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Abstract

:

Optical performance monitoring (OPM), particularly the optical power and optical signal-to-noise ratio (OSNR) of each wavelength channel, are of great importance and significance and need to be implemented to ensure stable and efficient operation/maintenance of wavelength division multiplexing (WDM) networks. However, the critical monitoring module of existing solutions generally are too expensive, operationally inconvenient and/or functionally limited to apply over WDM systems with numerous nodes. In this paper, a low-cost and high-efficiency OPM scheme based on differential phase shift keying (DPSK)-modulated digital optical labels is proposed and demonstrated. Each pilot tone is modulated by digital surveillance information and treated as an identity indicator and performance predictor that ties up to each wavelength channel and thereby can monitor the performance of all wavelength channels simultaneously by only one low-bandwidth photoelectric detector (PD) and by designed digital signal processing (DSP) algorithms. Simulation results showed that the maximum errors of channel power monitoring and OSNR estimation were both less than 1 dB after 20-span WDM transmission. In addition, offline experiments were also carried out and further verified the feasibility of our OPM scheme. This confirms that the optical label based OPM has lower cost and higher efficiency and thereby is of great potential for mass deployment in practical WDM systems.
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1. Introduction


With the exponential growth of data traffic due to emerging bandwidth-intensive services and internet applications such as HD video streaming, cloud computing, automatic driving, 5G and other emerging applications, the optical fiber communication capacity is gradually approaching the Shannon limit [1]. Optical transport endowed with higher bit rates and better network resource utilization is an inevitable step to comply with the demand of ever-increasing capacity. Accordingly, large-capacity and long-haul WDM systems equipped with reconfigurable optical add-drop multiplexers (ROADMs) based on wavelength selective switches (WSSs) have been widely deployed in metro and backbone optical networks. The application of ROADMs could improve the flexibility and efficiency of the WDM system significantly, but the optical network would become larger and larger in scale, more and more complex in topology and dynamic in connection at the same time [2]. Therefore, to ensure its working stability and operation efficiency, low-cost and highly reliable multi-channel OPM technology is indispensable, and therefore, it is attracting a lot of attention. Especially the optical power and OSNR of each WDM channel, as key channel performance indicators, are the most important and meaningful parameters that need to be accurately monitored/estimated [3,4]. In addition, wavelength connection monitoring enables network operators to quickly discover incorrect connections caused by manual and/or software configuration errors, avoiding manual searching and recognizing, which is often time-consuming and labored. In addition, if the OPM can monitor the node location (hereinafter called “node ID”) where the service signal is initially added and obtain specific surveillance information (such as symbol rate, modulation format, route configuration, etc., hereinafter called “wavelength ID”), it will be beneficial to the efficient management and optimization of WDM optical networks. However, the majority of critical monitoring modules of existing solutions, such as the conventional method using optical spectral analysis by spectrometer or optical filter, are generally too expensive, operationally inconvenient, have poor timeliness, and their functionally is limited to applied in performance monitoring of all channels over a WDM system with numerous nodes [5].



The existing mainstream monitoring schemes mainly take advantage of direct-or coherent detection of high-speed service signal and use DSP algorithms to monitor the performance of WDM channels. The monitoring technology based on direct detection without optical filters usually works at the receiver end, which divides a small part (less than 5%) of the service’s optical signal for direct detection, and it analyzes the characteristics of the received signal by DSP algorithms to obtain the channel performance in a low-cost way [6,7]. However, most of the existing monitoring schemes based on direct detection inherently lose more information about the channel characteristics, and the accuracy of the monitoring is greatly reduced while the correctness of the wavelength connection also cannot be realized. On the other hand, optical filter-based monitoring technology can coherently acquire spectral information in the channel or a wavelength range through a tunable filter or diffraction grating spectrometer. In addition, due to the natural wavelength selectivity of coherent detection, the analysis of spectral information, optical power, modulation format, OSNR and other monitoring information has high recognition resolution and monitoring dynamic range [8]. However, it requires expensive narrow linewidth tunable lasers, and thereby it is difficult to apply in WDM networks due to its high cost, complex structure and one-by-one channel monitoring restrictions. Moreover, most of the existing monitoring solutions based on machine learning (ML) need to preprocess the high-speed sampling sequence with the help of DSP at the receiving end and then perform data analysis, processing and feature extraction [9,10]. The ML methods are not only difficult to effectively monitor the correctness of wavelength connections but also have higher implementation complexity than conventional DSP methods and require a large amount of data set training, parameter tuning and model generalization in advance [11]. Consequently, for a WDM network with large scale, complex structure and continuous network topology expansion, the OPM technology still presents a prominent contradiction between monitoring capability and implementation cost.



