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ABSTRACT In this work, we demonstrate a symmetry 28Gbps/λ on-off keying (OOK)wavelength-division-
multiplexing passive optical network (WDM-PON) architecture together with confidential connection
between two specific optical network units (ONUs). The presented PON access network also can prevent
the Rayleigh backscattering (RB) induced interference noise. Here, to avoid re-deployment of optical fiber
and increase cost, a ring-based fiber connection is proposed to connect each ONU for personal information
link, when the data connection between two ONUs can be changed arbitrarily. Moreover, the corresponding
signal performances of the presented WDM-PON system are also studied and discussed.

INDEX TERMS WDM-PON, Rayleigh backscattering, OOK modulation, confidential connection.

I. INTRODUCTION
Recently, due to the quick growth of multimedia and
broadband services, such as the artificial intelligence (AI)
application, data center, cloud link, video on demand, 4K/8K
video, and online gaming, the transmission rate, 5G/B5G
mobile and network bandwidth have been heightened to
satisfy the demand of end user [1]–[3]. Hence, the optical
access networks could be the unavoidable choice to support
ever raising broadband service, due to its wide bandwidth
characteristic [4]. To provide a high speed and broadband
capacity in the last mile access, passive optical network
(PON) has interested more concerns for data link, owing
to its features of long-reach link, great capacity, extended
coverage, high flexibility, and cost-effectiveness [5], [6]. To
comply with the broadband requirement of end customer, the
time-division-multiplexing (TDM), time- and wavelength-
division-multiplexing (TWDM) and WDM access technolo-
gies have been proposed and demonstrated [7]–[9]. However,
the TDM- and TWDM-PON networks will not meet the
supply of broadband applications due to its limited data
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capacity. Therefore, compared to the data traffic of stan-
dard TDM- or TWDM-PONs for each optical network unit
(ONU), theWDM access in a PON can provide higher capac-
ity of nearly 10 Gbps and more to support the broadband
requirement of end-user [10]–[12].

The WDM-PON is a point to point (PtP) connection net-
work. Thus, they need multiple WDM wavelengths to regard
as the downstream and upstream traffics. If the downstream
and upstream signals utilize the same wavelength for bidirec-
tional connection, it would cause the Rayleigh backscattering
induce interference noise at the photodiode (PD) of optical
line termination (OLT) and ONU, respectively [13]. To pre-
vent the RB noise in WDM access, using the wavelength-
shift modulation scheme at each ONU [14], dual wavelength
bands for data division [15]–[17] and various fiber access
architecture [18], [19] have been studied and discussed. In
some cases, once two specific ONUs require confidential
or personal signal connection and does not go through the
OLT, a specific fiber deployment and additional transceiver
(TRx) module are demanded to link the two ONUs [17], [18].
However, if the private connection is changed to two certain
ONUs, the fiber link also needs to re-laying and increase the
cost.
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In this demonstration, we investigate and present a sym-
metry and bidirectional WDM-PON architecture together
with confidential connection between two specific ONUs. To
achieve the private signal connection between two ONUs, we
design a ring-based scheme to link each ONU and construct
an optical module, which consists of an optical transceiver
(TRx), an optical circulator (OC) and a corresponding fiber
Bragg grating (FBG), in each ONU for demonstration. Here,
we only need to adjust the connected wavelength (λONU) and
FBG in the ONU, and then we can produce the confidential
link of any two ONUs without fiber re-deployment. More-
over, the presented WDM-PON system also can prevent the
RB-induced noise for bidirectional data link.

In the demonstration, we choose four wavelengths of λ1 to
λ4 and λ2 to λ5 for symmetry 28Gbps/λ on-off keying (OOK)
downstream and upstream transmissions in the proposed
WDM-PON, respectively. All the observed power budgets of
downstream and upstream signals are greater than 40 dB after
25 km fiber transmission under the forward error correction
(FEC) target for bidirectional connections. Here, we also
use other four wavelengths (λONU1 to λONU4) to represent
four pairs of ONUs for 10 Gbps OOK data demonstration.
And the minimum power sensitivity of four wavelengths of
>−29 dBm can be achieved through 10 km fiber connection.

