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Abstract: This paper proposes a hybrid ring- and tree-topology radio over fiber (RoF) transmission
system with self-disconnection protection that can support the high distribution density of base
stations (BSs) in a metropolitan area and strengthen the network quality of service through self-
disconnection protection. The number of supportable BS in the system can be increased significantly
by integrating the time- and wavelength-division multiplexing techniques and properly utilizing a
new-generation single-line bidirectional add /drop multiplexer (SBOADM) into the proposed system.
Moreover, when the ring—fiber link of the system is interrupted for any reason, the system operator
can recover the broken connections quickly only by transforming an optical switch state at the CO
end to allow the downlink optical signals to transmit along the clockwise and counterclockwise
directions of the ring—fiber link simultaneously. In this case, the downstream optical signals can be
delivered to each set of BS-groups through the two-way transmission characteristics of the SBOADM
automatically, and the uplink optical signals, originally, from each set of BS-groups can be transmitted
back to the CO end along the opposite direction of the downlink signal-routing path. In this way, the
interference caused by fiber breakage can be avoided immediately, and the entire transport system
can be reconnected to ensure the quality of network services. Our experimental results prove that the

overall transmission performances are similar to those under normal circumstances.

Keywords: disconnection protection; optical add/drop multiplexer; radio over fiber; wavelength
division multiplexing

1. Introduction

Various applications, such as virtual reality and 4K video on-demand, increase the
bandwidth demand of wireless communications, and radio over fiber (RoF) transmission
systems are, therefore, being developed to meet the rapidly increasing demand [1-8].
With the upgrading of wireless broadband networks, such as from 4G networks to 5G
networks, the signal coverage range of each base station (BS) will be reduced greatly and
the density of the BS distribution will be increased significantly in metropolitan areas [9-13].
However, in a tree-topology network structure, the number of BSs that can be connected to
each feeder fiber is limited to between 64 and 128 (2* to) [14,15]. Embedding wavelength
division multiplexing (WDM) technique into time-division multiplexing (TDM) based tree-
topology network will be a suitable solution for overcoming this limitation [16]. If an optical
multiplexing /de-multiplexing component, such as an arrayed waveguide grating (AWG),
is added into the remote node (RN) of the tree-topology RoF transport systems to route
different wavelengths of light carriers to different feeder fibers and significantly increase
the number of BSs that can be served per feeder fiber [17,18]. The main drawbacks of such
hybrid architecture are the limited scalability and flexibility of extending or reorganizing
AWG'’s optical routing characteristics.
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In parallel with utilizing AWGs to form the hybrid TDM and WDM RoF network
mentioned above, some scholars have proposed forming hybrid TDM and WDM RoF
networks with better flexibility by utilizing an integrated ring and tree structure network
instead of using only a tree structure [18-20]. Such hybrid network architecture provides
a potential self-disconnection repair capability that can overcome unexpected fiber-link
failure by using an optical add/drop multiplexer (OADM) to bridge optical wavelengths
transmitted between the ring and tree topology. Each OADM node can utilize an alternate
fiber loop for signal transmissions to avoid breakpoints to ensure that users will not experi-
ence any usage problems during fiber line repair, and the original bandwidth connection
can also be maintained [21,22]. Nevertheless, a traditional OADM can only direct and route
the downstream and upstream optical signals in the same direction of the ring—fiber link.
Additional optical switches (SWs) are required to be embedded into each OADM node to
form a bidirectional OADM (BOADM) and a spare ring—fiber link is necessary to achieve
self-disconnection repair capabilities [23,24]. If the abovementioned two-wire BOADM can
be changed to a single-line BOADM (SBOADM)), then the entire ring network architecture
only requires a single fiber ring structure to achieve the same self-disconnection protec-
tion effect. Therefore, good performance can be achieved in terms of system complexity,
fiber laying costs, and logistics maintenance. Recently, some experts and scholars have
proposed the use of SWs, array waveguides, optical circulators, and optical amplifiers, etc.,
to construct SBOADMs and utilize such SBOADMSs to accomplish bidirectional WDM ring
networks [25,26]. Such SBOADM s can utilize a single ring fiber link to achieve bidirectional
transmissions properly. However, the SWs and optical amplifiers in such SBOADM are
not passive components and require additional power supply to function properly. This
scenario is not ideal in terms of system cost, architecture scalability, and system manage-
ment and maintenance. Thus, to optimize and simplify the structure of the published
SBOADMs, we have developed a new generation SBOADM to accomplish bi-directional
add/drop multiplexing functionality by utilizing four passive optical circulators (OCs)
and only two sets of fiber Bragg gratings (FBGs) [27]. The new generation SBOADM can
always drop down the desired downstream signals whether the signals are injected into
the SBOADM in each direction and can upload and send back the upstream signals via the
reversed optical pathway of the downstream signals. Not any active device can be utilized
inside this new generation SBOADM,; to extend the application of the passive SBOADM, a
hybrid ring- and tree-topology RoF transmission system with self-disconnection protection
that utilized the new generation SBOADM for hybrid TDM and WDM RoF transport
systems was proposed and verified. Comparing to the OADM-, BOADM- or published
SBOADM-based WDM transport systems, no additional backup fiber loop, SW or any
other active device is deployed among the CO and BSs. This means that no power supply
is enquired in the passive fiber loop to accomplish the data transmission among the CO
and BSs. The operating expense can be reduced significantly. Our experimental results
prove that no complicated network management is required to accomplish the quality of
service when a fiber-link failure occurs in any point of the transmission path. The system
manager can simply adjust the state of an SW deployed inside the CO to recover all broken
network connections.

