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Abstract: The in-band OSNR monitoring methods based on the noise-free reference
optical spectrum (ROS) have attracted much attention in the field of optical performance
monitoring because they are cost-effective and insensitive to chromatic dispersion and
polarization mode dispersion. In this paper, we propose a new ROS based in-band OSNR
monitoring method that is robust to the distortions due to non-ideal modulation, the varia-
tions of the in-line EDFA gain and the number of filtering elements traversed by the signal.
Moreover, this method supports using the standard ROS retrieved by the existing machine-
learning technique based optical spectrum identification technique, and thus can remove
the need to measure the ROS near the transmitter, which is hard to perform, especially in
flexible optical networks. These merits make the method more robust and convenient to use
in practice. Extensive numerical simulations are presented to demonstrate the merits of the
proposed method with respect to the existing ROS based methods.

Index Terms: Optical signal to noise ratio (OSNR), optical performance monitoring (OPM),
optical spectrum (OS), cascaded filtering effect (CFE).

1. Introduction

Optical performance monitoring (OPM) is an enabling technique for robust and intelligent optical
networks [1]. Among the list of OPM parameters, optical signal to noise ratio (OSNR) is the most
important one because bit error rate (BER) is mainly determined by OSNR when the other transmis-
sion distortions, such as chromatic dispersion (CD) and polarization mode dispersion (PMD), are
compensated in the digital coherent optical receivers [2]. The traditional OSNR monitoring method
using optical spectrum analyzers (OSA) is based on linear interpolation of the noise level from the
spectral gaps between signals [3]. But for ultra-dense wavelength division multiplexing (UDWDM)
or superchannel transmission systems the spectral gap is very narrow, making the spectral gap
blurred or even invisible in common diffraction-grating based OSAs due to the limited resolution
(about 0.02 nm) [4]. Furthermore, due to the cascaded filtering effect (CFE) caused by the optical
filtering elements contained in the optical nodes, such as optical add-drop multiplexers (OADM)
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or wavelength selective switches (WSS), the ASE noise at the spectral gap may be significantly
suppressed [5], making the interpolation based method ineffective.

To solve this problem, many in-band OSNR monitoring methods have been proposed [6]-[10].
These methods can be mainly classified into two categories. The first type utilizes linear or nonlin-
ear optical schemes, such as the polarization-nulling technique [6], an optical delay interferometer
(ODI) [7], a non-linear loop mirror [8], a fiber parametric device [9], [10] or an optical detector
designed for two-photon absorption [11]. The second type of methods relies on digital coherent
optical receivers [12]-[14]. Each of these methods has some pros and cons. For the first type of
methods, they are cost-effective for network-wide deployment because they are relatively simple
in hardware implementations. But some of them are not effective to dual-polarization signals and
the others have a relatively small tolerance to the transmission distortions, such as CD and PMD
[6]-[10]. For the second type of methods, they have large tolerance to CD and PMD because
advanced DSP algorithms can be applied to mitigate the impact of these distortions in advance
[12]-{14]. However, with these methods OSNR can only be monitored within the full-fledged digital
coherent optical receivers, which are not cost-effective for the network-wide deployment.

Recently reference optical spectrum (ROS) based in-band OSNR monitoring methods have
attracted much attention as they are more cost-effective and robust [15]-[20]. These methods
rely on the widely deployed OSA [15] or just a simple tunable optical band-pass filter (OBPF)
in combination with an optical power meter [18]. They are inherently suitable for dual-polarization
signals and insensitive to CD, PMD and fiber nonlinear effect (NLE) [18]. They are also robust to
CFE after taking the spectral transmission coefficients of the filtering elements into consideration
[19]-[21]. However, the existing ROS based methods are based on three implicit assumptions.
The first is that the noise-free ROS keeps invariant after being measured [19], [21]. The second is
that the in-line EDFA gain is fixed and equal to the span loss exactly. The third is that the filtering
element is present in every span [21]. However, in practice, the unwanted non-ideal modulation
(NIM) distortions caused by optical modulator bias voltage drift (BVD), extinction ratio degeneration
(ERD) and drive voltage swing variation (DVSV) occur frequently and may change over time due to
component defects, environment changes and component aging [22], [23]. Thus, the noise-free
ROS launched by the transmitter is not invariant, and may vary with time. With regard to the
second assumption, the gain of the in-line EDFA may drift from the nominal value because of
manufacture tolerance, working condition and environment changes [24]. With regard to the third
assumption, the filtering element may be not present in some spans as OADM or WSS are not
always required in every span. Furthermore, the number of the filtering elements traversed by
the optical signal may change due to optical path reconfiguration in the flexible networks. Thus,
we need to investigate the performance of the existing methods when these assumptions are not
valid. Moreover, an obvious shortcoming of the existing ROS based methods is that they need
to measure the noise-free ROS near the transmitter. This is inconvenient and hard to perform,
especially in the flexible heterogeneous networks where the optical signal propagation path and
the type of the received signal optical spectrum (OS) may change frequently over time.

