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Abstract

:

In the paper, a dual-bidirectional ring-type wavelength-division-multiplexing (WDM) access network with downlink and uplink signal access simultaneously using a single fiber backbone in clockwise and counterclockwise directions, respectively. The proposed network architecture is simple and easy to implement via the designed remote node (RN) and optical line termination (OLT) modules, but it also can double the downlink traffic using the original WDM downlink wavelengths. The presented ring-type WDM network can also avoid the Rayleigh backscattering (RB) beat noise when the same wavelengths are applied as downlink and uplink channels concurrently. In the measurement, 50 km long-reach and 15 km short-reach fiber transmission lengths are achieved for the symmetrical 10 and 28 Gbit/s on-off keying (OOK) data access, respectively. In addition, based on the obtained power budgets of eight downlink WDM signals and network design at the forward error correction (FEC) threshold, 16 optical network units (ONUs) can be supported simultaneously.
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1. Introduction


To satisfy the broadband capacity demand growth due to the wide applications of quantum networking, cloud computing, artificial intelligence (AI), internet traffic, data centers, big data, and 4K/8K video service, the access technology of fiber networks would be the best choice for data connection for the end-user [1,2,3]. Recently, optical access technologies include time-division-multiplexing (TDM) and wavelength-division-multiplexing passive optical networks (WDM-PONs) for high-speed and broad-capacity connection [4,5,6,7]. The TDM-PON is a point-to-multipoint (PtMP) and capacity-sharing access network. The uplink traffic for TDM-PON goes through a scheme called time division multiplexing access (TDMA). When the uplink signals from the whole optical network unit (ONU) are combined through a 1 × N optical splitter (OSP), the TDMA transmission is applied to avoid signal collisions. For the downlink transmission, the data and corresponding information signal from the optical line termination (OLT) are delivered to corresponding ONUs and are multiplexed by applying a distinguished frame in the time domain for access. As we know, the first TSM-PON standard was defined in the 1980s [8]. Moreover, several TDM-PONs were proposed and studied in the 1990s to accomplish the target of fiber to the home (FTTH) [9]. The progress of TDM-PON is from 622.08 Mbit/s Broadband-PON (B-PON, in 2001) [10], 2.5 Gbit/s Gigabit-PON (G-PON, in 2008) [11], 10 Gb-capable PON (XG-PON, in 2012) [12] to 10 Gb-capable symmetric PON (XGS-PON, in 2016) [13] in ITU-T standards. Hence, the downlink traffic rate of the TDM system will be limited for each end-user due to the optical broadcasting and power-sharing [14]. To support higher TDM access rate, time and wavelength division multiplexing (TWDM)-PONs have been studied to extend the downlink capacity to 40 Gbit/s by using four 10 Gbit/s WDM channels for next-generation PON Stage 2 (NG-PON2) [15,16]. The disadvantage of the TWDM-PON is that an adjustable filter or an adjustable laser light source needs to be added to the ONU. In general, the TWDM-PON also can provide a symmetrical 40 Gbit/s traffic rate for end users. However, once the number of users increases, the receiving downlink capacity of the user will also be reduced.



To provide and maintain enough data capacity of >1.25 Gbit/s to each subscriber and also deliver data information security, the WDM-PON system with a point-to-point (PtP) link can be implemented completely [17]. Although WDM-PON requires multiple WDM laser light sources and WDM MUX, it will increase the deployment and operating costs. However, WDM-PON’s high-capacity transmission and signal security are worthy of being used in the future cloud and AI application industries. To reduce the cost and enhance the elasticity and reliability in WDM-PONs, the colorless ONUs have also been demonstrated when the Fabyr–Perot laser diode (FP-LD), reflected semiconductor optical amplifier (RSOA) and wavelength-shift modulation method could be added for uplink signal remodulation [18,19,20]. The advantage of colorless ONU is that it can operate as an uplink signal without requiring an output wavelength of LD corresponding to the OLT and is easy to accomplish. Furthermore, the most common PON architecture is based on tree, ring, and hybrid topologies to be deployed according to the actual environment and requirements [20,21,22].



Once the same wavelengths are used as the downlink and uplink channels in tree-type WDM-PON networks for data traffic, the Rayleigh backscattering (RB) beat noise would be induced to influence the signal performance [23]. Moreover, as the fiber transmission length increases, the RB noise interference effect will also become greater. Thus, to prevent the RB noise in WDM-PON, researchers have studied the use of the electrical filtering method, Mach–Zehnder delay interferometer structure, phase-shift keying (DPSK) modulation skill, and optical carrier-suppressed subcarrier-modulation (OCS-SCM) technique [24,25,26,27].