II. EXPERIMENT AND RESULTS
Fig. 1(a) is the schematic of conventional WDM-PON sys-
tem via the point to point (PtP) connection to support N
ONUs for information access. Here, there are multiple WDM
lasers regarding as downstream signals (λ1 to λN) could be
integrated by a 1 × N WDM multiplexer (MUX) for data
transmission in the OLT. Then, the downstreamWDMsignals
would be divided by a 1×NWDMdemultiplexer (DEMUX)
at the remote node (RN) to connect to each ONU (ONU1 to
ONUN) for detecting signal. Next, the upstream wavelength
of each ONUwould also transmit through the same fiber path
for upstream connection, as schemed in Fig. 1(a).

When a confidential or private connection between two
certain ONUs is required and not transmitted via the OLT,
an individual fiber link is needed to connect two ONUs com-
monly. For example, if the ONU1 and ONU3 need a private
data connection, using a specific fiber is a simple way for data
link, as illustrated in Fig. 1(b). Moreover, additional optical
transceiver (TRx) is also needed for data connection in the
two ONUs. Then the two ONUs need to re-route the fiber for
connection. Moreover, if it becomes ONU1 and ONU5 that
want to connect later, a new fiber connection also requires to
be re-deployed at this time. This will cause increased costs
and unnecessary complexity.

To solve and simplify the confidential connection between
two specific ONUs, a new WDM-PON system is presented,
as schemed in Fig. 2. To reach symmetry 28 Gbps/λ WDM
access in such PON system, the corresponding WDM TRx
(λ1 to λN) are needed in the OLT for delivering downstream
traffics. All the downstream WDM signals are connected
to the 2 × N WDM multiplexer and transmit through the

FIGURE 1. (a) Schematic of traditional WDM access network system.
(b) Network architecture of confidential connection between two certain
ONUs.

FIGURE 2. Proposed architecture of 28 Gbps/λ WDM-PON system with
confidential connection between each ONUs.

‘‘a’’ output port. Then, the downstream wavelengths will
be through an optical circulator (OC), a length of feeder
fiber, an OC, a WDM DEMUX and a distributed fiber,
and then into each corresponding ONU. As we know, the
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same wavelengths of downstream and upstream can lead to
RB-induced noise at the PD of OLT and ONU for affecting
the detected modulation signal [14]. To avoid the RB issue,
the previous work has been proposed by using dual-band
wavelength commonly [15]. Besides, the RB effect in PON
has also been analyzed and discussed in [15]. In the proposed
network architecture, to avoid the Rayleigh backscattering
(RB) induced interference noise, we can use theWDMwave-
lengths of λ2 to λN+1 at each ONU serving as upstream
signal, as seen in Fig. 2. To achieve the downstream traffics
of λ1 to λN and upstream traffics of λ2 to λN+1 for signal
transmissions, we apply the 2×NWDMMUX and DEMUX
in the OLT and remote node (RN), respectively, based on its
periodic output characteristics. Here, the ‘‘a’’ and ‘‘b’’ ports
of WDM MUX and DEMUX only allow the wavelengths of
λ1 to λN and λ2 to λN+1 for passing, respectively. This means
that the connected port ‘‘1’’ permits the λ1 and λ2 to enter or
output at the same time. By analogy, the connected port ‘‘2’’
output ports permit λ2 and λ3 to enter or output. Thus, the
RB-induced noise can be avoided, while the two different
wavelengths of downstream and upstream are exploited in
such PON. Then, to connect and produce the confidential
signal between specific two ONUs, each ONU can be linked
via the ring-based scheme, as displayed in Fig. 2. Here, we
can connect any two of the ONUs by the proposed ring archi-
tecture. We assume that only ONU3 and ONUN, which are
a private data group, have confidential signal transmission.
Therefore, the connected wavelength (λONU) fromONU3 and
ONUN will pass other ONUs for confidential connection, as
illustrated in Fig. 2.