In this paper, we propose a new ROS based in-band OSNR monitoring method that is more
robust to the NIM distortions, the variations of the in-line EDFA gain and the number of filtering
elements traversed by the signal. Moreover, this method can remove the need to measure the
noise-free ROS near the transmitter and support using the standard ROS retrieved by the exiting
machine-learning technique based optical spectrum identification technique [25]. Extensive numer-
ical simulations are presented to illustrate the merits of the proposed method with respect to the
existing ones when NIM are present and when the in-line EDFA gain and the number of filtering
elements are changed.

2. Principle of Operation

The working principle of the ROS based OSNR monitoring method is schematically shown in Fig. 1.
Fig. 1(a) depicts the noise-free ROS. In theory, it is only determined by the type of optical signal
including its modulation format, baud rate B and pulse shape [25]. As shown in Fig. 1(a), fcr and
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Fig. 1. The working principles of the proposed ROS based OSNR monitoring method (a-c) and the
variations of the shape factors as the function of BVD, DVSV and ER (d-f).

for1.2.3 stand for the optical signal center frequency and three offset frequencies from fge, while
P .1.2.3 stand for the spectral powers measured within a bandwidth of B, at the frequencies of
for and forq 2.3. Thus, under ideal conditions, the ROS shaping factors Ry = P /R, R. = P/PRy and
Rz = P3/Ry are invariant for a given signal type. Fig. 1(b) depicts the signal OS (blue solid line)
when ASE noise is present. The spectra of the noise-free ROS (green dashed line) and amplified
spontaneous emission (ASE) noise (purple dashed line) are plotted separately for reference. We
stress that the ASE spectrum is not flat even inside the signal bandwidth because CFE shapes
the signal OS as well as the in-band ASE noise OS [21]. As we can see from Fig. 1(b), OSNR
degradation due to ASE noise makes the lower part of the signal OS submerge below the noise
pedestal, and meanwhile reduces the slope of the OS edge.

Taking advantage of the spectral shape variation due to ASE noise, the in-band OSNR can
be estimated by measuring the spectral power F;r and Porq.23 at for and forq.2.3 and solving the
equations as follows

Fer = Poo + Paseo, (1)
Por1 = Pst + Paser = Ry - a" - Pso + Paget, 2)
Por2 = Ps2 + Pase2 = Rz - B - Pso + Pasea. 3)
Pors = Pss + Pases = Ra - ¥ - Pso + Pases. (4)

Here «, 8 and y are used to characterize CFE on the signal spectral shape and stand for the
transmission coefficients of the filtering elements at for1 2 3 respectively. N stands for the number of
the filtering elements traversed by the optical signal. Considering that ASE OS is not flat inside the
signal bandwidth, Piseo 12,3 are not equal and have to be considered as four different variables.
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To solve the six unknown variables Psy, Paseo.1.2.3 and N from Egs. (1)—(4), we assume that there
is a linear interpolation relationship between Pyseg 1,23 as follows

Paseo — Pase2 Paseo — Paset

(5)

for — for, fer — for,
Paseo — Pase2 Paseo — Pases

= 6
fer — for, fer — for, (®)

With Egs. (1)—(4), (5) and (6), the six unknown variables Py, Paseo.1.2.3 and N can be solved. Finally,
the in-band OSNR can be calculated using the following equation

OSNR = 10 log1o <,< P ) . (7)
Paseo
where the calibration parameter « is determined by B,, and signal bandwidth.