In this paper, we design a bidirectional ring-based WDM-PON network for the downlink and uplink signal link simultaneously in clockwise and counterclockwise directions through a single fiber link, respectively. To reach the symmetric WDM signal transmission in the proposed fiber ring path, a new remote node (RN) module needs to be designed. In addition, the optical line terminal (OLT) also needs to make some changes to support dual-bidirectional fiber ring transmission for clockwise and counterclockwise links. According to the newly designed OLT and RN modules, we can completely avoid RB beat noise despite using the same WDM wavelength for downlink and uplink traffic on the same fiber path. Based on the designed ring-based fiber access network, each downlink wavelength can also be utilized to support two ONUs for doubling downlink traffic capacity. Then, in the demonstration, two corresponding experiment setups are proposed to demonstrate the long-reach and short-reach fiber transmissions, respectively, under various modulation data capacities. We use two sets of eight selected WDM wavelengths with 0.8 nm channel spacing (1535.82 to 1541.35 nm and 1542.14 to 1547.72 nm) acting as the downlink and uplink signals to verify the signal performance of 10 and 28 Gbit/s data rate, respectively. Here, the WDM downlink wavelengths of the OLT could support the double number of ONUs based on the designed ring-type PON system to achieve 50 km long-reach 10 Gbit/s and 15 km short-reach 28 Gbit/s on-off keying (OOK) data access without using fiber dispersion compensation, respectively. Thus, the presented WDM network can also provide symmetrical downlink and uplink access rates. As mentioned above, to avoid the fiber dispersion effect of 28 Gbit/s signal traffic, the fiber link length is set to 15 km for short-reach connection. This also means that we can use shorter or longer fiber transmission lengths at higher or lower transmission rates, respectively, according to the practical requirement. Furthermore, the obtained power sensitivities of the entire WDM downlink and uplink channels are from −27 to −25.5 dBm and −22.5 to −22.0 dBm at the symmetric 10 and 28 Gbit/s OOK modulation signal under the forward error correction (FEC) limit, which means the bit error rate (BER) is lower than 3.8 × 10−3, after 50 and 15 km fiber links, respectively. Therefore, based on the obtained power budgets after long-reach and short-reach fiber connections, the proposed ring WDM-PON system can offer 16 ONUs by using the same eight downlink channels according to the obtained power budgets of the entire downlink and uplink wavelengths used.




2. Proposed Fiber Network Architecture


Figure 1 presents the proposed dual-bidirectional ring-type WDM-PON architecture for both downlink and uplink signal traffic through a single fiber backbone in clockwise and counterclockwise directions, respectively. The ring-based WDM network mainly consisted of an optical line terminal (OLT), remote node (RN), and optical network unit (ONU). In an OLT, the WDM signals are implemented as downlink traffic through different laser diodes (LDs) with corresponding wavelengths. As illustrated in Figure 1, each downlink WDM wavelength will be split into two channels (λn and λ′n, where n = 1, 2, 3, …) through a 1 × 2 optical coupler (CP) and connect to the matching polarization controller (PC) and Mach–Zehnder modulator (MZM), respectively. Then, each WDM wavelength is split into two channels, which are connected to a 3-port optical circulator (OC) and then into a 1 × N WDM multiplexer (Mux) for the counterclockwise (λ1, λ2, λ3, …, and λn) and clockwise transmission (λ′1, λ′2, λ′3, …, and λ′n), simultaneously. In this design, we can apply two modulation rates of 10 and 28 Gbit/s formats on the corresponding MZM to realize the signal performances of the proposed ring-based WDM-PON, depending on the fiber length of 50 and 15 km. As seen in Figure 1, the WDM downlink signals of λ1, λ2, λ3, …, and λn and λ′1, λ′2, λ′3, …, and λ′n will transmit through the connected ports “a” to “b” and “b” to “a” in counterclockwise and clockwise, respectively. Two split sets of downlink wavelengths will pass through each matching RN and be dropped into the corresponding two ONUs for data access. Hence, to deliver and assign the two split downlink signals to each corresponding ONU, the new RN module needs to be designed for operation.