FIGURE 3. Designed new optical module in each ONU for confidential
information link between ONUa and ONUb. LD: laser diode; PD:
photodiode; OC: optical circulator; FBG: fiber Bragg grating; CPR: 1 × 2
and 50:50 optical coupler.

The detailed design is illustrated in Fig. 3. The addi-
tional optical module of ONU is applied for private data
link via the fiber ring system, as seen in Fig. 3. The addi-
tional components are an OC, a fiber Bragg grating (FBG)
with corresponding reflected wavelength, a 1 × 2 and 50:50
optical coupler (CPR), and an optical TRx including laser
diode (LDONU) source and photodiode (PDONU) in the ONU,
respectively. Here, suppose ONUa and ONUb want to com-
municate with each other. The ONU of WDM-PON system
reserves the original TRx (LDx and PD, x = a, b, c, . . .
etc.), as observed in Fig. 3. In the proposed module of ONUa
and ONUb, the connected wavelength (λONU) are the same

for personal information link. Therefore, the λONU of ONUa
could be transmitted to the right direction via the CPR. When
the λONU signal enters ONUb and will be reflected via the
corresponding FBG and OC into PD after a length of fiber
link. Similarly, the ONUb’s λONU signal is also transmitted
in the same way as the ONUa. Ring-based connection will
not cause signal interference between ONUa and ONUb as
the same connected signals are utilized, as exhibited Fig. 3.
To change the signal connection between different ONUs, we
only need to add or remove the additional optical modules in
ONU based on proposed network architecture. As a result,
any two ONUs to be connected can utilize the same con-
nected wavelengths (λONU), which are selected randomly, for
unidirectional transmission, as long as the matching FBG is
adjusted. The proposed confidential link method can avoid
unnecessary fiber re-deployment and reduce cost, if the con-
nected wavelength and FBG in the ONU are changed. Com-
pared with the previous work [20], [21], the proposed private
link between ONUs is not only simple and flexible but also
be linked according to different needs.

Furthermore, the proposed confidential connection
between ONUs can reach more than 2 or more. We can add
the same additional modules to ONUs in need for confidential
link. While there are more than two ONUs, the signal con-
nection between the ONUs can be achieved by time-division-
multiplexed (TDM) access.

FIGURE 4. Experimental setup of signal transmission in the (a) original
WDM-PON network and (b) personal connection between two ONUs,
respectively.

Next, the experimental setup of symmetry and bidirec-
tional signal transmissions will be executed in original
WDM-PON for proof of concept, as schemed in Fig. 4(a).
A tunable laser source (TLS) is exploited to represent the
downstream and upstreamWDMsignals and connected to the
polarization controller (PC) and 40GHzMach-Zehnder mod-
ulator (MZM). Here, we apply 28 Gbps on-off keying (OOK)
modulation signal with pattern length of 215−1, which is
produced by a bit error rate (BER) tester, onMZM to generate
signal data. A PC is applied to adjust the suitable polariza-
tion state and achieve a greatest output power. After passing
through a length of single-mode fiber (SMF), the WDM
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signal can be detected via a 40 GHz PIN PD. A variable
optical attenuator (VOA) is employed to adjust the launched
power for measuring the BER performance of each WDM
signal. The fiber length of SMF is 25 km. Moreover, to com-
pensate the fiber dispersion effect, a dispersion compensation
module (DCM) is exploited at the ‘‘D’’ point of Fig. 4(a),
when 28 Gbps OOK modulation is used through 25 km fiber
link. Then, to enhance the detected signal performance and
compensate the total insertion loss, an erbium-doped fiber
amplifier (EDFA) and an optical attenuator is employed at
the ‘‘P’’ point regarding as an optical pre-amplifier, as seen
in Fig. 4(a).

