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ABSTRACT In this paper, we propose a long-reach star-ring-based time- and wavelength-division-
multiplexing passive optical network (TWDM-PON) by using fiber- and free space optical (FSO)-protected
architecture against fiber breakpoint. Here, the new fiber-based and FSO-based optical network unit (ONU)
modules are designed in the PON system to achieve the self-protected operation. Thus, the adjacent ONU
is linked to produce the fiber- or FSO-based reconnections. Thus, 4× 10 Gbit/s downstream and 10 Gbit/s
upstream signals can be reached through 70 km fiber transmission and a length of free space link without
signal amplification and dispersion compensation. Moreover, the relationships of splitter ratio and FSO link
length in the proposed TWDM access network are also analyzed and discussed.

INDEX TERMS Fault protection, free space optical (FSO), TWDM-PON, OOK signal, star-ring-
architecture.

I. INTRODUCTION
Recently, the requirement of broad bandwidth has been grown
speedily due to the huge number of internet user, cloud
information, big data process, 4K/8K video, social network-
ing, data center, and video gaming and conference [1]–[3].
Thus, the new generation optical access network must have
the characteristics of long-reach, extended coverage, great
capacity, high flexibility, and cost-effectiveness to provide the
bandwidth of 1 Gbit/s to each end user or even high [4], [5].
Furthermore, the passive optical network (PON) has attracted
more interests for last mile access owing to its several benefits
of energy efficiency, service transparency, reliability, and
salability [6], [7]. To meet with the capacity demand for
user, utilizing time- and wavelength-division-multiplexing
(TWDM) andWDMaccess technologies would be promising
candidate [8], [9]. However, the WDM-PON could bring
the higher cost due to the massive WDM laser source and
bandpass filter. Thus, we could utilize the TWDM-PON to
temporarily replace WDM-PON. And the TWDM-PON was

The associate editor coordinating the review of this manuscript and

approving it for publication was Yulei Wu .

chosen by the FSAN community in 2012 as a principal
solution to NG-PON2 to support 40 Gbit/s downstream and
10 Gbit/s upstream traffic [10], [11].

Under such high-capacity signal transmission, the appear-
ance of fiber breakpoint would cause signal interruption in
PON network. To provide the fault protection in PON system
against fiber fault, several self-restored fiber access networks
have been proposed and analyzed in the star-based, ring-
based, and star-ring-based architectures [12]–[15]. However,
due to the certain environmental constraint or applica-
tion scenario, using free space optical (FSO) communi-
cation technology is more suitable than the fiber link
for signal connection [16]–[20]. Therefore, the blended
FSO- and fiber-based communication systems would also
provide the advantages of network reliability and flexibility
for end user [21].

In this research, we present a 4 × 10 Gbit/s on-off keying
(OOK) long-reach star-ring-based TWDM-PON architecture
against fiber fault. To provide the fault protection function,
the new optical network unit (ONU) modules with FSO-
and fiber-protected connections are designed for demonstra-
tion. Here, we select four WDM wavelengths of 1540.16,
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1540.95, 1541.75 and 1542.54 nm to act as 4 × 10 Gbit/s
TWDM downstream (DS) traffic for 50 to 70 km single mode
fiber (SMF) connection and free space transmission. Besides,
to avoid the signal interference, a 1543.33 nm wavelength
is applied for serving as upstream (US) signal. To overcome
the fault issue, two adjacent ONUs are connected to provide
signal router by using the fiber- and FSO-protected configu-
rations. In the fiber-based protection network, the maximum
splitter ratios of 32 and 16 are reached after 50 and 70 km
SMF transmission, respectively, according to the available
power budget without using optical amplification and dis-
persion compensation. In addition, when we only consider to
exploit the FSO-protected architecture through 50 and 70 km
SMF transmissions, the achievable splitter ratios of 4 and
2 are obtained at the free space link length of 180 and 160 m,
respectively.