To solve these problems, OPM schemes based on optical labels have been proposed and investigated [12,13,14,15,16,17,18,19,20]. The typical monitoring technology based on optical label mainly adopts a pilot tone modulation to generate a low-speed label signal corresponding to the target channel, where the pilot-tone-carried label signal is loaded on the service optical signal as optical labels. At monitoring nodes, a low bandwidth direct-detection photodetector (PD) followed by the analog-to-digital converter (ADC) acquires the label signal of all wavelength channels simultaneously. The bandwidth of PD is usually at hundred-MHz order while the sampling rate of ADC is about hundred-MSa/s that is enough to demodulate the labels with relatively low cost. Theoretically, the optical labels are tied up to their corresponding optical channels anywhere in the network, and the node ID as well as wavelength ID can be flexibly loaded as optical labels; it can not only monitor the wavelength channel performance but also can reliably deliver any interested surveillance information of each channel to further sense the working state and optimize resource utilization of WDM networks.



However, when oriented to practical applications, there are still many problems in the existing solutions. On the one hand, the OPM techniques based on only pure pilot tones in [14,15,16] have a trade-off problem of two negative effects of stimulated Raman scattering (SRS) and chromatic dispersion. When the low frequency pilot tone is used, it will have severe SRS effects that need to be combated by dividing the whole wavelength channels into several sub-channels with the assistance of expensive optical filter. In contrast, when high-frequency pilot tones are used, the large CD caused by long-distance fiber transmission will cause severe power fading of the pilot tones, thereby significantly degrading the monitoring performance. On the other hand, the optical labelling scheme based on subcarrier index modulation (SIM) reported in [17,18,19,20] has the advantage of efficient demodulation of optical labelling signals. Nevertheless, since it adopts the SIM scheme for optical labels, not only the modulation and demodulation require large-size (16,384 points in [18]) inverse fast Fourier transform (IFFT) and fast Fourier transform (FFT), respectively, which results in very high circuit realization complexity, but also it is difficult to monitor channel optical power due to the SRS effect, and likewise, it is hard to flexibly adjust the transmission rate of label signals. In our previous work, we used pilot tones of a few MHz and demonstrated a scheme that could suppress the SRS effect on optical power monitoring based on our proposed SRS mitigation algorithm [21]. However, a scheme using such low frequency (several MHz) pilot tone has a serious SRS effect, and the monitoring performance is still difficult to guarantee even using the SRS mitigation algorithms [22,23].



In this paper, we present our recent research activities and progress on optical-label enabled OPM, and a low cost and high efficiency multi-channel optical power monitoring and OSNR estimation scheme based on differential phase shift keying (DPSK) digital optical labels is proposed and demonstrated. The proposed scheme innovatively adopts the service transmitter to flexibly load the time-domain digital label signal modulated on unique pilot tone that arranged for the corresponding wavelength channel, without additional digital to analog converter (DAC) or customized optical modulator, and without complex IFFT operation. The pilot tones have a frequency of tens of MHz that is modulated by low-speed (~K Baud) digital label information, i.e., the node ID, wavelength ID and so no. The channel optical power is monitored using the method of spectral integration, and the OSNR is estimated by calculating the amplified spontaneous emission (ASE) noise accumulation that contributed by all amplifiers. To verify the proposed scheme, we have performed simulations on WDM systems within 20 spans of fiber transmission, and the results show that the maximum error of power monitoring is less than 0.9 dB while the error of OSNR estimation is also less than 1 dB. Therefore, compared with the conventional optical filter-based OPM technology, the implementation of the proposed scheme is of lower cost and higher efficiency, which has great potential for large-scale deployment in practical WDM networks.




