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Abstract: A full-duplex self-recovery optical fibre transport system is proposed on the basis
of a novel passive single-line bidirectional optical add/drop multiplexer (SBOADM). This
system aims to achieve an access network with low complexity and network protection capa-
bility. Polarisation division multiplexing technique, optical double-frequency application and
wavelength reuse method are also employed in the transport system to improve wavelength
utilisation efficiency and achieve colourless optical network unit. When the network com-
prises a hybrid tree—ring topology, the downstream signals can be bidirectionally transmitted
and the upstream signals can continuously be sent back to the central office in the reverse
pathways due to the remarkable routing function of the SBOADM. Thus, no complicated
optical multiplexer/de-multiplexer components or massive optical switches are required in
the transport system. If a fibre link failure occurs in the ring topology, then the blocked
network connections can be recovered by switching only a single optical switch preinstalled
in the remote node. Simulation results show that the proposed architecture can recover the
network function effectively and provide identical transmission performance to overcome the
impact of a breakpoint in the network. The proposed transport system presents remarkable
flexibility and convenience in expandability and breakpoint self-recovery.

Index Terms: Optical add/drop multiplexer, self-healing, wavelength reuse, radio over fiber.

1. Introduction

Under the rapid development of various industry and multimedia applications, a broadband
network is an essential tool for emerging artificial Internet of thing applications, intelligent
houses/offices/factories and smart sensing and detection systems [1]. Hence, the scope of con-
structing a fibre optical network system with improved structure reliability whilst simplifying the
features for easy operation, maintenance and cost reduction has become increasingly complicated
and challenging [2], [3]. An additional standby optical fibre link with an optical switch (OS) must
be deployed to prevent network interruption due to the breakdown of optical fibres in traditional
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optical fibre access networks, such as time-division multiplexing (TDM) [3]-[6] or wavelength
division multiplexing (WDM) [7]-[12] systems. However, such configuration increases the costs
of network construction and complicates the network operation. Hence, the bidirectional optical
add/drop multiplexer (BOADM) has been developed for the protection of optical fibre networks.
The first type of BOADM structure includes the basic optical add/drop multiplexers (OADM) and
OSs [13], [14]. Such BOADM can achieve bidirectional transmission in a ring topology optical
network. However, the uplink and downlink signals are still transmitted in a fixed direction during the
transmission process. The constructed fibre optical networks require the assistance of a backup
fibre link to overcome the impact of fibre link failure and additional optical amplifier to compensate
for the power loss. To reduce the overall construction cost by taking off backup fibre link, some
researchers develop single-wire BOADMs based on OSs, multiplexers and de-multiplexers [15].
Thus, the overall network construction cost can be markedly reduced by utilising the second type
BOADMs. The drawback of such BOADM is that its multiplexers and de-multiplexers increase
the overall insertion loss in the fibre optical networks. Moreover, the network manager needs
a complicated strategy to manage the status of OSs inside each BOADM to reset the routeing
pathway of data transmission dynamically during fibre link failure in the network.

Reducing the cost in network usage will be one of the key issues to increase the willingness of
customers to say yes to promote the population of fibre optical networks. One of the remarkable
costs for a traditional WDM fibre optical network system is the specific light source for uplink
transmission established in each optical network unit (ONU). Unlike the central office (CO) end,
the hardware cost in each ONU has no sharing capability. Configuring specific light sources in
each ONU increases the cost of network usage and results in storage problems of various laser
diodes with different wavelengths. Therefore, configuring colourless ONU modules has been a
major research direction in current WDM related techniques [16]-[18]. Today, many different kinds
of colourless ONU modules, such as the wavelength reutilisation using amplitude modulation,
phase to amplitude modulation and reflective semiconductor optical amplifier, have been proposed
[19]-[22]. However, these methods require complex modulation skills for reducing the impact of
downlink signals on uplink signals.

