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Abstract: In this paper, a simple novel digital modulation format
identification (MFI) scheme for coherent optical systems is proposed.
The scheme is based on the evaluation of the peak-to-average-power ratio
(PAPR) of the incoming data samples after analog-to-digital conversion
(ADC), chromatic dispersion (CD) and polarization mode demultiplexing
(PMD) compensation at the receiver (Rx). Since at a particular optical-
signal-to-noise ratio (OSNR) value different modulation formats have
distinct PAPR values, it is possible to identify them. The proposed scheme
and the results are analyzed both experimentally and through numerical
simulations. The results demonstrate successful identification among four
modulation formats (MF) commonly used in digital coherent systems.
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1. Introduction

Annual global IP traffic is predicted to increase by almost threefold over the next 5 years and
will cross the zettabyte (102! bytes) threshold in 2016 [1]. This presents a big challenge to the
current and future optical networks and hence requires flexible transceivers supporting mixed
data rates and multiple modulation formats [2]. The model of flexible optical transceivers is
based on the software defined radios (SDRs) of wireless that allows the system to be reconfig-
ured in software for implementing the most suitable transmission protocol [3]. This makes the
optical transmitter and receiver ’software-programmable’ and allows them to configure various
transmission schemes by implementing different data rates, modulation formats and forward
error correction (FEC) protocols[4].

Owing to the flexible transceivers, it is no longer guaranteed that the signals arriving at the
receiver side would have the same, known in advance, modulation format (MF) [5]. Thereceiver
thus needs to have some 'blind’ or ‘flexible’ algorithms to adapt to these changes. Modulation
format identification (MFI) is of high interest for the next generation fiber-optic networks as
it could grant more autonomy and flexibility to the network. Elastic optical networks (EON)
and cognitive optical networks (CON), with rate-adaptive transceivers [4] supporting multiple
modulation formats, have recently drawn a considerable interest as future optical networks.

Although MFI for wireless systems has been thoroughly investigated [6], not much work
has been done for the recognition/identification of modulation formats in fiber-optic networks.
For MFI, adigital coherent receiver should be able to identify the MF of the incoming signals
to ensure proper demodulation. However in optical communication systems frequency offset
compensation (FOC) and carrier phase estimation (CPE) techniques require a prior knowledge
of the modulation format. This makes blind MFI on-the-fly more difficult.

Up till now very few techniques are available in the literature for blind MFI. Some are based
on artificial neural networks [7], Expectation-Maximization (EM) [5] and k-means clustering
[8], and require very complex iterative algorithms, while others are based on received signal
power distribution [9] and physical-layer signal characteristics [10] and have high agorithmic
complexity.

In this paper we propose a simple and novel MFI scheme based on the evaluation of the
peak-to-average-power ratio (PAPR) of the received data samples. At a particular optical signa
to noise ratio (OSNR) value, different modulation formats have distinct PAPR which can be
used as defining parameter for their correct identification. Simulation and experimental results
demonstrate successful identification of four commonly used modulation formats. Furthermore,
the proposed technique can also be extended to other lower or higher order formats.

2. Modulation format identification (MFI) scheme

The MFI scheme is based on two steps which are described in the following:
1) Blind OSNR monitoring
2) Evaluation of PAPR at that OSNR value

#245649 Received 14 Jul 2015; revised 4 Sep 2015; accepted 5 Sep 2015; published 2 Oct 2015
© 2015 OSA 5 Oct 2015 | Vol. 23, No. 20 | DOI:10.1364/0E.23.026769 | OPTICS EXPRESS 26770



Proposed in-band
OSNR monitor.

%
| """ ‘ """"""""" Balanced i”‘PCF T POF
npu Monitored g \ ] I
signal c:L(ljpElier\ detoctor gnSINrRe /| Spectrum ] %’egmfjm 1
] @LO=fcr ] LO=for
— A e 7
/| ASE noise " ASE noise
Electrical  Electrical -
low pass filter power meter
Control signal (a) (b) (C)

Fig. 1. (@) Schematic diagram of proposed in-band OSNR monitor, (b)-(c) RF spectra after
balanced detector showing filtered signal and ASE noise, whereas Pcr and Por represent the
electrical power of centraly filtering fcp and offset filtering at frequency for .