2. Principle of the Optical-Label Enabled OPM Scheme


The optical label is known as a top modulation or a small amount of amplitude modulation, also called low-frequency perturbation or pilot tones in some studies. The schematic diagram of the scheme is shown in Figure 1. After the digital surveillance information of node ID and wavelength ID of each wavelength channel is mapped by DPSK coding, it is modulated (~K Baud rate) to the pilot tone with a specific frequency to be the final optical label. It is noteworthy that the pilot tone frequency is larger than 40 MHz to avoid the impact of SRS crosstalk [24]. Thus, the power monitoring error caused by the SRS, resulting in the non-correspondence between the label power and the channel power, can be reasonably ignored.



2.1. Optical Labels Loading and Detection


At the transmitter side in Figure 1, wavelength channel 1 is taken as an example to introduce the process of label generation and modulation. In the transmitter-side DSP module, the label data are first mapped into BPSK symbols and then modulated onto pilot tones with a specific frequency to generate label signals. The label signals are subsequently loaded into the high-speed service signal in the electrical domain and thus generate a labeled service signal. It is then converted to analog signal by the DAC and drives the optical I/Q modulator to generate a labeled optical signal. Here, the DAC is the one used by the high-speed service itself, not an additional one. When arriving at optical pre-amplifier (OPA) or optical boost amplifier (OBA) in a service node, or optical line amplifier (OLA) in relay node, the received signal is divided into two parts. Thus, 99% power of the signal is used for the coherent detection of service optical signal, and 1% power of signal is used for performance monitoring and optical label demodulation. The 1% power of signal is sent into a PD to achieve optical-to-electrical conversion. The electrical signal is then converted to a digital signal by an analog-digital converter (ADC). Then, after monitoring the optical power and OSNR estimation, the node ID and wavelength ID are recovered. Finally, the monitoring results of channel optical power, OSNR and node/wavelength ID are transmitted to the control plane through optical supervising channel (OSC), and the control plane thus could not only check the route, symbol rate, modulation format and so on of each wavelength channel, but also analyze the performance of the whole WDM optical network comprehensively.



In a typical WDM system, one fiber carries the high-speed service signals of 80 wavelength channels, so different frequency PT with digital labels are modulated on corresponding wavelength channels where the same label signals are modulated on two polarizations to improve the received signal-to-noise ratio (SNR) of optical labels. For instance, the labels with PT frequency of f1 are assigned to the service optical signal on wavelength channel 1 of λ1, and the rest can be done in the same manner so that the digital band-pass filter in the OPM module could extract corresponding digital labels on the PT with different frequencies. The optical field of the dual polarization optical signals with amplitude-modulated optical labels can be expressed as follows:


   E  i n , x , i   =  A  x , i    ( t )  · exp  {  j  (  2 π  f  o , i   t +  θ  x , i    ( t )   )   }  ·    [  1 + m · cos  (  2 π  f i  t  )  ·  D i   ( t )   ]     



(1)






   E  i n , y , i   =  A  y , i    ( t )  · exp  {  j  (  2 π  f  o , i   t +  θ  y , i    ( t )   )   }  ·    [  1 + m · cos  (  2 π  f i  t  )  ·  D i   ( t )   ]     



(2)




where    E  i n ,  x y  , i     represents the electric field of x/y polarization on the i-th channel, x and y represent two polarizations, n represents the serial number of the wavelength channel where it is located.    A  x , i    ( t )  · exp  {  j  (  2 π  f  o , i   t +  θ  x , i    ( t )   )   }    represents the service date signal, where    A  x , i    ( t )    is the amplitude,    f  o , i     is the center wavelength of i-th channel,    θ  x , i    ( t )    is the phase of service signals.     cos  (  2 π  f i  t  )  ·  D i   ( t )    is the optical label, where m represents the modulation depth of optical labels and    f i    is the frequency of the corresponding pilot tone. It is noteworthy that the square root form of the optical label modulation on the service signal is used to facilitate analysis of label reception during square-law detection using the PD module. When it comes to the detection of optical labels in an OPM module, 1% of the optical power component is isolated and inputted into the OPM module. Direct-detection low bandwidth PD and low sample-rate ADC are used to realize the photoelectric conversion and digital sampling of the optical labels of all wavelength channels simultaneously. The PD detection can be expressed with the following equations.


