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ABSTRACT 
Optical performance monitoring (OPM) is desired for future smart optical networks. 2-D phase portrait contains 
fruitful waveform information, which can be a valuable tool for OPM. In this paper, we review the generation of 
2-D phase portrait by our cost-effective single-channel sampling technique, and its applications for OSNR and
dispersion monitoring in different systems.
Keywords: optical performance monitoring, phase portrait, single channel sampling, optical impairment.

1. INTRODUCTION
As internet service develops rapidly, optical fiber transmission becomes backbone transmission to provide ultra-
broad band to meet the tremendous demand of bandwidth. Moreover, with the invention of Erbium-doped fiber 
amplifier (EDFA), transmission distance is extended dramatically, while wavelength division multiplexing 
(WDM) technique enlarges the transmission capacity of single optical fiber at the same time. However, as the 
capacity of optical transmission system increases, the system becomes more vulnerable to the optical 
impairments in the physical layer of the optical transmission system [1]. The major effects are from the optical 
fiber link, which are additive spontaneous emission (ASE) noise and chromatic dispersion (CD). These two 
effects have accumulative and variable characteristics. Thus, optical performance monitoring (OPM) is a great 
assistance for the system management of optical transmission systems.  

So far, there are a number of monitoring methods based on different working principles [2-7]. For OSNR 
monitoring, the most common approach is out-band measurement [2], which is based on the assumption that the 
noise power spectrum is flat at the measured signal frequency range. However, as the transmission systems enter 
the stage of high data rate and dense WDM system, the out-band noise is difficult to be measured. Thus, in-band 
OSNR monitoring method is needed. At first, low-speed sub-carrier is generated to co-propagate with signal, 
which is used to monitor OSNR [3]. This method is able to measure in-band noise, but it is required to modify 
the transmitter to generate sub-carrier, which increases the complexity of transmitter. Moreover, the generated 
sub-carrier interferes with the transmitted data, so that it is not a practical method. The in-band noise 
measurement method without modification of transmitted is needed. In [4], the OSNR monitoring method based 
on polarization nulling technique was proposed, which is based on the different polarization features of signal 
and noise. However, when the system is with large amount of polarization related impairment, the measurement 
results become inaccurate. In [5], optical delay interferometer (ODI) is used for OSNR monitoring, which 
employs the filtering of the ODI, and relies on the factor that the signal and noise have different optical spectrum. 
Although, this scheme shows the low cost and simple benefits, it is not applicable for ultra-high-speed system, in 
which the signal has nearly square shape. Furthermore, the OSNR monitoring based on nonlinear effect was also 
proposed [6]. It is quite complicated to implement nonlinear effect in the practical system, which requires 
highly-nonlinear medium and high power pump. In brief, the OSNR monitoring methods based on the physical 
effect of the signal and noise are difficult to be applied in the field system.  Besides the physical effect of the 
impairment, we can monitor the waveform distortion induced by the impairment. In [7], 1-dimensional (1-D) 
histogram of the received signal amplitude was proposed for Q-factor monitoring.  This method employs single 
photo-detector to receiver optical signal and single analog-to-digital converter (ADC) to transfer the optical 
impairment induced waveform distortion into digital domain.  However, 1-D histogram delivers limited 
information from the waveform, so that it cannot separate different optical impairments. 

In order to derive more information from waveform, 2-dimentional (2-D) phase portrait was proposed for 
multiple optical impairment monitoring [8], which is also called as delay-tap sampling plot. It is an alternative 
expression of eye diagram. This method uses two sampling channels to sample the signal simultaneously with 
a short internal time delay. The sample pairs from these two channels are depicted into a 2-D coordinate system. 
Different optical impairment causes the pattern evolution in the phase portrait in different way. Since CD leads 
to the signal pulse width broadening, it changes the pattern width of the phase portrait [9]. Moreover, OSNR 
variation can also be observed in the pattern evolution for that the pattern line becomes noisy as the noise power 
increases [9]. However, this scheme employs two sampling channels, which causes high monitoring cost. Thus, 
we proposed to use single sampling channel to generate 2-D phase portrait. In this paper, we review our the 
generation of 2-D phase portrait based on single channel sampling (SCS) technique mainly for OSNR and 
dispersion monitoring [12-14]. 
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2. SOFTWARE SYNCHRONIZED SINGLE CHANNEL SAMPLING TECHNIQUE
In Fig. 1(a), the X-Y pair generation processes of the SCS method and conventional two-channel delay-tap 
sampling method are shown. For the conventional two-channel method, two sampling channels working 
simultaneously with short time delay (Δt) to get two samples (x and y) as X-Y pair. The time delay (Δt) between 
two samples is within single symbol duration. In SCS method, single sampler works continuously with a slower 
frequency, so that the time interval between neighbor samples can be expressed as n×T+τ (n is an integer 
number; T is one symbol duration; τ is the remaining time that is less than one symbol duration). For the X-Y 
pairs generation, it searches a sample (Sk+1) along the sample sequence, which has a time interval between Sk+1 
and S1 is k∙n×T+k×τ, which can also be expressed as m×T+∆t (m is an integer number, ∆t is same as the 
conventional method). S1 and Sk+1 are formed as an X-Y pair in SCS method, and so forth. 