2. Experimental Setup

A hybrid ring- and tree-topology RoF transmission system with self-disconnection
protection is presented in Figure 1. The transmission system will first connect the CO
with each SBOADM through a main ring—fiber link and then bridge each SBOADM with a
BS-Group in the tree structure topology. The RF signal in the experiment is generated by
modulating a 1.25 Gbps unipolar pseudo-random binary sequence (PRBS, generated by
Anritsu MP1632a) with a 10 GHz sinusoidal signal. The downstream RoF signal in CO is
simulated by the modulated the 1.25 Gbps/10 GHz signal with a dedicated optical carrier
via Mach Zender Modulators (MZMs). The optical carriers for BS-Group1 to BS-Group4
were set at 1547.4, 1549.06, 1550.67 and 1552.19 nm, respectively (the parameters are shown,
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in Table 1, in detail). These modulated RoF signals are consequently multiplexed by an
AWG, amplified by an erbium-doped fiber amplifier (EDFA), and fed into the input port
one of a 2 x 2 SW, which is in a parallel state, before being injected into the downstream
link. Each RoF signal will be routed out of the SW output portl with 15 dBm optical power
and delivered sequentially through a series of single-mode fiber (SMFs) to SBOADM]1 to
SBOADMA4. The distance among each SBOADM was set to 1 km (SMF2, SMF3, SMF4) and
the distance between the CO and the SBOADM1 and the CO and SBOADM4 were set to
26 km (SMF1 and SMF5) to simplify the experimental setup. When the RoF signals enter
each SBOADM, only a specific RoF signal is intercepted at the add/drop port and routed
to the connected BS-Group, while the other RoF signals penetrate. The detailed routing
pass way of the optical signals inside the SBOADM is indicated in the inset of Figure 1.
Ideally, the desired RoF signal should be dropped by the SBOADM completely. However,
the FBGs utilized inside the SBOADM cannot produce 100% reflection. The residual signal
will also penetrate the SBOADM and moved forward to the next SBOADM, along with the
remained RoF signals. The I/O_P2 of the last SBOADM (SBOADM4) will still have some
downlink RoF signals’ energy residue and will further inject into output port 2 of the 2 x 2
SW in the CO after penetrating SMF5 and a 2 x 1 optical coupler. These residual signals
will be routed out of input port 2 of the SW and then routed back to the other input of the
2 x 1 optical coupler, and repeatedly injected into the SW. As a result, these amounts of
residual signal energy will continue to be consumed in the process. When each dedicated
downstream RoF signal is dropped by an SBOADM, a 2 x 16 optical splitter connected
with the two add/drop ports of the SBOADM will distribute the RoF signal to each BS in
the connected BS-Group. The downlink RoF signal in a BS will first be routed through an
OC to a photodetector (PD) in the receiving unit and restored to a 1.25 Gbps/10 GHz RF
signal. The RF signal is then increased, the frequency down-converted, the redundancy
noise filtered and analyzed by an oscilloscope (HP83480a), bit error rate analyzer (Anritsu
MP1632a), and electro-spectrum analyzer (thinkRF R5500).