  I =   ∑   i = 1  n   [     |   E  i n , x , i    |   2  +    |   E  i n , y , i    |   2   ]  =   ∑   i = 1  n   {   [   A  x , i     2   ( t )  +  A  y , i     2   ( t )   ]  ·  [  1 + m · cos  (  2 π  f i  t  )  ·  D i   ( t )   ]   }   



(3)




where I represents the signal after PD square-law detection. The signal contains all the optical labels of each channel. n represents the number of PT. Here, the spectrum of optical labels is obtained and analyzed by the FFT algorithm, which is an important step for optical labels-based power monitoring. Afterward, since the digital labels are loaded by different frequency PT on different wavelength channels, digital band-pass digital filters are used here to separate the labels on different channels. Finally, differential demodulation methods are used to realize demodulation of the DPSK-based optical labels and recover the ID information. The filtered optical labels (digital labels on PT) of the i-th channel can be expressed as


   I i  = [  A  x , i     2   ( t )  +  A  y , i     2   ( t )  ] · m cos  (  2 π  f i  t  )  ·  D i   ( t )  =  A i   ( t )  · m cos  (  2 π  f i  t  )  ·  D i   ( t )   



(4)




where    A i   ( t )    equals   [  A  x , i     2   ( t )  +  A  y , i     2   ( t )  ]  , representing the optical label amplitude of the i-th channel after PD reception.




2.2. Channel Optical Power Monitoring


It is obvious that there is a linear proportional relationship between the channel’s optical power of the service signal and the detected power of the optical labels. In addition, the integral value of the received spectrum of optical labels for a wavelength channel could represent the detected power of optical labels on the channel based on pre-tested conversion coefficients. These relationships can be expressed using Equation (5).


     P  c h , i   =      P  L a b e l , i       m · α   · f  (   V  P D    )   



(5)




where      P  c h , i       and      P  L a b e l , i       represent the actual optical power of the i-th channel and the corresponding monitored optical label power respectively. m represents the modulation depth of the optical label.     f  (   V  P D    )      represents the calibration coefficient of the PD module, and it depends on the photoelectric conversion characteristics of the PD itself and the feature of the optical labels. α represents the splitting ratio of the optical coupler (OC). Typically, a 1:99 (α = 1%) OC is used in our scheme to divide the labeled optical signal into OPM module.



After photoelectric conversion and digital sampling by a PD and ADC, a DSP unit is used to calculate the channel optical power. Firstly, FFT is used to obtain the spectrum of optical label, and the reception spectrum of an 80-channel WDM using 0.1 MSa/s digital labels is shown in Figure 2. It is shown that the PT frequency range of 40–55.8 MHz with 0.2 MHz grid between neighbor channels is adopted. Then, spectrum integration of each optical label spectrum from the beginning PT frequency to the ending PT frequency is carried out, respectively. For example, the channel-1 power is equal to the spectrum integration value from [39.9–40.1] MHz range. Next, a proportional coefficient of photoelectric conversion of PD is used to calculate the final channel optical power of the service signal. Finally, the monitoring results of all network monitoring nodes are transmitted to the control plane through optical supervising channel (OSC), and the control plane analyzes the performance of the whole optical network and optimizes resource utilization comprehensively.




2.3. OSNR Estimation


The scheme diagram of OSNR estimation is also shown in OPM Module in Figure 1. In a multi-span WDM transmission system, OSNR will gradually deteriorate due to the accumulation of ASE noise generated by the EDFA. Therefore, the OSNR could be estimated by calculating the ASE noise accumulation. In a practical, optical transmission system, the actual gain of the amplifier may be different from the configured gain, so we can calculate the actual current working gain of each optical amplifier with the help of the optical power monitored by the optical labels. At the same time, because the noise figure of optical amplifier changes with different wavelengths, here we can obtain the value of the noise figure (NF) pattern by measuring it in advance. Finally, according to the EDFA amplification of each wavelength channel, the overall amplification case of each wavelength can be obtained. Thus, based on the EDFA amplification and ASE noise accumulation of each wavelength channel, the OSNR can be estimated by the 58-Formula.