In the demonstration, the RN is comprised of six 3-port optical circulators (OC1), two 4-port optical circulators (OC2), and two corresponding fiber Bragg gratings (FBGn and FBG′n) with the same Bragg wavelength (λn and λ′n) to add or drop the WDM signal, respectively, as exhibited in Figure 2a. The points “2” and “3” of OC2 are used to receive and transmit corresponding downlink and uplink signals of ONUn (or ONU′n), respectively. When the downlink WDM wavelengths of λ1, λ2, λ3, …, and λn (or λ′1, λ′2, λ′3, …, and λ′n) from the OLT after passing through the RN, the corresponding WDM channel can be dropped by the FBGn (or FBG′n) and enters the ONUn (or ONU′n). Moreover, the same uplink wavelength from the ONUn (or ONU′n) can also be reflected back to the OLT through the FBGn (or FBG′n) of the RN, as seen in Figure 2a. Thus, all the uplink signals of λ1, λ2, λ3, …, and λn (or λ′1, λ′2, λ′3, …, and λ′n) will be transmitted through the same downlink fiber path in counterclockwise (or clockwise) transmission, as also illustrated in Figure 1. Then, the entire WDM uplink signals will be divided through the WDM Mux and received by the proper bandwidth photodiode (PD) of the OLT. In addition, the ONUn consists of a corresponding LDn, a PC, an MZM, and a PD to deliver and detect the uplink and downlink signal, respectively, as seen in Figure 2b. Therefore, as seen in Figure 1 and Figure 2, each WDM downlink wavelength of the OLT can support two ONUs simultaneously via the RN through the same ring-based fiber path to improve wavelength usage efficiency. Regardless of whether it is a downlink or uplink signal, the insertion loss caused by passing through the RN is the same. Additionally, the demonstrated WDM access system can also enable symmetrical downlink and uplink traffic rates.




3. Experiment and Results


To enforce the symmetrical signal performance of the presented ring-based WDM PON network, the experimental setups of downlink and uplink transmission are built for proof of concept, respectively, as shown in Figure 3a,b. A tunable laser source (TLS) is applied as the optical transmitter (Tx) for downlink or uplink transmissions to demonstrate different WDM wavelength outputs. In the first measurement of long-reach signal transmission, the TLS is used to connect to the PC, 10 GHz MZM, a 50 km single-mode fiber (SMF), three OCs, an FBG, a variable optical attenuator (VOA), an erbium-doped fiber amplifier (EDFA), and a 10 GHz PIN PD for downlink traffic, as shown in Figure 3a. The three OCs and FBGs in Figure 3a are used to conduct signal transmission experiments corresponding to the RN in Figure 2a. The PC is adjusted suitably to maintain and achieve the optimal optical output power. The VOA and EDFA are used to act as the optical pre-amplifier to enhance the detected power sensitivity of the downlink signal. We apply 10 Gbit/s on-off keying (OOK) format with a pattern length of 215 − 1 on MZM to generate a downlink modulation signal. In addition, the corresponding experimental setup of uplink transmission is also plotted in Figure 3b. The transmission experiment in Figure 3b also corresponds to the designed architecture in Figure 2a. The uplink modulation rate and fiber transmission length are also set to 10 Gbit/s and 50 km long. As mentioned above, the symmetrical 10 Gbit/s downlink and uplink rates can be executed and performed in the demonstration.



In the experiment, eight WDM wavelengths of 1538.82, 1536.61, 1537.40, 1538.19, 1538.98, 1539.77, 1540.56, and 1541.35 nm are employed for the symmetrical downlink and uplink traffic, respectively. The channel spacing of the eight wavelengths used is around 0.8 nm to avoid the channel cross-talk effect. And the SMF type used for signal transmission in the experiment is ITU-T Recommendation G.652. Figure 4a,b exhibits the measured bit error rate (BER) behaviors of 10 Gbit/s OOK downlink and uplink WDM signals at the back-to-back (BtB) state and after 50 km SMF transmission, respectively. The obtained power sensitivities of eight WDM signals are in the ranges of −27 to −25 dBm and −27 to −25.5 dBm at the BtB and through the 50 km SMF link, respectively, within the forward error correction (FEC) limit, which means the BER ≤ 3.8 × 10−3. The above results show that there is almost no optical power penalty under 50 km fiber transmission. In fact, the fiber dispersion effect would result in an optical power penalty after passing through the fiber link length. The longer fiber transmission distance will cause the power penalty to become larger. It should be noted that in this experiment, we use the 10 GHz MZM with a −0.7 chirp parameter to modulate and transmit 10 Gbit/s OOK signals. The negative chirp of MZM can pre-compensate fiber dispersion after 50 km long-reach SMF transmission. Thus, there is no power penalty observed, and the measured sensitivities at the BtB status and after 50 km fiber link are almost the same, respectively, as shown in Figure 4a and Figure 4b. Here, the achievable power sensitivity at each wavelength can be used to estimate the corresponding power budget to confirm that the total insertion loss can be lower than that caused by the PON system. And we will explain this in more detail in the next section. The insets of Figure 4a,b are the measured corresponding eye diagrams of the eight wavelengths selected at the maximum optical received powers. All the observed eyes are open, clean, and identical. In this way, regardless of counterclockwise or clockwise transmissions, the total fiber distance of the ring link can reach 100 km long (50 km SMF downlink length + 50 km SMF uplink length).