For comparison, the existing ROS based methods only utilize Egs. (1)—(3) to estimate the in-band
OSNR as they have some loose assumptions such as the ASE noise OS is flat (Paseo.1.2,3 are
equal) [19], or the received ASE noise spectral powers can be modeled with a geometric sequence
with common ratios of « and 8 based on the second and third assumptions aforementioned [21].
Furthermore, all existing ROS based methods assume that the noise-free ROS and thus the shape
factors Ry 3 are invariant after the ROS is measured near the transmitter. However, in practice
the height of the spectral line (the impulse) at f;r corresponding to the optical carrier component
may vary over time due to NIM effect including BVD, ERD and DVSV, as shown in Fig. 1(c) [24],
[25]. In theory, the spectral line only exists in the amplitude shift keying (ASK) signal OS and does
not occur in the mPSK and mQAM signal OS. This is because the commonly used mPSK and
mQAM constellations are symmetric relative to the origin of the complex plane and thus the optical
carrier component is completely suppressed as the alphabet consists of counter-phase symbols
[26]. However, NIM will distort the constellation symmetry to some extent, and thus the optical
carrier component at foe will appear and vary randomly. In other words, R is affected by the NIM
distortions and will change over time for the same reason. This issue makes the shaping factors
Ry 2.3 also dependent on the NIM and related to a specific transmitter with its own NIM patterns
(combinations of BVD, ERD and DVSV). So ROS must be measured near the corresponding
transmitter. Furthermore, Ry 3 will change over time. Thus, the solutions of the equations may
be incorrect or even do not exist in some cases. To mitigate the impact of the NIM effect, we
measure Ry and P at ;- which has a small offset Af from fcr as shown in Fig. 1(a) and (b). When
Af > B, the effect of the central spectral line and thus NIM will be mitigated. We denoted the new
shape factors obtained with this method as R , ;.

Fig. 1(d-f) show the variations of Ry » 3 and Fx‘1 2.3 @s the function of BVD, ERD and DVSYV for the
25GBaud PM-QPSK signals obtained by numerical simulations. Here BVD and DVSV are defined
as the ratios of the deviations to the nominal values [25]. B,, and the offset Af are set to be 500 MHz
and 600 MHz, respectively. As we can see from Fig. 1(d) and (e), when BVD deviates from the ideal
value or when ER becomes smaller, R; 23 decreases because the intensity of the optical carrier
component (the central spectral line height) grows with the NIM effect, and thus Ry becomes larger.
But R} , 5 can maintain nearly the same value. Fig. 1(f) shows that R > 5 also changes with DVSV,
while F{q » 3 IS insensitive to the variations of DVSV.

After the above improvement, the shape factors R} 5 are not related to a specific transmitter
any more. Under this condition, the new method can adopt the standard ROS retrieved from the
OS database utilizing the machine-learning based OS identification technique [25]. By this way, we
can remove the need to measure the ROS near the transmitter which is very hard to perform in
practice. The setup of the ROS based OSNR monitoring system utilizing this technique is shown
in Fig. 2. The OS of the optical signal tapped from transmission fiber is first measured with an
OSA and then input into the OS type identification module which is based on the integration of
two machine learning techniques, namely unsupervised principle component analysis (PCA) and
supervised multiclass support vector machines (SVMs) for feature extraction and OS classification,
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Fig. 2. The setup of the OSNR monitoring system based on OS identification technique.
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Fig. 3. The setup of the EDFA amplified multi-span 100Gbps dual polarization NRZ-QPSK transmission
system.

respectively [25]. The classification label output by the SVM classifier is used to retrieve the
standard noise-free ROS from the OS database consisting of ideal distortion-free ROS of the
different types of the optical signals appearing in the network [25]. Finally, both of the received OS
and retrieved standard ROS are input into the OSNR calculation module to calculate the in-band
OSNR. Except the OSA, all of the modules in Fig. 2 can be implemented in software and thus they
can be integrated into an OSA without any extra hardware cost.