To demonstrate the network performance of confidential
connection between two certain ONUs, an experimental setup
is also illustrated in Fig. 4(b). Here, we utilize a TLS to
serve the connected wavelength (λONU) for personal data
link. The output wavelength of TLS also connects to the PC
and 10 GHzMZM. In the investigation, a 10GbpsOOKmod-
ulation is applied on MZM for the unidirectional confidential
connection of ONUa to ONUb (ONUb to ONUa) and perfor-
mance verification. Through 10 kmSMF link, the wavelength
λONU could be through the OC and corresponding FBG and
then reflected launching into PD for signal demodulation.
Similarly, a pre-amplifier is placed at ‘‘P’’ point and a VOA
is used to verify the launching power for realizing the BER
performance, as seen in Fig. 4(b).

FIGURE 5. Measured 28 Gbps OOK BER performances of four
downstream wavelengths (λ1 to λ4) (a) at the BtB and (b) 25 km SMF
transmission, respectively. Insets are the obtained corresponding eye
diagrams of 1530.33 nm.

In the presented WDM-PON transmission, we select four
wavelengths of 1530.33, 1531.12, 1531.90 and 1532.68 nm
(λ1 to λ4) serving as the downstream signals for the BER

observation, respectively. Here, the output power of Fig. 4(a)
from MZM is around 7 dBm. Then, the 28 Gbps OOK BER
measurements are observed at the back-to-back (BtB) state
and 25 km SMF transmission, respectively, as displayed in
Figs. 5 (a) and 5(b). To be below the forward error correction
(FEC) threshold (BER of≤ 3.8× 10−3), the power sensitivi-
ties of−34 to−34 dBm and−34 to−33.5 dBm are observed
at the BtB and 25 km SMF link, respectively, as shown in
Figs. 5(a) and 5(b). The power penalty of 0 to 0.5 dB is
obtained under the FEC level. However, suppose we want to
achieve the BER of 10−8, as seen in Fig. 5, the corresponding
power sensitivities are from −28 to −27.5 dBm and −24 to
−23.5 dBm at the BtB and 25 km fiber link, respectively. As
seen in Fig. 5, the observed power penalties of four signals are
both ∼4 dB through 25 km SMF connection due to the fiber
dispersion. In addition, the insets (i) and (ii) of Fig. 5 are the
corresponding eye diagrams at the wavelength of 1530.33 nm
under the BER of 10−8. The observed two eyes are clear and
open. Therefore, the achievable power budgets of the four
selected wavelengths are 40.5, 41, 41 and 40.5 dB through
25 km SMF transmission at the FEC target, respectively.

FIGURE 6. Measured 28 Gbps OOK BER performances of four upstream
wavelengths (λ2 to λ5) (a) at the BtB and (b) 25 km SMF transmission,
respectively. Insets are the obtained corresponding eye diagrams of
1531.12 nm.

In the next measurement, we use four wavelengths of
531.12, 1531.90,1532.68 and 1533.47 nm (λ2 to λ5) acting as
the upstream signals, respectively. To reach symmetry signal
transmission, 28GbpsOOK format is also applied on 40 GHz
MZM. The output power from MZM is around 7 dBm.
Figs. 6(a) and 6(b) show the obtained BER measurements at
the BtB and 25 km SMF link, respectively. The detected four
power sensitivities are −34, −34, −34 and −33.5 dBm and
−34, −34, −33.5 and −33 dBm within the FEC target at
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the BtB status and 25 km fiber transmission, respectively.
Hence, the obtainable power budgets are 41, 41, 40.5 and
40 dB after 25 km SMF communication, respectively. More-
over, the power sensitivities are observed between −28 and
−27.5 dBm and −24 and −23.5 dBm at the BER of 10−8 at
the BtB and 25 km fiber link, respectively. The corresponding
penalties are measured around 4 dB after 25 km SMF uplink,
as shown in Fig. 6. The insets (i) and (ii) of Fig. 6 are the
corresponding eye illustrations at 1531.12 nm at the BtB and
25 km SMF link under the BER of 10−8. In the measure-
ment, to achieve the better BER performance, an optical pre-
amplifier can be applied in front of PD to replace the RF
amplifier for enhancing the power sensitivity [14]. Therefore,
the measured BERs of 28 Gbps OOK in Fig. 5 and Fig. 6 can
be below the FEC threshold (BER ≤3.8× 10−3) at the lower
detected power range of −34 to −33 dBm.