In this section, we will analyze and discuss the total insertion loss and power budget induced by the proposed ring-based WDM-PON architecture if the output power of each WDM signal is set to 7.5 dBm at the point “a” or “b” of the OLT in Figure 1. Then, the obtained power budget can be achieved in a range of 33.0 [7.5 − (−25.5)] to 34.5 dB [7.5 − (−27)] under the eight channels used after 50 km fiber link. Here, we assume that all the WDM downlink signals will initially go through the entire RNs and 50 km SMF transmission. As displayed in Figure 2a, each RN will induce a 2.5 dB insertion loss [link path: OC1 (0.5 dB) → OC1 (0.5 dB) → FBGn (0.5 dB) → OC1 (0.5 dB) → OC1 (0.5 dB)], when the WDM downlink signals are not reflected by the corresponding FBGn. If the corresponding downlink signal is reflected by the FBGn and then into the ONUn, it would also result in a 2.5 dB insertion loss [link path: OC1 (0.5 dB) → OC1 (0.5 dB) → FBGn (0.5 dB) → OC1 (0.5 dB) → OC2 (0.5 dB)]. For uplink signal transmission, the resulting total insertion loss is the same as for the downlink signal, as illustrated in Figure 2a,b. Whether it is downlink or uplink signal transmission, the total insertion loss is the same. Hence, we can utilize the simple experimental setup of Figure 3a,b to represent the downlink and uplink traffic, respectively. Let us take the eight selected WDM wavelengths and the resulting power budget of 33 dB as an example. After passing through eight ONUs and 50 km SMF transmission length, the total induced insertion losses of downlink and uplink traffic would be 30 dB (2.5 dB × 8 ONUs + 0.2 dB × 50 km SMF). Finally, there will be 3 dB of remaining power budget in the measurement. As a result, we can achieve the symmetrical 10 Gbit/s OOK WDM downlink and uplink access after 50 km long-reach SMF transmission simultaneously. Moreover, the eight RNs can support 16 ONUs based on using the eight selected WDM wavelengths and the same single fiber path.



In the second experiment, we also can perform the larger modulation rate of 28 Gbit/s OOK in the ring-based WDM-PON for a 15 km short-reach fiber link based on the same setup of Figure 3a,b. Then, we use the 40 GHz MZM with normal chirp and 40 GHz PIN PD instead of the 10 GHz device to generate 28 Gbit/s OOK WDM signal for observing BER performance. Due to the 28 Gbit/s data rate in the presented bidirectional ring-type PON without dispersion compensation, the SMF transmission length needs to be reduced to 15 km for the downlink and uplink connection to avoid the fiber dispersion issue. We select eight WDM wavelengths of 1542.14, 1542.94, 1543.73, 1544.53, 1545.32, 1546.12, 1546.92, and 1547.72 nm to represent the downlink and uplink signals for testing the BER performance, respectively. Here, the modulation pattern length of 215 − 1 is formatted on the 40 GHz MZM to reach the symmetrical downlink and uplink transmissions. Figure 5a,b exhibits the corresponding BER output of the eight selected WDM wavelengths at the BtB state and through the 15 km SMF transmission distance without dispersion compensation, respectively. The detected power sensitivities of the eight wavelengths are in the range of −23.0 to −22.5 dBm and −22.5 to −22.0 dBm at the BtB and after 15 km fiber link under the FEC target (BER ≤ 3.8 × 10−3), respectively. The power penalty span of 0.5 to 1 dB is caused due to the 15 km SMF connection. The insets of Figure 5a,b are the observed eye diagrams of the eight wavelengths at the maximum received powers. All the received eye diagrams are also open and clean at the BtB and after 15 km fiber link, respectively. Since the fiber dispersion effect will affect the 28 Gbit/s OOK capacity through 15 km SMF transmission, its optical sensitivity will be smaller than that of 10 Gbit/s OOK modulation. Thus, the corresponding power budget of 29.5 [7.5 − (−22)] to 30 dB [7.5 − (−22.5)] is achieved after 15 km fiber transmission, while 7.5 dBm output powers of downlink and uplink signals are also applied. The downlink and uplink WDM wavelengths will induce the same insertion loss of 23 dB [2.5 dB × 8 (ONUs) + 0.2 dB × 15 (km SMF)] after passing through 8 ONUs. In the demonstration, the smallest power budget of 29.5 dB can also meet with the total insertion loss of 23 dB induced by the presented WDM access network. We still have a ~6.5 dB redundant power budget in the 28 Gbit/s traffic case when eight RNs are added to the ring network architecture. This means that the 28 Gbit/s data transmission system may be able to add some more fiber transmission length or add another RN. As a result, no matter the long-reach or short-reach fiber link with low capacity and high data capacity, the proposed ring-type WDM-PON architecture can provide twice ONU numbers for signal access based on the original downlink wavelengths and avoid the RB beat noise.