3. Performance Comparison of Different ROS-Based Methods

The EDFA amplified multi-span 3 x 100 Gbps dual polarization NRZ-QPSK transmission system
shown in Fig. 3 is set up to evaluate the performance of the ROS based methods proposed before
and in this paper. The OSNR of the central channel is measured with the methods proposed in
[19], [21] and this paper (hereafter referred to as method 1, 2 and 3). The numerical simulations
are based on the commercial software VPI TransmissionMaker 9.0. The QPSK signal is generated
using the commonly used modulation scheme [27]. OSNR is varied by changing the launched
signal power. In every span, a realistic fourth order Gaussian multichannel OBPF model with 50
GHz 3 dB bandwidth has been implemented to apply CFE [5]. It is plotted with dashed lines as
they may not exist in every span. Without loss of generality, we assume that the optical signal
propagates over 10 spans of 100 km standard single-mode fiber (SSMF) before being tested at the
OSNR monitoring point. The attenuation and dispersion coefficients of the SSMF are 0.2 dB/km
and 16 ps/nm/km, respectively. In each span, an in-line EDFA is used to compensate the span loss.
We note that ASE noise is generated in each of the EDFAs and thus ASE noise, as well as the
optical signal, will experience significant CFE before being measured at the monitoring point.

For method 1 and 2, Perof, or, are measured with B,, = 500MHz at f¢r, for, = for + 20 GHz and
for, = for + 23.5 GHz, which are the optimized parameters according to [21]. For method 3, Pr is
measured at fi = for + 0.6 GHz and the additional For, is measured at for, = for + 22 GHz. In this
paper we assume that the signal OS is measured with an ultra-high resolution OSA [19], [28]. They
can provide a spectral resolution of about 0.1pm (12.5 MHz) [28] and thus can easily satisfy the
spectral power measurement requirement with B,, = 500 MHz.
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TABLE 1
Different Combinations of NIM Distortions. Here EDFA Gain Variation is not Considered and N= 10

BVD DVSV ER(dB)
Case 1 0 0 24
Case 2 8% 0 24
Case 3 16% 0 24
Case 4 0 8% 24
Case 5 0 16% 24
Case 6 8% 8% 20

To demonstrate the different performance of the ROS methods, first, we assume that NIM
distortions are not present and the gain of the in-line EDFAs is equal to the span loss exactly
and the filtering elements are present in every span (N = 10). Fig. 4 shows the variations of the
estimated OSNR as a function of the real ones obtained by method 1, 2 and 3. As we can see,
under this ideal condition the performance is similar for methods 1, 2 and 3 when OSNR is higher
than 15 dB. But method 1 doesn’t work (no solutions of Egs. (1)—(3) exist) when OSNR is below
15 dB because it assumes that Piseo 1.2 are equal [19]. Thus, in the following investigation we only
compare methods 2 and 3 that perform well in Fig. 4. It is noteworthy that the calibration parameter
Kk is set at 1.35 and 1.05 dB for method 2 and 3, respectively, and no recalibration is carried out for
both of them in the following test.

To investigate the impact of NIM distortions, the six cases with different combinations of BVD,
DVSV and ER listed in Table 1 are considered in the test. Fig. 5 shows the monitoring results
obtained by method 2 and 3 when the shape factors measured in case 1 is used to estimate the
OSNR for the other cases. Fig. 5(a) shows the variations of the estimated OSNR as a function of
the real ones. As we can see, the performance of method 2 is satisfactory in case 2 but degrades
significantly in case 3, 4, 5 and 6. Fig. 5(b) shows the variations of the estimation error against the
real ones. The maximal error is only 1 dB for case 2 while it reaches 4.5 dB for case 5. The insets
in Fig. 5(b) can explain the reason. They are the ROS measured in case 2 and 5 when OSNR
= 20 dB. As we can see, the two ROS are obviously different and the latter has a much higher
spectral line at the center. Fig. 5(c) shows the variations of the estimated OSNR as a function of
the real ones when our method is used. As we can see, the curves obtained under different NIM
distortions overlapped with each other very well, proving that our method is insensitive to these
NIM distortions. Fig. 5(d) shows the variations of the estimation error against the real ones for our
method. The maximal error is only about 1 dB for all of the cases.
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Fig. 6. The monitoring results obtained with method 2 and 3 when the EDFA gain deviates from the
nominal value.