FIGURE 1. Proposed star-ring-based 4 × 10 Gbit/s TWDM-PON
architecture with fiber- and FSO-protected operation mechanism against
fiber fault.

II. EXPERIMENT AND RESULTS
To reach the self-protected fiber access network against fiber
fault, a star-ring-based 4 × 10 Gbit/s TWDM-PON archi-
tecture is proposed and demonstrated, as observed in Fig. 1.
In the OLT, four TWDM downstream (DS) wavelengths are
combined by a 1×4WDMmultiplexer and delivered through
the 3-port optical circulator (OC) and feeder fiber simulta-
neously. Then, the four TWDM DS signals will be split by
a 1×N optical splitter (OSP) at the remote node (RN) for
broadcasting. Next, the DS traffic can enter each ONU for
decoding its own signal after passing through the distributed
fibers. In the proposed PON architecture, each upstream (US)
signal from the ONU transmits to the OLT via TDM access
format. And the corresponding filter is applied in the optical
receiver (Rx) for decoding information. Moreover, to avoid
the traffic disconnection between the OLT and certain ONU,
we apply ring-based fiber or FSO method to connect each
ONU, as illustrated in Fig. 1. However, due to certain envi-
ronmental or geographical restrictions, we can utilize the
FSO-protected technique to connect two adjacent ONUs

against fiber fault. As a result, the presented PON architecture
can exploit the fiber-protected and FSO-protected connec-
tions simultaneously to complete the fault protection. For
instance, if the fiber breakpoint occurs at the ‘‘a’’ and ‘‘b’’
point, respectively, the DS and US signals of ONU3 and
ONU4 could be reconnected via the ONU2 and ONU3 via
the fiber- and FSO-based link, as seen in Fig. 1.

FIGURE 2. (a) FSO- and fiber-based ONU modules against fiber
breakpoint under normal state. (b) Schematic of proposed fault
protection TWDM-PON when a breakpoint occurs at the ‘‘a’’ and ‘‘b’’
point, respectively.

Then, we display the new designed ONU modules in the
star-ring-based PON architecture to avoid the fault occur-
rence. Fig. 2(a) present the new FSO- and fiber-based ONU
modules against fiber breakpoint under normal state. As plot-
ted in Fig. 2(a), the ONU2 and ONU3 are constructed by a
2× 2 and 50:50 CP1, a 1× 2 and 50:50 CP2, a 1× 1 optical
switch (OSW), an OC, two fiber-based collimators (FCs)
and a focus lens for FSO-protected connection, respectively.
As seen in Fig. 2(a), the OSW of each ONU is off when there
is no fault occurrence. The DS and US signals from adjacent
ONU will be blocked by an OSW to avoid the DS signal
interference. As plotted in Fig. 2(a), between the ONU3 and
ONU4 are using the fiber-protected link for restoring signal
connection. Besides, the ONU4 is consisted of the CP1, CP2
and OSW.

For example, when a fiber breakpoint is occurred at the
‘‘a’’ point of Fig. 2(b), then the corresponding DS and US
wavelengths would be discontinued between the OLT and
ONU3. To reconnect the data traffic currently, the OSW of
ONU3 will be turned on by themedium access control (MAC)
at this time, when the Rx(down) is not detected any signal.
Then, the broadcasting DS signal also can transmit through
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the CP1, OC and FC of ONU2 to ONU3 for data reconnection
by FSO link. Here, the lens is exploited at the ONU to
enhance the detected power of DS and US FSO signals. Next,
the US signal of ONU3 also can deliver to the OLT via the
ONU2 by FSO link, as seen in Fig. 2(b). When the fault is
repaired, the OSW of ONU3 would turn off for normal traffic
operation. Hence, we can apply the FSO-protected method
for data reconnection against fiber fault in the proposed star-
ring-based PON network. Furthermore, if the fault appears
between the RN and ONU4 at the point ‘‘b’’, the DS and US
traffic of ONU4 also can relink by fiber-protected connection
via the ONU3, as displayed in Fig. 2(b). Even if two fault
points ‘‘a’’ and ‘‘b’’ occur at the same time, the bidirectional
signals of ONU3 and ONU4 also can relink via the ONU2
by the proposed FSO- and fiber-protected methods for relink,
when the OSW of ONU3 and ONU4 are turned on simulta-
neously. In this demonstration, the OSW is off or on in each
ONU depending on whether the optical Rx(down) has received
DS signal. Therefore, the exhibited fault protection network
is very simple for operation.