A full-duplex self-recovery optical fibre transport system for broadband wireless network is
proposed in this paper to realise high reliability based on a novel passive single-line BOADM
(SBOADM) and colourless ONUs. The SBOADM is originally proposed to achieve the feature
of bidirectional transmission in fibre sensor networks [23]. Single-line bidirectional transmission
can be easily achieved by the SBOADM without the assistance of a power supply and OS by
flexibly employing two fibre Bragg gratings (FBGs) and five optical circulators (OCs) to compose
the SBOADM. When the SBOAMD is deployed in a ring topology, an extra logical optical passage
is embedded for the network without utilising a backup fibre link. The SBOADM can automatically
send the uplink signal back to the CO end along the revised pathway of the downlink signal as long
as the downlink signal can be sent smoothly to each ONU end. No additional power supply and
complexity control algorithm are required during the entire transmission process. Furthermore, the
polarisation division multiplexing (PDM) technique is employed in the proposed system to achieve
colourless ONU. When an optical signal with a specific wavelength is captured to a specific ONU,
the central carrier wave of the optical signal is withdrawn by a polarised light splitter and reused
to deliver upstream signals back to the CO end. Depending on the research discussed by Z. Jia
et al., the penalty of utilizing the same wavelength for both downlink and uplink transmission is
not significant [24]. Such a structure improves the usage efficiency of the frequency spectrum and
reduces the network cost of each ONU end.

2. Experimental Setup

The experimental configuration of the proposed full-duplex self-recovery optical fibre transport
system is plotted in Fig. 1(a). At the CO side, each downstream optical carrier is generated
by a distributing feedback laser diode (DFB LD), and its power is split into two equal parts
via a polarisation beam splitter (PBS). One part of the carrier is directly sent to a polarisation
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Fig. 1. (a) Configuration of the proposed full-duplex self-recovery optical fibre transport system based
on a passive single-line bidirectional optical add/drop multiplexer. (b) The configuration of the proposed
passive SBOADM and optical pathways when signals are fed in I/0_P; and (c) I/O_P5.

beam coupler (PBC), and another part is modulated to downstream 3 Gbps/10 GHz signal via
Mach—Zender modulator (MZM). The central carrier is suppressed by biasing the MZM at the
minimum transmission point to leave only +1 side bands on the MZM output. Next, the MZM output
signal is directed to the PBC to form a downstream optical signal for an ONU. Consequently, each
downstream optical signal is coupled through an arrayed-waveguide grating and amplified by an
Erbium-doped optical fibre amplifier (EDFA) before sending to remote nodes (RNs) via a 25 km
single-mode fibre1 (SMF1). A2 x 2 0S and a 1 x 2 optical coupler are employed inside the RN to
direct the combined downstream signals to each SBOADM via clockwise or ant-clockwise direction.
The RN and five SBOADMs are bridged in ring topology by SMF2-SMF7, which are set as 1 km
in each, to simulate the metropolitan environment. The OS inside the RN is normally set in parallel
status such that the downstream signals can be directed to SBOADM1-SBOADMS5 via clockwise
direction. As shown in Fig. 1(b), The SBOADM consists of three four-port OCs, two three-port OCs
and two identical FBGs with reflection rate of 99%. When optical signals are inputted into the main
network via 1/0_P1, the signals are directed to FBG1 after passing OC1 and OC2. Subsequently,
the FBG1 will reflected back the targeted signals and directed to Add/Drop_1 after passing OC2
and OC3 (blue path in Fig. 1(b), whereas the other optical wavelengths will pass through FBG1
and return to the main network via OC4 to I/0_P2 (red path in Fig. 1(b). When the connected ONU
needs to uplink optical signals, the uplink optical signal goes to FBG2 via OC3 and OC1. At the
moment, the uplink and downlink optical signals use the same wavelength. As FBG2 has the same
characteristics as FBG1, the uplink optical signal is reflected back to OC1 and returns to I1/0_P1
(green path in Fig. 1b). Similarly, Fig. 1(c) shows that when optical signal is inputted into the main
network via I/O_P2, the signal is directed from OC4 to OC5 and from OC5 to FBG2. The target
wavelength is then reflected back by FBG2, goes through OC5 to Add/Drop_2 (blue path in Fig. 1c),
whereas the other optical wavelengths will pass through FBG2 and return to the main network via
OC1 to I/0_P1 (red path in Fig. 1c). Meanwhile, the uplink optical signal goes to FBG1 via OC5 and
OC4. As the uplink and downlink optical signals use the same wavelength, the uplink optical signal
is reflected back to OC4 and returns to I1/O_P2 (green path in Fig. 1c¢). Whatever the optical signals
are fed into the SBOADM via I/O_P1 or I/O_P2, a 2 x 2 OS and an optical switch trigger (OST)
inserted in each ONU are utilised to bridge the SBOADM two add/drop ports with the connected
ONU transceiver circuit. The OST is a simple optical receiver model that can output a high-voltage
pulse to change the 2 x 2 OS status when receiving optical signals. The 2 x 2 OS is originally in a
cross status; therefore, the dropped signal can be directed to the receiver circuit directly. The central
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Fig. 2. Spectra derived from the simulation considering the observation points (A)—(F) in Fig. 1(a).