In the experiment, we select four wavelengths with 0.8 nm
mode-spacing in the proposed PON access architecture for
demonstration. The 36 WDM downstream wavelengths can
be from 1530.33 to 1558.24 nm (λ1 to λ36) over C-band
range. Hence, the total capacity of 28 × 36 Gbps can be
achieved in the presented network.

FIGURE 7. Measured 10 Gbps OOK BER performances of four connected
wavelengths of 1538.98, 1539.77, 1540.56 and 1541.35 nm (a) at the BtB
and (b) 10 km SMF transmission, respectively.

Finally, we perform the experiment of private connection
between two ONUs according to the setup of Fig. 4(b). Here,
we utilize four wavelengths of 1538.98, 1539.77, 1540.56
and 1541.35 nm (λONU1 to λONU4) to provide four various
pairs of ONUs for confidential data connection. Besides, we
apply four FBGs with corresponding Bragg wavelengths for
reflecting wavelength in the measurement. The reflectivity

and 3 dB bandwidth of four FBGs both are around 92%
and 0.4 nm respectively. A 10 Gbps OOK modulation is
used on 10 GHz MZM to generate the connected wavelength
λONU. The output power from the MZM is set at 7 dBm.
Figs. 7(a) and 7(b) present the obtained 10 Gbps OOK BER
performances at the BtB and 10 km SMF connection, respec-
tively. To reach the FEC boundary, the four power sensitivities
are both −29.5 dBm at the BtB state. And the observed four
sensitivities are −29.5, −29.5, −29.5 and −29 dBm through
10 km SMF connection, respectively. The maximum penalty
of −2 dB is obtained through 10 km fiber link at the BER
of 10−8, as seen in Fig. 7, due to the−0.7 chirp parameter of
10 GHz MZM for dispersion pre-compensation. Therefore,
the available power budgets are observed between 36 and
36.5 dB after 10 km signal link. Here, the 10 km SMF
length is chosen for demonstration because the fiber distance
between two ONUs should not be longer than the 25 km
of the present PON system. Actually, a longer SMF trans-
mission distance between ONUs at 10 Gbps OOK rate also
can be achieved from 10 to 100 km without using dispersion
compensation [2].

III. CONCLUSION
We investigated a symmetry 28 Gbps/λ OOK WDM-PON
network together with 10 Gbps/λ OOK confidential connec-
tion between two specific ONUs. In traditional PON network,
once two certain ONUs required a confidential or personal
information connection and did not go through the OLT, a
specific fiber link was needed to build up. However, if the
two certain ONUs was changed for connection, a new fiber
deployment was also demanded to reconstruct. This would
increase the engineering cost and complexity. To reach the
personal connection in suchWDM-PON system,we designed
an optical module based on ring architecture to connect each
ONU and to avoid the issue of fiber reconstruction. In this
investigation, we only needed to switch the connected wave-
length (λONU) and corresponding FBG in eachONU, and then
two specific ONUs could be reconnected without re-laying
optical fibers. In the measurement, four WDM wavelengths
of λ1 to λ4 and λ2 to λ5 were selected to regard as the sym-
metry 28 Gbps OOK downstream and upstream traffics for
testing the BER presentations, respectively. All the obtained
power budgets of downstream and upstream wavelengths
were larger than 40 dB through 25 km SMF transmission at
the FEC object for bidirectional connections. Here, the pre-
sented WDM-PON also could prevent the RB-induced noise
according to the fiber network design. Moreover, we also
applied other four wavelengths (λONU1 to λONU4) to represent
four various pairs of ONUs for individual 10 Gbps OOK link.
And the smallest power sensitivity of four wavelengths could
be greater than −29 dBm after 10 km SMF connection. As
a result, whether it is the WDM-PON transmission or the
confidential connection between two ONUs, all the obtained
BER performances of eachWDM signal were excellent in the
proposed PON network.
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