Table 1a,b presents the measured parameter of output performance in the proposed ring-type WDM-PON architecture when the modulation rate is set at 10 and 25 Gbit/s OOK format through the 50 and 10 km SMF transmission, respectively. To achieve a longer fiber transmission length in 10 Gbit/s OOK modulation, a −0.7 chirp parameter 10 GHz MZM is employed to cause the dispersion pre-compensation effect. However, the 40 GHz MZM is experimented with using a common chirp parameter. Due to the fiber dispersion effect, 28 Gbit/s OOK modulation is used for transmission only through a 15 km fiber connection for demonstration. The obtained power sensitivities are −27 to −25.5 dBm and −22.5 to −22 dBm at the 10 and 28 Gbit/s OOK modulations after 50 and 15 km fiber connection lengths, respectively. Although the access system experiments are conducted under different signal modulation rates and fiber transmission distances, the power budget obtained by the two measurements can support eight RNs. As seen in Table 1, whether under 10 Gbit/s or 28 Gbit/s traffic data transmission, 16 ONUs can be supported simultaneously according to the resulting power budget without the use of EDFA in the fiber ring architecture.




4. Conclusions


We proposed a dual-bidirectional ring-based WDM-PON architecture with symmetrical downlink and uplink connection simultaneously in clockwise and counterclockwise directions through the same single fiber backbone. In this ring network, the WDM downlink and uplink traffic were transmitted on the single fiber path with the same direction based on the newly designed OLT and RN modules. Thus, the RB beat noise could also be prevented when the same WDM signals were used. Furthermore, the original WDM downlink wavelengths of the OLT could support the double number of ONUs through the designed ring-type PON to achieve 50 km long-reach 10 Gbit/s OOK or 15 km short-reach 28 Gbit/s OOK signal access. In the measurement, when eight same WDM wavelengths were employed simultaneously to regard as the downlink and uplink channels, the detected power sensitivities were in the range of −27 to −26 dBm and −22.5 to −22.0 dBm at the symmetrical 10 and 28 Gbit/s OOK signal under the FEC limit (BER ≤ 3.8 × 10−3) after 50 and 15 km fiber links, respectively. According to the obtained power budgets of 10 Gbit/s long-reach or 28 Gbit/s short-reach transmissions through a single ring fiber, the proposed WDM-PON could support 16 ONUs by utilizing eight WDM downlink channels. As a result, based on the designed ring-type WDM-PON architecture, the original downlink channel numbers could double the ONU numbers in last-mile access and avoid the RB interferometric beat noise.
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Figure 1. Proposed dual unidirectional ring-based WDM access architecture. 
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Figure 2. (a) New designed RN module and (b) the construction of each ONU. 
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Figure 3. Experimental setup of the BER measurements for (a) downlink and (b) uplink transmission, respectively. 
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Figure 4. Measured bit error rate (BER) behaviors of 10 Gbit/s OOK WDM signals (a) at the BtB and (b) after 50 km SMF transmission, respectively. Insets are the measured eye diagrams of eight selected wavelengths at the BtB and 50 km SMF link, respectively. 
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