The detailed principle of OSNR estimation is as follows. For each optical amplifier in the network, its ASE noise could be expressed as [25]:


  ASE  (  dBm  )  = 10 · log  [   (  h ν  )   (   B o   )   ]  + N F  (  dB  )  + G  (  dB  )  = − 58  (  dBm  )  + N F  (  dB  )  + G  (  dB  )     



(6)




where   h ν   represents the energy of a single photon,     B o    represents the reference bandwidth of OSNR which is 12.5 GHz. The NF represents the noise figure of optical amplifier. G represents the actual gain of optical amplifier which is calculated using the results of optical power monitoring. When the service signal is transmitted through a series of amplifiers, the ASE noise will be added linearly. At this time, on the service transmission link, the ASE noise accumulation by the i-th amplifier in j-th channel can be expressed as:


    ASE   s u m _ n , j    (  dBm  )  = 10 · log   ∑   i = 1  n    10     − 58  (  dBm  )  + N  F  n , i    (  dB  )  +  P   o u t   n , i     (  dBm  )  −  P   i n   n , i     (  dBm  )    10        



(7)




where the    P   o u t   n , i      a and      P   i n   n , i      represent the output-power and input-power of n-th amplifier in i-th channel, respectively. Finally, the OSNR of each channel can be estimated by Equation (8).


  O S N  R  n , i    (  dB  )  =  P   o u t   n , i     (  dBm  )  − A   SE   s u m _ n , i    (  dBm  )   



(8)








2.4. CAPEX Analysis


Capital expenditure (CAPEX) is an important issue in optical network monitoring. How to monitor optical network with low cost and high efficiency has become the goal pursued by mainstream manufacturers and operators. We conduct a detailed cost analysis of the proposed scheme and two typical existing schemes. We compare the CAPEX of OPM schemes based on optical filter (OF) (hereinafter referred to as scheme A) [15], SIM labels (scheme B) [19] and the proposed method (scheme C). We learn the market price from a number of related device/module manufacturers and customers, and the comparison of CAPEX is mainly based on the market price of all devices/modules used in different OPM schemes. It should be noted that because the labeling rate is low, the loading process is simple, and the hardware resources required by the DSP unit are relatively small, so their cost can be reasonably ignored. Here, the cost of OPM over an 80-channels WDM system is taken as an example to compare the CAPEX. The reference cost units of different devices used in the three schemes are shown in Table 1.



Obviously, the proposed OPM scheme adopts only the service transmitter to flexibly load the time-domain digital label signals and uses a PD to detect the optical labels of all channels simultaneously. It is shown in Figure 3 that, compared with scheme A, the proposed scheme greatly reduces the CAPEX by 96% because the variable optical attenuator (VOA) and OF are completely removed. Compared with scheme B, the complex IFFT operation and VOAs are both removed in the proposed scheme, and thereby, the CAPEX is further reduced by 75%. Therefore, it could be concluded that the proposed scheme has the advantages of very low cost and high efficiency, and therefore, it has great potential in WDM network monitoring.





3. Simulation and Discussion


With the help of VPI TransmissionMaker 9.0 created by VPIphotonics (Berlin, Germany) and MATLAB R2020a created by MathWorks (Natick, MA, USA), we have constructed a simulation platform of WDM transmission with OPM module based on DPSK-modulated digital optical labels to investigate the performance of the proposed scheme for channel power monitoring and OSNR estimation. Here we simulate 8, 32 and 64 channels within 20 spans WDM transmission systems. The 2 Mbps rate digital labels modulated by different PTs with 4 MHz grid are arranged to 16 G Baud polarization multiplexing (PM) QPSK and PM-16QAM transmission systems. The center wavelength of service signal is form 193.1–196.25 THz with 50 GHz interval. A photodetector with 300 MHz −3 dB bandwidth and ADC with 600 MSa/s sample rate and 10-bit resolution are used to detect the optical labels in a WDM system. Table 2 shows important simulation parameters. Here we firstly investigate the performance when using different label modulate depth of 0.05, 0.10 and 0.15. The result of optical label demodulation, such as signal noise ratio (SNR) and label power (result of spectrum integral) in QPSK and 16QAM systems, is shown in Table 3.



According to Table 3, we find that the optical label performance in QPSK system is better than that in 16QAM system, and the optical label power basically exhibits a linear relationship as the modulation depth increases. Optical label power and modulation depth m are basically linear, and the label information could be recovered accurately. In addition, the SNR of optical label under different m is sufficient for error-free demodulation.



3.1. Performence of Channel Optical Power Monitoring


In order to alleviate the influence of the photoelectric conversion characteristics of different PDs and different modulation depths on the accuracy of channel optical power monitoring, we first simulated the curve relationship of the calibration coefficient with the modulation depth in the QPSK/16QAM system. The modulation depth of the QPSK/16QAM system is increased from 2% to 15%. Then, the relationship between the calibration coefficient and the modulation depth is shown in Figure 4.



