (CP) insertion, and
digital-to-analog conversion (DAC). 12 GSample/s sampling
rate and 8-bit DAC resolution were set by the AWG, and CP
of 1/64 was used. Thus, 72 subcarriers of 64-QAM format
occupy nearly 1.66 GHz bandwidth of 0.26 to 1.92 GHz, with
a fast Fourier transform (FFT) size of 512. Here, yielding
MHz subcarrier spacing and 10 Gb/s total data rate could be
observed. Hence, the produced electrical 64-QAM OFDM
signal could be applied on the RSOA via a bias-tee. Besides,
the upstream signal was direct detected via a 2.5 GHz PIN



3214 JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 30, NO. 20, OCTOBER 15, 2012

Fig. 7. BER measurements of RSOA-based ONU after 20 km trans-
missions, under the different CW injection power range of to 0 dBm. The
inset is corresponding SNR of each OFDM subcarriers while a injection power
is dBm.

receiver at the CO. The received OFDM signal was captured
by a real-time oscilloscope, with 3 dB bandwidth of 12.5 GHz
and sampling rate of 50 GSample/s, for signal demodulation.
To demodulate the vector signal, the offline DSP program
was employed. And the demodulation process contained the
synchronization, FFT, one-tap equalization, and QAM symbol
decoding. Signal-to-noise ratio (SNR) was obtained by mea-
suring the signal power compared to the noise power of each
OFDM symbol. Then, the average SNR was calculated by
averaging the SNRs of all the OFDM subcarriers. Finally,
the BER was calculated based on the average SNR using the
equation described in [35]. Furthermore, the entire measured
subcarriers can achieve the forward error correction (FEC)
threshold, with a BER of ( dB) and
redundancy ratio of % [4].
Fig. 7 shows the measured BER performance of 10 Gb/s

OFDM RSOA-based upstream signal after 20 km of
transmission, under different CW injection power of 0 to
dBm. The received power at the CO is set at dBm. As
shown in Fig. 7, with the gradual increase of injection power,
the obtained BER also improved. This is because the rise in
relaxation oscillation frequency of the RSOA with injection
power. The relaxation oscillation frequency of RSOA can be
increased by optical injection [11]; hence, higher optical power
can increase the modulation speed of the RSOA. Therefore, the
3 dB bandwidth of RSOA also can be enhanced via the CW
injection. Here, to achieve the FEC threshold after 20 km of

transmission, the minimum CW injection powers must
be larger than dBm, as illustrated in Fig. 7. Moreover, the
inset of Fig. 7 plots the SNR of each OFDM subcarrier in the
frequency bandwidth of 0.26–1.92 GHz at the injection power
of dBm launching into RSOA. The average SNR of each
OFDM subcarrier is larger than 22.5 dB at 64-QAM modula-
tion. Thus, the measured BER can achieve FEC threshold.
When the CW injection power is dBm, the BER mea-

surement of 64-QAM OFDM upstream signal for the directly
modulated RSOA is measured at the B2B and after 20 km of

transmission, respectively, as seen in Fig. 8. The insets
of Fig. 8 are corresponding constellation diagrams. In Fig. 8, we

Fig. 8. BER measurement of 64-QAM OFDM upstream signal is measured at
the B2B and 20 km transmission, respectively, when the CW injection
power is dBm.

can determine the corresponding received powers at and
dBm, respectively, at the FEC threshold. We achieved

negligible power penalty after 20 km transmission at the
BER of .
We also conducted comparisons of 2.5 Gb/s OOK and 10

Gb/s 64-QAM OFDM modulations by using the same 1.2 GHz
bandwidth RSOA for upstream traffic. The injection powers are

and dBm for the 20 km fiber link, respectively. Besides,
the measured sensitivities are and dBm. Using
OFDM modulation can increase the upstream data rate by four
times when compared with the OOK format. On the other hand,
it also results in the received sensitivity to drop by half, as shown
in Figs. 6 and 8.