FIGURE 3. Experimental setup of DS and US BER measurements for
(a) fiber-protected and (b) FSO-protected connection, respectively.

Next, to verify the DS and US performances under the
fiber-based and FSO-based transmissions, an experimental
setup is applied for the bit error rate (BER) measurement.
Fig. 3(a) shows the experimental setup of fiber-protected
transmission. Here, a tunable laser source (TLS) acting as the
DS wavelength is connected to a polarization control (PC)
and a 10 GHz Mach-Zehnder modulator (MZM). The PC is
adjusted to achieve the optimal DS output power. We apply
on-off keying (OOK)modulation format with a pattern length
of 231−1 on theMZM to generate 10 Gbit/s DS rate. Besides,
we select four wavelengths of 1540.16, 1540.95, 1541.75 and
1542.54 nm, respectively, to regard as the four TWDM DS
traffic for 4×10 Gbit/s BERmeasurement. Then, the TWDM
DS signal via the CP connects to a length of single-mode
fiber (SMF) and then launching into a 10 GHz PIN photodi-
ode (PD) for DS demodulation, as plotted in Fig. 3(a). In the
measurement, the detected output power of DS wavelength
is around 7.6 dBm at the ‘‘a’’ point of Fig. 3. Moreover,
we utilize a wavelength of 1543.33 nm to serve as the US
signal. We also produce a 10 Gbit/s OOK via the 10 GHz
MZM for US signal transmission.

For the FSO-based protection mechanism, we also can use
the same optical devices for the BER measurement, as illus-
trated in Fig. 3(b). The only difference is applying the FSO
technique for the DS and US signal connections. In the setup,

a FC with 20 mm diameter is employed to transfer the DS
and US wavelength to FSO signal with 7 mm spot beam.
To execute the free space connection easily, a 2 m wireless
transmission length is set for measuring FSO performance.
To enhance the detected FSO power, a lens with 50.4 mm
diameter is placed in front of FC at the received side. Besides,
the focus lengths of FC and lens are 37.13 and 75 mm. As a
result, we can measure the BER behaviors of DS and US FSO
signals according to the setup of Fig. 3(b), respectively.

FIGURE 4. Measured BER performances of four 10 Gbit/s DS signals at
the (a) BtB, (b) 50 and (c) 70 km SMF transmissions, respectively, under
fiber-protected operation.

First, Figs. 4(a) to 4(c) exhibit themeasured 10Gbit/s OOK
BER behaviors of four DS wavelengths at the back-to-back
(BtB), 50 and 70 km SMF transmissions, respectively, under
the fiber-based protection. The detected power sensitivities of
four DS wavelengths can become lower and lower around the
BER of 10−9, when the SMF transmission length gets longer
and longer, as seen in Figs. 4(a) to 4(c). This is because the
chirp parameter of MZM is −0.7 in this measurement. The
−0.7 chirp of MZM is fixed. Then, the chromatic fiber dis-
persion can be compensated due to the negative chirp effect.
Furthermore, to achieve the forward error correction (FEC)
target (BER≤ 3.8×10−3), the observed power sensitivities of
four DS signals are−26,−27,−27.5 and−27.5 dBm,−28.5,
−28.5, −28.5 and −29 dBm, and −28, −28, −28.5 and
−28.5 dBm, respectively, at the BtB, 50 km and 70 km SMF
transmissions. As a result, the smallest power budgets among
the four DS signals are 35.6 and 37.6 dB, when the SMF link
lengths are 50 and 70 km, respectively.
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FIGURE 5. Measured BER performance of 10 Gbit/s US signal through
(a) 50 and (b) 70 km SMF transmissions, respectively, under
fiber-protected operation.