Figure 3 shows that as the modulation depth increases, the calibration coefficient of the QPSK system is relatively constant with little fluctuation, but it increases first and then gradually becomes constant as the modulation depth increases in the 16QAM system. The main reasons are as follows: For the constant-module QPSK signals, the beat noise generated by PD detection is relatively small, which means that even at a low modulation depth, the noise only accounts for a small part of the entire optical label power and causes little effect on the optical label power. As the modulation depth increases, the optical label power also increases almost linearly. Therefore, the change of modulation depth hardly brings about the change of calibration coefficient.



However, for the 16QAM system with non-constant modulus, larger beat noise will be generated after PD detection. This noise accounts for a ratio of the entire optical label power at low modulation depths, even exceeding that of the digital label signal modulated by the pilot tone. This results in the optical label power being greater than the expected power at the corresponding modulation depth. In the case of monitoring the optical power of the same channel, the calibration factor is small compared with QPSK systems. The PD beat noise is almost constant or slightly increases with increasing modulation depth, but the power value of the pilot-modulated useful digital label increases linearly, resulting in a reduced effect of PD beat noise accompanied by an increase in calibration coefficients. This process gradually flattens out as the power of the digital label signal increases. When the modulation depth is increased to 15%, the effect of the beat noise is small, reaching a situation similar to that of the QPSK system, so the calibration coefficients of the two systems are almost the same at this time.



The maximum absolute errors of optical power monitoring at different modulation depths on 16QAM and QPSK systems after 20 spans fiber transmission are shown in Figure 5. It shows that the scheme of optical power monitoring using spectrum integration is feasible, and the maximum channel power monitoring error is less than 0.6 dB. The QPSK and the 16QAM systems exhibit same performance, and the maximum monitoring error is similar at different label modulation depths. Therefore, the monitoring accuracy of two systems can be considered to be roughly the same.



In addition, taking a QPSK system as an example, the impact of channel number on the accuracy of channel power monitoring is also investigated. Here, the optical label modulation depth is fixed to 0.10, while the number of monitoring channels is set from 5 to 64. The monitoring error of channel optical power of different wavelength channel numbers after 20-span transmission is shown in Figure 6.



It can be seen form Figure 6 that when the number of channels is increased from 5 to 64, the monitoring error also increases gradually. The main reason is that as the number of wavelength channels increases, the launch power increases accordingly, and the fiber Kerr nonlinear effect increases, which deteriorates the signal quality of the optical label. In addition, as the number of wavelength channels increases, the spectrum range increases; thus, the inter-channel crosstalk caused by the SRS effect is more serious, and consequently, it will also lead to deterioration of accuracy of optical power monitoring. Moreover, we can see that the monitoring errors fluctuate in a relatively small range. This is because in each simulation with different channel numbers, the optical label sequence is randomly generated, and the random change of the label sequence characteristics causes the monitoring results to fluctuate slightly. In general, although there is a rising trend in the error of channel power monitoring, the maximum monitoring error after 20-span transmission does not exceed 0.9 dB, so it is believed that our proposed scheme is applicable to WDM optical networks.




3.2. Performence of OSNR Estimation


In order to validate the performance of OSNR estimation practically, the NF value of EDFA in each optical channel is set to 5 dB, typically. Meanwhile, the length of each span is identically set to 100 km in 20-span transmission. The input power and output power of EDFAs are monitored based on optical labels, and the OSNR in each channel is calculated by using the proposed method. Then, 16 G Baud PM-16QAM and PM-QPSK 8, 32 and 64 channels WDM transmission simulations are carried out. The result of OSNR estimation as well as the estimate error after 20-span transmission are shown in Figure 7.



Figure 7 shows that the scheme of OSNR estimation is feasible because that OSNR could be estimated accurately in each span both in 8/32/64-channels QPSK and 16QAM systems. It shows that the OSNR monitoring error after 20 span transmissions is less than 0.45 dB in both 8-channel PM-QPSK/16QAM systems, while it is about 0.7 dB in 32-channel PM-QPSK/16QAM systems. When the number of transmission channels increases to 64, the OSNR monitoring error after 20 span transmissions is less than 1 dB both in 64-channel PM-QPSK/16QAM systems. The main monitoring error occurs because of the error that occurred during the previous channel power monitoring. With the increase of transmission spans, the ASE noise induced by EDFA continues to accumulate due to multiple cascade amplification in the transmission link, resulting in an increase of channel power monitoring and thereby causing larger OSNR estimation error. In addition, the nonlinear effects and inter-channel cross talk also become more serious as the number of channels increases, which leads to a larger error in OSNR monitoring. Furthermore, other factors such as chromatic dispersion, polarization dependent impairments and so on will also affect the accuracy of power monitoring, which leads to a situation where the longer the transmission distance is, the greater the monitoring error is.