2.1. Blind OSNR Monitoring

Several techniques are available in the literature for blind OSNR monitoring [11-14]. We have
adopted a recently proposed in-band OSNR monitoring scheme [13] for our MFI technique.
Figure 1(a) shows the schematic diagram of the proposed in-band OSNR monitor deployed at
the intermediate network nodes which consists of atunable laser, a 3 dB coupler, alow speed
balance detector, alow pass electrical filter, an electric power meter and a control and process
unit (CPU). First, the incoming signal tapped from the transmission link is mixed and beaten
with a continuous light produced by the tunable laser though a 3 dB coupler and a balance
detector. The input signal is coherently received and the obtained baseband RF signal is then
filtered out by the electrical low pass filter. By tuning the frequency of tunable laser to the
central frequency of the target channel fcg, and the offset frequency for, the power of the
target optical signal at two different frequencies are converted to the correspond electric power
and are measured by the electrical power meter as Ror and Por respectively (See Fig. 1(b)-(c)).
The relationship among RPer, Por, signal power (Pgg) and amplified spontaneous emission
(ASE) noise power (Pase) can be described as [13]:

Rer = Pac+ Pass, Por = RPyg + Pase D

where the amount of ASE noise at fcg and for is assumed to be the same. The calibration
parameter R can be obtained by placing the monitor at the Tx-side and performing a back to
back measurement where the ASE noiseis negligible, i.e. R=Por _1x/Pcr_1x. Thenin the CPU
the monitored OSNR can be calculated as:
Psc 1—PRer/Por
OR P Y(PCF/POF)R_:L @
where the calibration parameter y is determined by the relationship among the electrica
filter bandwidth, signal bandwidth and defined noise bandwidth and can be obtained by a back
to back measurement. Using this scheme successful monitoring of OSNR was obtained within
1 dB error. However, it is important to note that the OSNR monitoring will be a very difficult
task in the high spectral efficiency transmission systems due to the limited guard-band between
sub-channels.

2.2. PAPR evaluation

After getting an OSNR value the next step is the evaluation of PAPR after analog to digital
conversion (ADC), chromatic dispersion (CD) compensation and polarization demultiplexing.
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The PAPR is defined as: )
PAPR — max, K- ©)
Pay

where P, is the average power and y are the equalized received data samples affected by
both additive Gaussian noise (AGN) and phase noise. They can be written as:

v = xc€ & 4+ ny @)

where xi are data symbols which can be QPSK, 16-QAM, 64-QAM or 256-QAM. ny isthe
additive white Gaussian noise (AWGN), which models the ASE noise introduced by optical
amplifiers. The laser phase noise 6 is modeled as a Wiener process [15] in which

k
b= Vi ®)

where v;’s are independent and identically distributed Gaussian random variables with zero
mean and variance
6? =2nAv-Ts (6)

where Av isthe laser linewidth and Ts is the symbol period.
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Fig. 2. (a) Constellations, (b) Received signalsin presence of frequency offset, phase noise and
other impairments, (c) Normalized signal power distributions.

If we normalize the data samples so that their average power is the same, the only quantity
to be considered in the PAPR evaluation will be the peak power (PP). Figure 2(a) shows the
constellation plot of QPSK, 16-QAM, 64-QAM and 256-QAM. Figure 2(b) shows the same
constellations affected by frequency offset, phase noise and other impairments. Figure 2(c)
shows the distribution of the normalized power samples with different PP values for differ-
ent modulation formats. Higher the order of the QAM modulation format, higher will be its
PP (provided that P, is the same). At different OSNR values, PAPR of different modulation
formats have distinct values and hence can be used for MFI.
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Fig. 3. Simulation Setup.

3. Simulation setup and results

The simulation setup for in-band OSNR monitoring and PAPR evaluations for MFI is shown in
Fig. 3. Four polarization-multiplexed (PM) modulation formats (PM-QPSK, PM-16QAM, PM-
64QAM and PM-256-QAM) at 28 Gbaud are generated at the transmitter side. The transmitter
laser (Tx) isset to 1553.12 nm and has alinewidth of 100 kHz. The resulting signal isthen am-
plified by an erbium-doped fiber amplifier (EDFA) and transmitted through arecirculating loop
which consists of 80-km standard single-mode fiber (SSMF) and an EDFA. The EDFA inside
theloop fully compensates for the span loss. A tunable attenuator is placed before the EDFA to
set the OSNR values for the received signals. At the loop output, the signal is simultaneously
received by a coherent receiver (LO linewidth 100 kHz), an OSNR monitor and an optical spec-
trum analyzer (OSA) for comparison. The reference OSNR measured by OSA uses out-of-band
noise measurement and refers to 0.1 nm noise bandwidth [11]. In-band OSNR monitor blindly
monitors the OSNR (within 1 dB error) whereas the coherently detected samples enter the digi-
tal signal processing (DSP) unit. For back-to-back analysis, the portion enclosed by red dashed
rectanglein Fig. 3 isomitted and is replaced by an attenuator. The tunable attenuator is used to
set the OSNR values for the received signals.