Fig. 5 displays the BER measurement of 10 Gbit/s OOK
US wavelength at the BtB, 50 km and 70 km SMF trans-
missions, respectively, under fiber-protected network config-
uration. In the experiment, the US output power of 7.6 dBm
is observed at the ‘‘b’’ point of Fig. 3(a). The detected
power sensitivities are −27.5, −28.5 and −29 dBm, respec-
tively, at the BtB, 50 km and 70 km SMF transmissions
under the FEC limit. Therefore, the available power budgets
of 36.1 and 37.6 dB are achieved after the 50 and 70 km SMF
connections.

Then, we will execute the BER performances of FSO-
protected DS and US traffic connections according to
the experimental setup of Fig. 3(b) for demonstration.
In the experiment, the coupling loss between two FCs is
measured around 2.6 dB through 2 m FSO link length.
Figs. 6(a) and 6(b) present the measured BER performances
of four 10 Gbit/s OOK DS signals after 50 and 70 km SMF
transmissions under the FSO-protected operation, respec-
tively. Here, the detected power sensitivities of four DS
FSO signals are −25.5, −25.5, −25 and −25.5 dBm and
−24, −24.5, −25 and −25 dBm, respectively, at the FEC
level. Hence, the minimum power budget among the four
DS wavelengths is 32.6 and 31.6 dB at 50 and 70 km SMF
transmission, respectively. As seen in Figs. 4(b) and 4(c)
and Fig. 5(a) and 5(b), the measured power sensitivities are
similar under the FEC level between 50 and 70 km SMF
transmissions at the fiber- and FSO-protected operations,
respectively. The SMF transmission length of 50 to 70 km
will be the better operation condition in the proposed PON
architecture.

Next, we will investigate the US BER performance in
the FSO-protected PON network. According to the setup of
Fig. 3(b), the 10 Gbit/s OOK US will transmit through 2 m
wireless FSO link and 50 km (and 70 km) SMF transmission
for detection. Fig. 7 indicates the obtained BERmeasurement
of US FSO signal after 50 and 70 km SMF link, when the
FSO length is 2 m long. The observed power sensitivities

FIGURE 6. Measured BER performances of four 10 Gbit/s OOK DS signals
through (a) 50 and (b) 70 km SMF transmissions, respectively, under the
FSO-protected transmission.

FIGURE 7. Obtained BER performance of 10 Gbit/s OOK US signal after
(a) 50 and (b) 70 km SMF transmissions, respectively, under
FSO-protected operation.

are −24 and −24.5 dBm at the FEC level after 50 and 70 km
SMF connections. Therefore, the available power budgets
of 31.6 and 32.1 dB are completed at the two FSO-based fiber
links.

Finally, we will analyze and discuss the maximum number
of ONUs and the longest FSO transmission length that the
proposed fiber-based and FSO-based fault protection system
can provide. As seen in Fig. 2, the total losses are induced
by the 1×N OSP, CP1 (3 dB), CP2 (3 dB), OSW (0.5 dB),
OC (0.5 dB), and 50 (10 dB) and 70 km SMF (14 dB) trans-
mission length, respectively, for the fiber-protected network.
Besides, the FSO-protected configuration also involves the
coupling loss between two FCs and the laser beam diver-
gence in atmosphere.Moreover, the beam divergence loss can
be estimated and obtained depending on the wireless FSO
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TABLE 1. The relationship of corresponding insertion loss and redundant budget for TWDM DS traffic under the (a) fiber- and FSO-protected connection
against fiber fault, respectively.