The performance of method 2 and 3 is also investigated when the EDFA gain deviates from the
nominal value and the filtering elements are not present in some spans. The EDFA gain is changed
by +0.2 and +£0.4 dB from the nominal value according to real fluctuations of the EDFA gain [24].
Fig. 6(a) shows the variations of the estimated OSNR versus the real ones. As we can see, the
OSNR estimated with method 2 (dashed lines) deviates from the real value and is not consistent
with each other. While with our method the estimated OSNR agrees with the real ones very well in
all cases, validating that our method is also insensitive to the EDFA gain variations. Fig. 6(b) shows
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Fig. 7. The monitoring results obtained with methods 2 and 3 when N changes.

TABLE 2
Different Combinations of the Three Effects

Non-ideal modulation

BVD DVSV ER(dB) EDFA gain deviation (dB) N
Case 7 8% 8% 24 0.2 7
Case 8 8% 0 20 0.2 5
Case 9 16% 8% 20 0.2 7

the variations of the estimation error versus the input signal OSNR. For method 2, the maximal
error is about 8 dB. While for our method, the maximal error is still below 1 dB.

Fig. 7(a) shows the variations of the estimated OSNR as a function of the real ones when the
number of the filtering elements are 3, 5 and 7, respectively. As we can see, the OSNR estimated
with method 2 also deviates from the real ones. While with our method the estimated OSNR still
agrees well with the real ones. Fig. 7(b) shows the variations of the estimation error versus the input
signal OSNR. For method 2, the maximal error is about 7 dB. While for our method, the maximal
error is still about 1 dB. We note that recalibration can’t solve the problem for method 2 because
the EDFA gain and the number of the filtering elements traversed by the signals may change over
time.

In practical applications, the distortions of NIM, the variations of the in-line EDFA gain and the
number of filtering elements may coexist. To investigate the overall impact of these effects, three
more cases as listed in Table 2 are considered in the test. Compared with Table 1, the variations
of the in-line EDFA gain and the number of filtering elements are taken into account. Fig. 8(a)
shows the variations of the estimated OSNR obtained with method 2 versus the real OSNR. As
we can see, the curves not only become severely bended as in Fig. 5(a), but also move up from
the dashed line representing the real OSNR as in Fig. 6(a) and Fig. 7(a). This phenomenon is due
to the combining effects of NIM and the variations of the EDFA gain and N. Fig. 8(b) shows the
estimation error of method 2. The maximal error is about 8 dB. The large error can be avoided
using the new method. Fig. 8(a) also shows the estimation results obtained with method 3. As we
can see, the estimated OSNR still agrees with the real OSNR very well for all of the three cases.
As we can see from Fig. 8(b), the estimation error of the new method only increases to about 2 dB
when OSNR reaches 30 dB. The maximal error of the new method is still smaller than 1 dB when
OSNR varies from 10 to 26 dB. This region is of greater interest for most practical applications.

We also evaluate the computation complexity of the three methods. Each algorithm runs 100
times on a personal computer for different input OSNRs and combinations of NIM, EDFA gain
deviations and N. The computer is equipped with an i7-6700HQ CPU and 12 GB memory. All of
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Fig. 8. The monitoring results obtained with methods 2 and 3 when NIM, the variations of the in-line
EDFA gain and the number of filtering elements coexist.

the algorithms are implemented in Matlab R2017a using the Matlab function ‘fsolve’ to solve the
equations. For method 1 and 2 they have to solve three equations, while the new method has to
solve six equations. The averaged elapsed times for method 1, 2 and 3 are 0.844 s, 0.843 s and
0.846 s, respectively. The time difference is very small, proving that the computation complexities
of them are similar.

4. Conclusions

In this paper, we propose a new ROS based OSNR monitoring method that is more robust and
convenient to use in practice. We first mitigate the NIM effect on the signal spectral factors by
measuring the center spectral power with a small offset from the optical carrier frequency. We
then mitigate the effect induced by the variations of the in-line EDFA gain and filtering element
number by establishing a new OSNR calculation model without any implicit assumptions about the
EDFA gain and filtering element number. Furthermore, the new method makes the spectral factors
in the OSNR calculation model not related to a specific transmitter, and thus supports using the
pre-stored standard ROS retrieved by the OS identification technique. Thus, it can remove the need
to measure the ROS near the transmitter. We also find that the computation complexity of the new
method is very close to the exiting methods. These merits make the new method more robust and
convenient to use in practice, compared with the existing ones.
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