BS-Group; BS-Group;
V/ SMF, B
& 2x16 2x16
1 SMF, - 1km
= 26km " SBOADM; ** " SBOADM, *
|_roF-croup, | i s, L1 SMF,
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! SW :Optical switch BS-Groups
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| TL :Tunable Laser

| BS :Base Station

Figure 1. Hybrid ring- and tree-topology RoF transmission system with self-disconnection protection.

In the transmission part of the uplink signals, the uplink optical carrier wavelength
used by each BS unit can be uploaded successfully to the transmission system via SBOADM
by simply being in the FBG reflective wavelength range corresponding to the SBOADM.
However, the uplink optical carrier wavelength of each BS is consistent with the downlink
optical carrier wavelength to improve the usage efficiency of light wavelengths. Similar
to the downstream transmission, the uplink 1.25 Gbps/10 GHz RF signal of each BS is
modulated with the uplink optical carrier via MZM. Consequently, the uplink signal in
each BS is routed through the OC to the 16 x 2 optical coupler and injected simultaneously
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into the Add/Drop_1 and Add/Drop_2 of the connected SBOADM. The signals injected
into the Add/Drop_2 of the SBOADM will be routed to the I/O_P2 of the SBOADM and
moved forward to the CO along with the residual downlink light signals. Uplink RoF signal
energy will continue to be consumed in the process, along with the residual downlink RoF
signal energy. In parallel, the RoF signal injected into the Add/Drop_1 of the SBOADM
will be routed to the I/O_P1 of the SBOADM and routed back to the CO along the reversed
transmission pathway of the downlink signals. The uplink optical signal in the CO end is
converted back to the electrical domain and verified by instruments.

Table 1. System parameters.

Optical Carriers RF Signal (Anritsu Baseband Signal Modulation Optical Spectrum
(Santec TSL210) MG3697¢) (Anritsu MP1632a) Analyzer
1547.40 nm
1549.06 nm Mach Zender .
1550.67 nm 10 GHz 1.25 Gbps (PRBS) Modulators (MZMs) Anritsu MS9740A
1552.19 nm

3. Experimental Results and Discussion

In this experiment, the optical powers of the downlink optical signals before being
injected into the 26 km SMF1, and the uplink optical signals before being injected into the
16 x 2 optical coupler, are 15 and 5 dBm, respectively. Based on the characteristics of the
FBGs within each SBOADM, the 1547.4 nm light carrier is intercepted into the BS-Group1
when the downlink signals are transmitted to SBOADMI1 through the 26-km SMF1. The
remaining 1549.06, 1550.67 and 1552.19 nm optical signals are captured by SBOADM2,
SBOADMS3, and SBOADM4 in sequence and then sent to BSs in BS-Group2, BS-Group3,
and BS-Group4, respectively. The wavelength spacing between each two adjacent optical
signals is 1.66, 1.61, and 1.52 nm. Since these four light sources have sufficiently wavelength-
spaced (larger than 19-GHz frequency-spaced) from its neighbor, the interference caused in
the main channel from the neighboring channel is insignificant [28]. Figure 2a—d shows
the spectra of four downlink RoF signals measured as they penetrate from SBOADM1 to
SBOADMA4. In this experiment, the reflectivity of each FBG inside SBOADMs is not identical
but is roughly around 97%. Thus, the power difference between the captured light carrier
and the penetrated light carrier was inconsistent after penetrating through each SBOADM.
The power differences are approximately 14.6, 13.9 and 16.1 dB after penetrating SBOADM]1,
SBOADM?2, and SBOADMS3, respectively. After penetrating SBOADM4, residual optical
signals, as shown in Figure 2d, can be considered as noise for the entire transmission
system, but this noise can be consumed naturally by the 2 x 1 optical coupler and SW in
CO after passed through the SMF5.