communication length in the previous study [17]. When a
fault occurs in the proposed PON network, the signal recon-
nected path will pass through two adjacent ONUs. Thus,
the downstream signal would experience three OCPs, as seen
in Fig. 2. Tab. 1 presents the relative insertion losses of
the optical devices which are used in the fiber-based and
FSO-based protection systems. Due to the pre-chirp MZM,
the attained power sensitivity through 70 km SMF link is
better than that of 50 km. Thus, the minimum power bud-
gets are 35.6 and 37.6 dB and 31.6 and 32.1 dB, respec-
tively, in the fiber- and FSO-protected network against fiber
breakpoint through 50 and 70 km SMF links. As viewed
in Tab. 1, the maximum power splitter ratio can achieve
32 and 16 through 50 and 70 km SMF transmission,
respectively, under the fiber-protected architecture based on
its corresponding power budget without using wavelength
amplification and dispersion compensation.

However, the FSO-protected network not only need to
consider the splitter ratio but the FSO link length. To satisfy
the power budget by applying the FSO-based connection in
the star-ring-based TWDM-PON system, the splitter ratio
only can reach 4 and 2 through 2 m FSO transmission while
the SMF connection is 50 and 70 km, respectively, as shown
in Tab. 1. Then, the remaining power budgets are 2 and 1.5 dB,
respectively. According to the previous study [17], the two
remained budgets can support 180 and 160 m wireless FSO
connections based on the same optical FSO system, respec-
tively, when the FSO alignment is accurate and atmosphere
is pure. Generally, an optical amplifier could be applied in
the RN to enhance the power budget for long-reach PON
access [22]. Hence, to compensate the larger insertion loss
in FSO-protected PON network, we can employ an erbium-
doped fiber amplifier (EDFA) with 20 dB gain in the RN
to increase the splitter ratio and FSO link length. Besides,
the beam divergence loss of 15.5 dB could be induced after

1 km FSO transmission in previous work [17]. As a result,
the splitter ratio can increase to 16 and 8 after 50 and
70 km SMF link through 1 km FSO connection based on
the available budget, respectively, when an EDFA is used.
In this analysis, if we want to extend a higher splitter ratio
and achieve a longer FSO link in the proposed PON system,
an EDFA is required in eachONU to compensate the insertion
loss.

III. CONCLUSION
We demonstrated and executed a long-reach star-ring-
based 4 × 10 Gbit/s OOK TWDM-PON with fiber- and
FSO-protected architecture again fiber breakpoint. In the
investigation, the new fiber-based and FSO-based ONU
modules were proposed in the PON system to achieve the
self-protected operation. Here, two adjacent ONUs were
connected to provide signal router by using the fiber- or
FSO-based protections. Owing to the certain environmental
constraint or application scenario, the FSO-based connection
would be the better method for fault protection. Once the
DS signal could not be detected in the ONU, the OSW of
ONU would be turned on by the MAC for data relink to
avoid the fault problem. Here, 40 Gbit/s OOK DS TWDM
and 10 Gbit/s OOK US traffic could be reached through a
length of free space link for 50 to 70 km fiber connection.
In the fiber protected PON network, the maximum splitter
ratio of 32 and 16 could be reached after 50 and 70 km
SMF transmission, respectively, based on the available power
budget without optical amplification and dispersion com-
pensation. Moreover, when we only considered to exploit
the FSO-protected architecture through 50 and 70 km SMF
transmissions, the achievable splitter ratio of 4 and 2 could
be obtained at the free space link length of 180 and 160 m,
respectively. Because the other optical devices were exploited
in the ONU, larger insertion losses would be induced and
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reduce the splitter ratio. Hence, the FSO link length would
also be limited for long-reach fiber transmission.We believed
that the splitter ratio and FSO length could be enhanced while
the EDFAwas applied in the proper location of TWDM-PON
architecture.
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