(a)    (b) 
Figure 1: (a) Working principle comparison between SCS and conventional delay-tap sampling method; 

(b) Experimental setup. 

When the SCS method is applied in the real system, the low-speed sampling frequency is un-related to signal 
frequency as the experimental setup being shown in Fig. 1(b). As shown in Fig. 2(a), the single sampler is 
working in an un-related low-speed frequency (fs), which causes an aliasing frequency (fa). There is a particular 
relationship between the aliasing frequency and sampling frequency, which is expressed as fa = fb – N∙fs, (fb is 
a bit rate and N is an integer) [10].The time interval between the neighbor samplers can be expressed by n×T+τ 
(n is an integer number; T is one-symbol duration; τ is the within one-symbol time shift between neighbor 
samples). The relationship between the aliasing frequency and the sampling frequency can be expressed 
as Eq. (1) [11]. 
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Once the aliasing frequency is obtained, the phase difference (τ / T ) between neighbor samples can be derived by 
Eq. (1). The accumulated phase change of the whole sample sequence can be obtained as Fig. 2(b) shows. 
The software synchronization of sample sequence is done. From the synchronized sample sequence, the nearest 
sample pairs, whose phase differences are equal to half-symbol period (∆t/T = 0.5), are selected as X-Y pairs to 
be depicted in a 2-D coordinate system, which is an equivalent portrait of the half-symbol delay-tap sampling 
(DTS) plot. The estimation of the aliasing frequency can be done by FFT based reference phase detection [11]. 

Figure 2: (a) low-speed sampling scheme; (b) Schematic diagram of X-Y pairs generation. 

Conventionally, the time delay or the phase difference between X-Y pairs is a fixed value. However, for the 
software synchronized, the frequency estimation error would causes synchronization timing error, which can be 
expressed by Eq. (2): 
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The frequency estimation offset (fo) causes timing error (∆τ), which finally leads to an incorrect phase portrait 
as shown in Fig. 3. When the aliasing frequency offset (FO) is within 500 Hz, the phase portrait is not affected 
by the timing error. However, when the phase portrait is up to 10 kHz, the pattern is changed. Thus, we proposed 
a variable phase difference phase portrait, in which the phase difference of X-Y pair is within a range.  

 
Figure 3. Half symbol delay phase portrait of NRZ-DPSK with 30-dB OSNR, which is generated under different 

aliasing FO: (a) 0 Hz, (b) 500 Hz, (c) 10 kHz. 

The schematic diagram is shown in Fig. 4(a), the phase difference is within a tolerated range (2to / T ). For 
instance, the phase difference between the S1 and its partner Sp is in the range from (∆t-to) / T  to (∆t+to) / T, 
so that the sample pairs with the phase difference in a range would be easier to be found for the X-Y pairs 
generation. The time interval between the sample pairs would be reduced, which increases the tolerance to the 
drift phase induced by the aliasing frequency estimation offset. As shown in Fig. 4(b), the phase portrait is the 
variable half symbol phase difference phase portrait generated with 10-kHz aliasing frequency offset. It can be 
observed that the pattern is not changed for the large estimation offset. After the phase portrait is generated, the 
monitoring parameters can be obtained by using statistical analysis or pattern recognition. 

 
Figure 4: (a) Schematic diagram of variable phase difference phase portrait generation; (b) NRZ-DPSK signal 

phase portrait generated by tolerated phase difference. 

3. EXPERIMENTAL RESULTS 
In Fig. 5, the experimental results show the OSNR monitoring based on the proposed SCS method with fixed 
phase difference in three different modulation formats, which is derived by using statistical pattern analysis. 
The OSNR monitoring test is from 10 dB to 30 dB. It can be observed that the OSNR monitoring performance is 
robust when CD is not high, which is enough for the residual CD. 
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Figure 5. Experimental result for OSNR monitoring at the present of CD effect: 

 (a) NRZ-OOK, (b) NRZ-DPSK, (c) RZ-DPSK. 

In Fig. 6, the experimental results show the OSNR monitoring based on the proposed SCS method with 
variable phase difference in three different modulation formats. The aliasing frequency estimation offset varies 
from 0 Hz to 10 kHz, while the CD is changed from 0 ps/nm to 425 ps/nm. When the two factors co-exist in the 
monitoring system, the proposed OSNR monitoring method can keep a good monitoring accuracy from 10 dB to 
25 dB. Beyond 25 dB, the OSNR monitoring accuracy is poor, since it is more sensitive to the CD induced 
pattern distortion, which can actually be used for CD monitoring after calibration.  
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Figure 6. Experimental result for OSNR monitoring at the present of CD effect and FO: 

 (a) NRZ-OOK, (b) NRZ-DPSK, (c) RZ-DPSK. 

4. CONCLUSIONS 
In this paper, we reviewed the 2-D phase portrait generated by using single channel sampling technique, which 
can be used for optical performance monitoring. This scheme simplifies the system setup and reduces the cost. 
Moreover, the generated phase portrait can be used for multiple optical impairment monitoring by using 
statistical analysis or pattern recognition. 
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