When the downlink signal is extracted by each SBOADM and injected into each
BS-Group, the spectrum measured in front of the PDs of BSs at the BS-Groupl1 to BS-
Group4 are shown in Figure 3a—d, respectively. In the four groups, the optical signal power
levels to be received were —7.09, —8.94, —10.81 and —12.67 dBm, respectively. The power
difference between the two adjacent BS-Groups is roughly 1.85 dB, which is approximately
equivalent to the insertion loss when the signal penetrates from I/O_P1 of SBOADM to
I/0_P2. Although parts of the untargeted signals are also dropped and directed to the
BSs, their power levels are much lower than the targeted signal. Comparing the peak
power difference among the targeted optical signal and the untargeted residual signals, the
optical signal-to-noise power ratios (OSNRs) for the four BS-Groups were 29.1, 28.6, 32.2
and 31.67 dB, respectively. When the four sets of downlink optical signals are received by
the PD of each BS, they can be successfully detected and the obtained RF signals can be
converted back to baseband format. The electro-spectrum and eye diagram of the frequency
down-converted downlink RoF signals received by BS-Group1 to BS-Group4 are indicated
in Figure 4a—d. The frequency down-converted 1.25 Gbps NRZ signal is clearly presented
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in the baseband area. This means that all four sets of RoF signals are received successfully
by each BS-Group. Besides, when the received NRZ sequence is fed into an oscilloscope,
open and clear eye diagrams are also obtained. This means that very little intersymbol
interference (ISI) is presented and the interference caused in the main channel from the
neighboring channel is ignorable.
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Figure 2. Spectrum of downlink light signals after penetrating (a) SBOADMI, (b) SBOADM?2,
(c) SBOADMS and (d) SBOADM4.
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Figure 4. Electro-spectrum and eye diagram of frequency down-converted downlink RoF signals received by (a) BS-Group1,
(b) BS-Group2, (c) BS-Group3 and (d) BS-Group4.

In terms of uplink signal transmission, the optical signals generated from each BS
are injected into the Add/Drop_1 and Add/Drop_2 of the connected SBOADM after
passing through a 16 x 2 optical coupler. As discussed in the previous section, the uplink
optical signals routed to the Add/Drop_2 of the SBOADM will be transmitted back to
the CO along the CW direction of the main ring fiber link and consumed completely at
the SW in the CO. By contrast, the uplink optical signals injected into the Add/Drop_1
of SBOADM will be routed to the I/O_P1 of the SBOADM and be sent back to the CO
along the CCW direction of the main ring fiber link. Given that each SBOADM only drops
down a dedicated optical signal to the connected BS-Group during this routing process, all
uplink optical signals can successfully penetrate the other SBOADMSs and pass along the
SMF1 to the CO end when transmitted in the main ring—fiber link. The optical spectrum
of each uplink signal received at the CO end of each BS-Group is overlapped and shown
in Figure 5. The power levels of the uplink optical signals generated from the BSs at
the BS-Group1, BS-Group2, BS-Group3, and BS-Group4 were —7.06, —10.7, —14.38, and
—18 dBm, respectively. The power differences between the two adjacent sets of uplink
optical signals were 3.64, 3.68, and 3.62 dB. These values are roughly equivalent to the
insertion loss (3.46 dB) when the signal penetrates from I/O_P2 of the SBOADM to I/O_P1.
Similarly to the downlink transmissions, all four sets of the uplink RoF signals were also
received successfully and converted back to baseband format. Figure 6a—d shows that the
transmitted signals are obtained clearly in the spectrum diagrams and the measured eye
diagrams are open and clear.
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Figure 5. Overlapped uplink optical spectra measured at the CO end of each BS-Group.
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Figure 6. Electro-spectrum and eye diagram of frequency down-converted uplink RoF signals received at the CO end of
(a) BS-Groupl, (b) BS-Group2, (c) BS-Group3 and (d) BS-Group4.