carrier and the +1 side bands of the downstream signal in the ONU are then separated by a PBS.
The signals of +1 side bands are transformed into 3 Gbps/20 GHz signals via a photodetector (PD),
whereas the separated central carrier is reused to modulate with 3 Gbps/10 GHz uplink signal via
MZM and send back signals to CO along the reverse downstream transmission pathway. The MZM
in the ONU is biased at the peak transmission point to reduce interference amongst downstream
and upstream transmissions. The +1 side bands are suppressed to leave only the central carrier
and £2 side bands at the MZM output. The bandwidth requirement of the MZMs and other electrical
circuits in the CO can be significantly reduced because the frequency of the transmitted signals is
doubled in the optical domain.

3. Simulation Results and Discussion

A commercial software, namely, VPI Transmission Maker, was employed to facilitate the systematic
simulation and verification to prove the feasibility of the proposed full-duplex self-recovery optical
fibre transport system. Fig. 2(a) to (f) show the spectra derived from the simulation considering
the observation points (A) to (F) in Fig. 1(a). Fig. 2(a) shows the simulated output spectra of five
downstream optical signals, with central wavelengths of 1550.0 (1), 1550.4 (A2), 1550.8 (13),
1551.2 (A4) and 1551.6 nm (A5). The optical power of the spectrum is approximately —4.5 dBm at
the central wavelength, whereas that of the +£1 optical side bands are approximately —17 dBm.
Fig. 2(b) shows the output spectrum after amplification by the EDFA whose optical power is
approximately 10 dBm at the central wavelength, whereas that of the +1 optical side wave
bands is approximately —1.5 dBm. After transmission over 25 km SMF1, RN and 1 km SMF2,
the central wavelength and side band power of each downstream signal are roughly 4.4 and
—7.2 dBm, respectively, as shown in Fig. 2(c). Fig. 2(d) shows the spectrum of optical signals
passing through SBOADM1 and SBOADM2. The A1 and A2 can still be observed because the
FBGs employed in each SBOADM are imperfect. The central wavelength power of signals with
and without be dropped by the SBOADM1 and SBOAMD?2 is approximately —20.4 and —0.8 dBm,
respectively. Fig. 2(e) shows the spectrum of the optical signals passing through the SBOADM4.
The central wavelength power of signals with and without be dropped by previous SBOADMs
is approximately —25.6 dBm —5.9 dBm, respectively. These values are roughly 5.2 and 5.1 dB
smaller than that shown in Fig. 2(d). However, the relative power division amongst the dropped
and passed signals is roughly the same (19.6 versus 19.7 dB). Fig. 2(f) shows the spectrum
of the downstream optical signals passing through all SBOADM nodes. The optical power of all
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Fig. 3. Spectrum chart. (a) downstream signal dropped by each SBOADM; (b) +1 order side band
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Fig. 4. Electric frequency spectrum and eye diagram of downstream signal measured at (a) ONU1, (b)
ONUS, and (c) ONUS.

wavelengths is approximately —28 dBm. These remaining optical signals will be fed into the RN via
the SMF7 and then automatically eliminated when passing through an infinite loop of 2 x 1 optical
coupler and OS inside the RN.