Meanwhile, to make the simulation more realistic and reliable, the span lengths of the 20-spans transmissions in the 8-channel system are set to 100, 60, 80, 40, 100, 50, 70, 20, 100, 60, 30, 70, 50, 80, 20, 100, 40, 100, 30 and 80 km, respectively. Thus, it is convincing to evaluate practically the OSNR estimation and corresponding errors of the target channel 1 (NF = 4) and channel 3 (NF = 5). Figure 8 shows that the maximum OSNR monitoring error is about 0.3 dB after 20-span transmission in both PM-QPSK/16QAM WDM systems. The scheme still works in the case of different span lengths, and the OSNR estimation error also tends to increase for the same reason. However, due to that the total transmission length here is reduced, resulting in a reduction of channel power monitoring, and it further makes the OSNR estimation error smaller than the results in Figure 7a,b.





4. Experimental Setup and Performance Analysis


To further verify the actual performance of the proposed scheme, the transmission experiment is carried out. Figure 9 shows the experimental setup of optical-label based OPM over PM-QPSK and PM-16QAM systems. Since there is only one set of laser source, optical IQ modulator, and arbitrary waveform generator (AWG) available, only single-channel optical fiber transmission and monitoring verification is carried out in this experiment. In addition, limited by the storage depth and sampling rate of the 8190A instrument (up to 12 GSa/s), the service signal rate in the offline experiment is set to 4 G Baud, and the modulation depth of the optical tag to the service signal is set to 0.10. Firstly, random bit sequences of service signal are generated and mapped into PM-QPSK/16QAM symbols. Then, we modulate the 2 Mbit/s ID information [1, 1, 1, 0, 0, 0, 1, 1, 1, 0, 0, 0, 1, 1, 1] onto a 40 MHz pilot tone and load the pilot-tone-carried labels onto the service signals by offline DSP. Next, the discrete signals after the matched filter are sent into AWG (M8190A) working at 400 MSa/s. After 80 km standard single-mode fiber (SSMF) transmission and EDFA amplification, an adjustable optical attenuator is used to change the optical power of the channel within the PD’s acceptable working range of [−20–0 dBm]. A spectrometer (AQ6370) is used to observe the optical signal spectrum, while a 200 MHz-bandwidth PD is used to detect the optical labels. Then the detected 16QAM and QPSK signals are sampled by a real-time oscilloscope with 400 MSa/s for offline processing.



The waveform of the optical label after differential demodulation in offline DSP is shown in Figure 10. It shows that the transmitted DPSK digital optical labels, i.e., ID information of a wavelength channel, could be accurately recovered without error by using a low-bandwidth PD and low-sample-rate ADC with the help of DSP processing. Furthermore, we can see that the signal quality of labels in QPSK system is better than that of 16QAM. This is due to the fact that after PD reception, the amount of beat noise of QPSK constant-module signals is smaller than that of 16QAM, thereby making the QPSK system a better optical label signal-to-noise ratio when demodulating the labels.



The result of power monitoring in experiments is shown in Figure 11. The result shows that the optical label power can be calculated more accurately, and then, the accurate channel optical power monitoring result can be obtained. The power monitoring error of the QPSK system is similar to that of the 16QAM system, which are both less than 0.3 dB under 80 km fiber transmission. It is important to point out that the multi-span transmission cannot be fully experimented with, resulting in better channel power monitoring performance than that of our simulation. Moreover, although the error of power monitoring fluctuates irregularly within a range, the accurate channel optical power monitoring performance is sufficient to make it a practical OPM solution.