In addition to observing the spectra and eye diagrams, the raw bit error rate (BER)
performances for the BSs in BS-Group1 to BS-Group4 (indicated as BS-G1, BS-G2, BS-G3,
and BS-G4) in the back-to-back (B2B) and downlink transmissions scenarios and in the B2B
and uplink transmissions scenarios are illustrated in Figure 7a,b. Instead of estimating the
BER value based on a few measured moments of the probability density function, such as
Q-factor or error-vector magnitude (EVM), the raw BER is the ultimate quality measure
in optical communication links [29]. To obtain the raw BER values, the down-frequency
RF signals were analyzed by an Anritsu MP1632a and their BER values are calculated by
dividing the number of errors by the total number of bits sent. It is clear that each set
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of signals can enjoy an error rate lower than 10~° when the receiver powers are larger
than —21.5 to —21.2 dBm for downlink transmissions and around —19.5 to —19 dBm for
uplink transmissions. Compared with the B2B scenario, the power penalty of the four sets
of signals was all less than 0.5 dB for the downlink and uplink transmissions. The clear
eye diagram and error-free transmissions provide considerable evidence of the advanced
transmission performance of the proposed system.

—=—BS-G1 ——BS-G1
(3)1 X10-2 —e—BS-G2 (b)1 X103 —e—BS-G2
——BS-G3 ——BS-G3
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1X10-19} : . v 1X10-10% . ; ; .
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Receive Power (dBm) Receive Power (dBm)

Figure 7. BER performances for the BSs in BS-Group1 to BS-Group4 in (a) B2B and downlink transmissions scenarios as

well as in (b) B2B and uplink transmissions scenarios.

In verifying the breakpoint protection function of the proposed transport system, we
assume that the SMF3 located between the SBOADM?2 and SBOADMS is interrupted for
any reason. As a result, the SBOADMS3 and the SBOADM4 will lose connections with
the CO end. In this case, the interrupted BS-Groups can be reconnected to the CO end
by simply changing the SW in the CO end from a parallel-bridge state to a cross-bridge
state. Figure 8 shows that the downlink optical signals in this case are separated into
two paths through a 1 x 2 optical splitter after passing through output port2 of the SW.
One set of downlink optical signals is routed back to the input port2 of the SW and then
passed through the SW in the cross-bridge state and the SMF1 to the SBOADM]1 and the
SBOADM?2 in a CW direction (the route path under normal conditions). The other set of
downlink optical signals emitted from the 1 x 2 optical splitter is routed to the SMF5 and
directed to the SBOADM4 and SBOADMS3 in a CCW direction. With the bi-directional
transmission characteristics of the new-generation SBOADM, the target optical signals can
still be intercepted at the corresponding BS-Group as the downlink optical signal is injected
into the SBOADM via I/O_P1 or the I/O_P2. Meanwhile, the non-target optical signals
can penetrate the SBOADM directly. When the optical signals are fed into the SBOADM
via I/O_P2, the detailed routing pass way of the optical signals inside the SBOADM is
indicated in the inset of Figure 8.

Figure 9a—d show the spectrum measured when the downlink optical signal penetrates
the SBOADM1 and SBOADM2 in the CW direction and penetrates the SBOADM3 and
SBOADM4 in the CCW direction when a breakpoint occurs. Figure 10a—d shows the
spectra measured at the receiving end of BS when the downlink optical signal is captured
by SBOADM to the BS in BS-Group1 to BS-Group4 when a breakpoint occurs. The spectra of
the signal penetrating SBOADM1 and SBOADM?2 are roughly similar to the data measured
under the condition of no breakpoints (Figure 2). However, each light carrier will have
extra attenuation because of the additional passing of the 1 x 2 optical splitter and SW
during the transmission process. In the spectrum penetrating SBOADM3 and SBOADM4,
the downlink signal is injected into the SBOADMSs through the I/O_P2 of the SBOADM:s.
The results of the initial experiment on SBOADM show that the insertion loss of penetrating
light signals was approximately 3.46 dB, which was 1.8 dB more than when injected through
I/0O_P1. Therefore, the maximum power of the non-target optical signal in Figure 9d is
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lower than the value in Figure 9a. In addition, a comparison of the non-target optical signal
power that penetrates SBOADM4 and SBOADMS3 shows that the difference between these
two values was approximately 3.7 dB (1.92 — (—1.78) = 3.70 dB). Figure 10a—d also shows
that the power levels of the target optical signal were 28 dB to 32 dB higher than that of
the non-target optical signal when each group of downlink optical signals is intercepted
by each BS-Group. Thus, the transmission of the RoF signal can be received and restored
successfully to the electrical domain.
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Figure 8. Diagram of the routing of downlink optical signal in the hybrid ring- and tree-topology RoF transmission system
when breakpoints occur.
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Figure 9. The spectrum measured when the downlink optical signal penetrates (a) SBOADM1 and (b) SBOADM2 in CW
direction and penetrates (¢) SBOADMS3 and (d) SBOADM4 in the CCW direction when a breakpoint occurs.
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Figure 10. Spectrum measured at the receiving end of BS when the downlink optical signal is captured by SBOADM to the
BS in (a) BS-Groupl, (b) BS-Group2, (c) BS-Group3 and (d) BS-Group4 when a breakpoint occurs.