The spectra of the downstream optical signals dropped by each SBOADM are overlapped and
shown in Fig. 3(a). When each dedicated downstream signal is dropped by SBOADM, this signal
will be directed to the connected ONU receiver circuit via a cross-status OS and an OC. The central
carrier wave of the downstream signal is separated from the +1 optical side wave bands through
a PBS. Figs. 3(b) and (c) show the overlapped spectra of central carrier wave and +1 optical
side wave bands separated at each ONU. When the +1 optical side wave bands are converted to 3
Gbps/20 GHz RF signal by a PD, the electrical spectra and eye diagrams of the obtained RF signals
in the ONU1, ONU3 and ONUS5 are shown in Figs. 4(a)—(c). In a random birefringence of buried
optical fiber, the propagating signals may typically cause 2 ~ 10° polarization angles fluctuation and
such polarization fluctuations can be compensated by a dynamic polarization control [25]. Each RF
signal is observed in 20 GHz range, that is, the frequency of the downstream signals is successfully
up-converted. The signal quality is ensured by open and clear eye diagrams. Similarly, the central
carrier wave of each downstream signal is reused for upstream transmissions. The optical spectra
of the upstream signal observed at each ONU and the CO receiver end are overlapped and

Vol. 12, No. 5, October 2020 7202310



IEEE Photonics Journal Full-Duplex Self-Recovery Optical Fibre Transport System

XX

: 101 130
02 4 6_8 10 12 14 16 18 20 22 24 2¢ 0 2 4 6 B 1012 14 16 18 20 22 24 2( 024GF:e&n;rzlyzém)zozzzue
Frequency (GHz) Frequency (GHz) y

Fig. 5. Electric frequency spectrum and eye diagram of upstream (a) ONU1 signal, (b) ONU3 signal,
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co

presented in Figs. 3(d) and (e), respectively. The upstream signals from the ONU1, ONU3 and
ONUS5 are still received at the CO end despite the large power deviations amongst the upstream
signals, and each upstream 3 Gbps/10 GHz RF signal is properly up-converted to 3 Gbps/20
GHz. The signal transmission quality is ensured by the spectrum and eye diagrams shown in
Figs. 5(a)—(c).

If a breakpoint occurs in the fibres amongst each SBOADM (e.g. between the SBOADM2 and
SBOADMS as shown in Fig. 6), then the blocked network connection can be immediately recovered
by turning the 2 x 2 OS in the RN from parallel to crossing status. In this case, the downstream
optical signals in the RN will be routed to output port 2 of the 2 x 2 OS and then split to two
copies by a 1 x 2 optical splitter. One copy goes into the annular main network in the clockwise
direction (illustrated as downlink1) after returning to the input port 2 of the 2 x 2 OS. The other
one directly goes into the annular main network in the counter-clockwise direction (illustrated as
downlink2) after passing through the optical splitter. The two downstream signals will sequentially
pass through each SBOADM and finally be cut off at the network breakpoint. When each dedicated
optical signal is dropped to ONUs in the downlink2, it will firstly pass through the cross-status 2 x
2 OS and be directed to the OST instead of the receiver circuit inside the ONU. Subsequently, the
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Fig. 8. (a) Overlapped spectra of the downstream optical signals dropped by each SBOADM under
breakpoint occurrence. (b) Overlapped spectra of the detected upstream signals out from each ONU
under breakpoint occurrence.

OST can output an electrical pulse to change the 2 x 2 SW from cross to parallel status, and then
the downstream signal can be redirected to the ONU transceiver circuit.