IV. DOWNSTREAM TRAFFIC

In this section, we reported the experimental results inves-
tigated by using three modulation formats, which are 10 Gb/s
OOK, 10 Gb/s DPSK, and 10 Gb/s 16-QAM OFDM, respec-
tively, for the downstream traffic. All the BER measurements
are based on optical preamplifier Rxs.
First, we performed the 10 Gb/s OOK downstream experi-

ment using the experimental setup of Fig. 5. In the CO, the 10
Gb/s downstream signal was achieved by using a DFB-LD with
10 Gb/s external OOK modulation. The 1532.2 nm DFB-LD
has dBm output power. A 10 GHz Mach–Zehnder modu-
lator (MZM) was used to generate OOK format. The insertion
loss of MZM was around 6 dB. Here, the DFB-LD was modu-
lated at 10 Gb/s with a NRZ format, with PRBS of by
MZM.
Fig. 9 presents the BER performance of 10 Gb/s OOK down-

stream signal under the B2B and transmission over a length of
20 km . Here, the received sensitivity of dBm is
measured after the . As shown in Fig. 4, the power penalty
was 0.3 dB at the BER of . Besides, the corresponding eye
diagrams are also shown in the insets of Fig. 9. The two eyes
are clean and wide-opening.
Next, we report transmission of the 10 Gb/s DPSK down-

stream signal in the proposed PON system. A DFB-LD was
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Fig. 9. BER performance of 10 Gb/s OOK downstream under the B2B and
20 km transmission.

Fig. 10. BER performance of 10 Gb/s DPSK downstream under the B2B and
20 km transmission.

modulated at 10 Gb/s DPSK format via a 10 GHz LiNbO phase
modulator (PM) for downstream traffic in the proposed ring
WDM-PON. The PMwas driven by a differentially precoded 10
Gb/s at PRBS-NRZwith pattern length. The downstream
DPSK signal launched into the ONU and was received by an
optically preamplified receiver (Rx), consisting of a VOA, an
EDFA, a delayed interferometer for DPSK demodulation, and a
10 GHz PIN. The BER measurements of the downstream sig-
nals at the B2B and 20 km transmission are shown in
Fig. 10. The insets of Fig. 10 are the corresponding eye dia-
grams. As shown in Fig. 10, error free operation is observed in
each case with clear and wide open eye. Here, the Rx sensitivity
of dBm was measured after transmission over 20 km of

using single-end detection. Besides, we achieved 0.4 dB
of power penalty at the BER of for the downstream DPSK
signal.
Finally, we will demonstrate 10 Gb/s 16-QAMOFDM down-

stream signal by using a 2.5 GHz bandwidth-DFB-LD via direct

Fig. 11. Measured SNR of each OFDM subcarrier in the frequency bandwidth
of 0.0195–2.50 GHz after 20 km transmission.

modulation. Here, we did not need an external modulator to gen-
erate traffic rate at 10 Gb/s. Since the OFDM signal is very spec-
tral efficient, 10 Gb/s data rate can be achieved via a DML.
In the measurement, the OFDM signal was produced by

MATLAB program, and was applied to the DML using an
AWG. The signal processing of the OFDM consisted of se-
rial-to-parallel conversion, QAM symbol encoding, IFFT, CP
insertion, and DA conversion. The sampling rate and DAC
resolution of AWG were 12 GS/s and 8 bits. The FFT size and
IFFT size are both 512, and CP length is 1/64. Besides, 107
OFDM subcarriers of 16-QAM OFDMmodulation format only
occupied in 2.5 GHz of bandwidth from 1.95 MHz to 2.50 GHz.
The 10 Gb/s downstream signal was achieved using a 2.5 GHz
DML. The received downstream OFDM signal was captured
by a digital oscilloscope with sampling rate of 50 GS/s and a
3 dB bandwidth of 12.5 GHz for OFDM signal demodulation.
To demodulate the vector signal, the offline DSP program was
employed. The demodulation process included synchroniza-
tion, FFT, one-tap equalization, and QAM symbol decoding.
The FFT size was 512. Finally, the BER was calculated based
on the measured SNR.
As we know, higher SNR would result in better BER perfor-

mance. The SNR required to achieve the FEC threshold (BER of
) is 16.5 dB, when 16-QAMOFDM is used. Besides,

the pre-emphasis can properly arrange the electrical power of
each subcarrier to obtain the better SNR. In Fig. 11, we show
the measured SNR of 16-QAM OFDM subcarriers in the fre-
quency from 1.95 MHz to 2.50 GHz after transmission over 20
km of . The optical received power was dBm for this
case. As shown in our later analysis, the average BER including
all the OFDM subcarriers is still lower than the FEC threshold.
Hence, we do not sacrifice any bandwidth by using the proposed
PON network.
Fig. 12 shows the BER measurement result of 1532.2 nm

downstream signal using optical 16-QAM OFDM at the B2B
and after transmission over 20 km via a DML. The cor-
responding Rx sensitivities are and dBm at the
BER of , respectively. The power penalty is 0.8 dB.
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TABLE I
COMPARISON OF DIFFERENT MODULATIONS USED IN THE PROPOSED SCHEME

Fig. 12. BER measurements of 1532.2 nm downstream signal using optical
16-QAM OFDM at the B2B and after transmission over 20 km SMF1 via a
DML.