In the transmission portion of the uplink signals, the uplink signals of each BS are
routed to the Add/Drop_1 and Add/Drop_2 of the connected SBOADM at the same time
and passed in the CW and CCW directions to the main ring—fiber link. The CW transmission
of optical uplink signals via SBOADM1 and SBOADM?2 and the CCW transmission of
optical uplink signals via SBOADM3 and SBOADM4 are blocked by breakpoints from
returning to the CO end. By contrast, the uplink optical signal transmitted CCW through
SBOADM1 and SBOADM?2 and those transmitted CW through SBOADM3 and SBOADM4
can be transmitted successfully to the CO end. The optical spectra of the uplink signals
measured at the CO end are overlapped and presented in Figure 11, and the error rate
graphs of each BS-Group measured at the CO end are shown in Figure 12. The power
levels of the received uplink optical signals generated from the BSs at BS-Group1, BS-
Group2, BS-Group3, and BS-Group4 were —10.5, —13.8, —12.7 and —10.9 dBm, respectively.
Compared with normal conditions, the uplink optical signals transmitted from BS-Group1
and BS-Group?2 suffer slightly larger power attenuation in the transmission process because
these signals have to pass through an additional 1 x 2 optical splitter. Nevertheless, the
transmission losses of the uplink optical signals transmitted from BS-Group3 and BS-
Group4 are reduced because the routing path is shorter than that in normal conditions.
The overall results presented in the downlink and uplink transmissions when a breakpoint
occurs were roughly similar to those under normal conditions except for the slight variation
in power. These results demonstrate that the proposed hybrid ring- and tree-topology
RoF transmission system can integrate TDM and WDM techniques properly into a signal
network architecture to increase the supportable BS number and provide robust fiber-link
disconnect protection to ensure quality of services.
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Figure 11. The optical spectra of uplink signals are measured at the CO end when a breakpoint occurs.
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Figure 12. (a) Downlink RoF signal error rate performance measured in BS-Group1, BS-Group2, BS-Group3, BS-Group4, and
Back-to-Back when a breakpoint occurs. (b) Uplink RoF signal error rate of BS-Group1, BS-Group2, BS-Group3, BS-Group4,
and Back-to-Back measured at the CO end when a breakpoint occurs.

4. Conclusions

A hybrid ring- and tree-topology RoF transmission system with self-disconnection
protection was proposed, to integrate TDM and WDM techniques and increase the number
of supportable BS in a signal-network architecture. The quality of service still can be
ensured when the main ring—fiber link of the transmission system is interrupted for any
reason by utilizing new-generation SBOADMSs properly to bridge signal transmissions
in the proposed architecture. The system operator can recover the broken connections
quickly by transforming the operation state of an SW in the CO to allow the downlink
signals to be transmitted in the CW and CCW directions of the main ring—fiber link at
the same time. The employed SBOADMSs with two-way transmission characteristics will
drop down the desired RoF signals automatically into the connected BS-Group. The uplink
optical signal emitted from each BS can also be transmitted back to the CO end along the
opposite direction of its downlink signal-routing path. In this way, the interference of
the fiber breakpoint can be avoided immediately. Accordingly, the entire transmission
system can be reconnected and the quality of network services will be further ensured.
Our experimental results showed that the proposed hybrid ring- and tree-topology RoF
transmission system can provide similar transmission performances in fiber breakpoint
scenarios and in normal circumstances.
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