Fig. 7 (a) to (f) are the spectra measured at observation points (A) to (F) in the system shown
in Fig. 6. Figs. 7(a) and (b) respectively show identical results with that in Figs. 3(a) and (b) due
to their similar passages. However, the signal power levels of the central carrier wave and side
bands shown in Fig. 7(c) are roughly 3.6 and 3.4 dB lower than those in Fig. 3(c), respectively. The
additional attenuation is caused by the 1 x 2 optical splitter and OS inside the RN during activation
of self-recovery function. Similarly, the optical spectrum shown in Fig. 7 (f) is similar to the results
in Fig. 7(c) but 0.6 dB large when the downstream signal is transmitted along the downlink2. This
phenomenon is due to the passage of the optical signals in the downlink2 only in the SW inside the
RN once instead of two times. When these downstream signals pass through the SBOADM5 and
the SBOADM4 and SBOADMS, the central carrier power of each passed optical signal is roughly
—1 and —6.3 dBm as presented in Figs. 7 (e) and (d), respectively. The power deviation between
the passed and dropped optical signals is roughly 19.7-19.9 dB.

Figure 8(a) shows the overlapped spectra of the downstream optical signals dropped by each
SBOADM under breakpoint occurrence. Compared with the results shown in Fig. 3(a), the power
deviation amongst each signal is small and the average power levels are large. When the central
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carrier wave of each dropped signal is reused to transmit the upstream signals, the spectra of the
detected upstream signals from each ONU are overlapped and presented in Fig. 8(b). Compared
with the results shown in Fig. 3(d), the power levels of the A1, A2 and A3 are roughly identical, but
the A4 and A5 are enlarged due to the reset signal routing pathways.

The relative bit error rate (BER) performance for the downstream and upstream transmissions
under normal and self-recovery conditions is shown in Figs. 9 and 10, respectively. Under normal
situations, the impact of non-linear effect is evident during data transmissions because the overall
power level is larger than that in the self-recovery condition. Therefore, the error-free transmission
condition (BER < 10e-9) can only be achieved at receiver power approximately —21.7 dBm
under normal situations. By contrast, the value is reduced to approximately —22.2 dBm under
the activation of the self-recovery function upon the occurrence of a network breakpoint because
the optical power transmitted amongst SBOADMs is lower than that under normal situations. The
CO can utilise suitable optical bandpass filters for the uplink transmissions to separate each optical
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signal, and the average power levels of the upstream signals are initially substantially lower than
those in the downstream direction. The induced non-linear effect in the upstream direction is less
than that in the downstream direction. Consequently, the largest optical power level to achieve
error-free transmission in the upstream direction is further reduced to roughly —23 dBm under
normal or self-recovery situations. The signal of 3 Gbps/ 20 GHz is mainly utilized to verify the
ability of achieving self-recovery function in the proposed architecture. A higher transmission rate,
such as 400 Gbps PAM signal, is possible to be achieved by enlarging the Bragg wavelength range
of the FBGs inside the SBOADMSs. These results demonstrate that the proposed transport system
can provide identical or improved transmission performance during breakpoint occurrence.

4. Conclusion

A full-duplex self-recovery optical fibre transport system based on a passive SBOADM is proposed
in this study. The system does not need complex optical multiplexers/de-multiplexers or massive
OSs to achieve full-duplex bidirectional transmission. This feature ensures the suitability of the
system for the optical fibre access network based on hardware cost, operability and complexity.
Moreover, the proposed transport system can achieve the self-recovery function during a fibre
link failure without utilising backup fibre links during fibre link failure. The simulation results
showed that a set of SBOADM only causes a power loss of approximately 2.4 dBm for passed
signals. Assuming the receiving sensitivity of —22 dBm at the ONU end as the baseline, no
optical amplifier is required during data transmission amongst CO and ONUs. Furthermore, PDM,
frequency up-conversion and wavelength reuse techniques are employed to construct a colourless
ONU to reduce the construction cost for each ONU and improve the usage efficiency of each
optical channel. Therefore, the proposed transport system demonstrates remarkable flexibility and
convenience in expandability and self-recovery.
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