5. Conclusions


In this paper, a low-cost and highly efficient optical labels enabled channel power monitoring and OSNR estimation of WDM system has been proposed and demonstrated. DPSK digital optical labels modulated on pilot tones with frequency of tens of MHz were applied as identity indicators and performance predictors tied up to each wavelength channel. The system can not only monitor the performance of all wavelength channels simultaneously using low-cost PD detection, but it is also able to reliably deliver any specific surveillance information to further sense the working state of WDM channels. In addition, in our proposed DSP processing in OPM modules, the channel optical power is monitored using the method of spectral integration, and the OSNR is further estimated by calculating the ASE noise accumulation form all amplifiers. The simulation results of 8, 32 and 64 channels WDM systems under 20 spans transmission show that the maximum monitoring error of channel optical power and the estimation error of OSNR are both less than 1 dB in 16 G Baud PM-QPSK and PM-16QAM systems, respectively. Furthermore, an offline experiment platform was constructed by using a PD with 300 MHz bandwidth and an ADC with 600 MSa/s sample rate, and the results show that the DPSK digital labels could be accurately recovered with the help of the proposed DSP processing, while the monitoring error of channel optical power is less than 0.3 dB. Therefore, the advantages of low cost and high efficiency make our scheme more pragmatic and more robust and therefore easier to implement and more practical for WDM system applications.
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Figure 1. Schematic diagram of the optical-label enabled OPM scheme. (OTU: optical transponder unit, OPA: optical pre-amplifier, OBA: optical boost amplifier, OLA: optical line amplifier, MZM: Mach-Zehnder modulator, PBC: polarization beam combiner, PT: pilot tone, OSC: optical supervising channel). 
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Figure 2. Spectrum of the detected optical label of 80-channel WDM systems. 
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Figure 3. CAPEX comparison of three schemes. 
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Figure 4. The calibration coefficient versus modulation depth. 
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Figure 5. The optical power monitoring results of (a) 8-channel QPSK, (b) 8-channel 16QAM system. 
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Figure 6. The power monitoring error with different channel numbers. 
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Figure 7. Result of OSNR estimation and corresponding error under 100 km equal-length span in (a) 8-channel QPSK, (b) 8-channel 16QAM, (c) 32-channel QPSK, (d) 32-channel 16QAM systems, (e) 64-channel QPSK systems, and (f) 64-channel 16QAM system. 
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Figure 8. Result of OSNR estimation and corresponding error under [20–100 km] unequal-length span in (a,b) QPSK and (c,d) 16QAM systems. 
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Figure 9. Diagram of experimental platform. 
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Figure 10. The demodulated waveform of optical labels in (a) QPSK and (b) 16QAM systems. 
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Figure 11. Results of channel power monitoring and monitoring error (a) in QPSK system, and (b) in 16QAM system. 
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Table 1. The cost of different modules used in the three OPM schemes.
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Scheme A

	
Scheme B

	
Proposed C




	
Modules

	
Cost Units

	
Modules

	
Cost Units

	
Modules

	
Cost Units






	
VOA

	
400 (×80)

	
VOA

	
400 (×80)

	
/

	
/




	
OF

	
9000

	
/

	
/

	
/

	
/




	
PD

	
1100

	
PD

	
1100

	
PD

	
1100




	
ADC

	
500

	
ADC

	
500

	
ADC

	
500




	
Total 42,600

	
Total 33,600

	
Total 1600
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Table 2. Simulation parameters.
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	Service Modulation Format
	PM-QPSK/16QAM
	Modulation Depth
	5%/10%/15%



	Service Baud Rate
	16 G Baud
	EDFA Noise Figure
	5 dB



	Launch Power
	0 dBm
	Length of Each Span
	100 km



	Digital Label Format
	DPSK
	PMD Coefficient
	0.1 ps/(km)1/2



	Digital Label Rate
	2 Mbps
	PD Bandwidth
	300 MHz



	Bit Number of Digital Labels
	32 bit
	ADC Sample Rate
	600 MSa/s



	Carrier Wavelength
	193.1–196.25 THz
	ADC Resolution
	10 bit



	Channel Spacing
	50 GHz
	Fiber Attenuation
	0.2 dB/km
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Table 3. SNR and power of optical labels in with different modulate depth.
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Service Signal Format

	
Modulation Depth

	
SNR of Optical Label (dB)

	
Label Power (mW)






	
QPSK

	
5%

	
10.59

	
0.96




	
10%

	
13.71

	
1.99




	
15%

	
15.10

	
2.98




	
16QAM

	
5%

	
6.95

	
0.91




	
10%

	
10.29

	
1.88
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