The insets of Fig. 12 show the corresponding constellation dia-
grams of 16-QAM OFDM signals.
We can also use a 10 GHz bandwidth optical modulator to in-

crease the downstream rate by OAM-OFDM modulation in the
proposed ring-based WDM-PON architecture. In the past, 40
Gb/s OFDM downstream traffic has been proposed and demon-
strated by another group of our institute (ITRI) [30]. However,
the received sensitivity was measured at dBm in their pro-
posed modulation scheme after transmission through 20 km of
SMF. This is because the RF power fading and fiber dispersion
at high OFDMmodulated rate. Their scheme can thus only sup-
port a few ONUs if it is implemented in our proposed ring-based
WDM-PON system.

Comparing the 10 Gb/s OOK, 10 Gb/s DPSK, and 10 Gb/s
16-QAM OFDM modulation schemes for the downstream
traffic, we determined the received sensitivities to be

, and dBm, respectively, after 20 km fiber trans-
mission, as mentioned previously. The comparison of different
modulations used in the proposed scheme is summarized in
Table I.
In the proposed scheme, each ONU provides an insertion loss

of about 3.2 dB. This is contributed by two SWs (1 dB loss),
two FBGs (0.2 dB loss), and two OCs (2 dB loss). It is worth
to note that for the “target ONU” or “pass through ONU,” the
wavelength only needs to pass through 2 OCs. When the down-
stream signal of 7.5 dBm is transmitted from the CO, by con-
sidering the 5 dB insertion loss of the 20 km SMF, and the
Rx sensitivities of dBm (OOK), dBm (DPSK),
and dBm (OFDM), the power budgets are dBm
(OOK), dBm (DPSK), and dBm (OFDM) respec-
tively. Hence, the numbers of supported ONUs are 9, 9, 6 when
using downstream OOK, downstream DPSK, and downstream
OFDM-QAM respectively. When the upstream signal of 3 dBm
is transmitted from the ONU, by considering the 5 dB insertion
loss of the 20 km SMF, and the Rx sensitivities of dBm
(OOK) and (OFDM), the power budgets are dBm
(OOK) and dBm (OFDM), respectively. Hence, the num-
bers of supported ONUs are 7 and 3 when using upstream OOK
and upstream OFDM, respectively.
We can observe from the analysis listed in Table I that the

numbers of supported ONUs are determined by the upstream
power budget. To increase the numbers of supported ONUs
in the proposed system, EDFA can be used to compensate the
losses of fiber and passive components (as shown in Fig. 2).
We can also observe that although OFDM modulation can re-
duce the modulation bandwidth required in the modulators, it
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degrades the Rx sensitivity of the signal and, hence, reduces the
numbers of supported ONUs.

V. CONCLUSION

We have proposed and experimentally demonstrated a
ring-based WDM-PON providing both RB noise mitigation
and fiber-fault protection. The proposed dual-ring-based
WDM-PON could be used to protect and restore the fiber-fault.
Besides, the ring-based architecture also could mitigate the
RB beat noise, since the RB and the upstream wavelengths
were propagating in opposite directions. In the proposed
PON system, we discussed and analyzed characteristics of the
downstream signal using 10 Gb/s OOK, 10 Gb/s DPSK, and
10 Gb/s OFDM modulations, respectively. And, the received
sensitivities of dBm (at BER of ), dBm (at
BER of ), and dBm (at BER of (FEC
level)) were observed, respectively, after 20 km fiber trans-
mission. Hence, the sensitivity of OOK format was better than
that of DPSK and OFDM. However, the OFDM modulation
only needed a lower cost DML to achieve 10 Gb/s downstream
rate. It is also shown that the three aforementioned downstream
modulation schemes could provide the required eight, seven,
and six ONUs in the proposed PON network respectively
without requiring additional EDFA units. Of course, if we want
to support more ONUs in our proposed network, EDFA could
be used.
Moreover, we also investigate the upstream traffic of the 2.5

Gb/s OOK and 10 Gb/s 64-QAM OFDM by using the directly
modulated RSOA-based ONU, respectively. Here, the required
injection powers were and dBm after 20 km fiber link,
respectively. Besides, the measured sensitivities are and

dBm. Meanwhile, using OFDMmodulation can increase
the upstream rate by four times comparing with OOK format. It,
however, also results in the received sensitivity to drop by half.
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