The curvesin Figs. 4 and 5 show the simulation results for a back-to-back system in terms of
the mean (upapr) and standard deviation (opapr) Of the estimated PAPR values as a function of
OSNR for the four modulation formats, respectively. The values of Lipapr and opapr for each
modulation format and each OSNR value have been obtained by evaluating, respectively, the
average and the standard deviation of the PAPR values estimated running 10,000 Monte-Carlo
simulations. The PAPR values have been evaluated by considering an increasing number of
symbols (from 10,000 in Figs. 4(a) and 5(a) to 100,000 in Figs. 4(d) and 5(d)). The number
of considered symbols has been varied to asses the sensitivity of the proposed scheme to the
length of the estimation window. In Fig. 4 black dashed curves, which show the threshold value
at a particular OSNR, are also shown. These curves are obtained by taking the average of the
Upapr Values between two neighboring modulation formats.

The curves in Fig. 6 show the the average PAPR values as a function of OSNR for the
four modulation formats after propagation. Solid and dotted lines in Fig. 6 are for 320 km
(4-loops) and 1280 km (16-loops) fiber systems, respectively. The fiber length was varied to
check the performance of the proposed algorithm against fiber non-linearities (O dBm input
signal power) and different transmission configurations. Approximately 217 symbols are used
for PAPR evaluations.

The received signals are sampled at 2 samples per symbol (SpS) and processed off-line
through different stages of a digital signal processing (DSP) unit, as shown in the right part
of Fig. 7. The PAPR scheme for MFI isintroduced after modulation format independent con-
stant modulus algorithm (CMA) used for polarization demultiplexing (see Fig. 7). For CMA
equalization a 21 taps filter and an step size of 10~* was used. Note that before introducing the
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different number of symbols used in the PAPR estimation.
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Fig. 5. Standard deviation of estimated PAPR (opapr) VS OSNR for different modulation for-
mats and different number of symbols used in the PAPR estimation.
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OSNR vs Peak to Average Power Ratio (PAPR)
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Fig. 6. Simulation results for polarization multiplexed (PM) QPSK, 16-QAM, 64-QAM and
256-QAM systems at 28 Ghaud for different fiber lengths.

MFI schemeall the other schemesin Fig. 7 i.e normalization and resampling, CD compensation
and CMA are al modulation format independent. Since the proposed scheme is applied after
CMA equalization, it is also independent of the pulse shape.

The simulation results shown in Figs. 4 and 6 indicate that successful MFI can be obtained at
different symbol and fiber lengths, respectively, indicating that the proposed techniqueisinde-
pendent of number of symbols used for PAPR evaluation, fiber non-linearities and transmission
length. At a particular OSNR, a threshold (indicated by black dashed curvesin Fig. 4) can be
used for successful MFI between different modulation formats.

The plotsin Figs. 4 and 6 show that the curves get closer in low OSNR region, making MFI
somewhat difficult. This is because ASE noise is very high at low OSNR values and hence
can significantly affect the PAPR. However, each modulation format with OSNR values in its
normal operating region (BER ~ 102, considering FEC threshold with 20% overhead) shows
that a successful MFI can be obtained. Table 1 gives the theoretical OSNR values @ BER =~
102 for the considered modulation formats.

Table 1. Theoretical OSNR Values for Different Modulation
Formats @ BER ~ 102

Case Modulation Format OSNR @ BER ~ 102 (dB)

1 PM-QPSK 7.3
2 PM-16QAM 13.9
3 PM-64QAM 19.7
4 PM-256QAM 254
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Fig. 7. Experimental Setup for modulation format identification (MFI) of 112 Gb/s (28GBaud)
PM-QPSK, 112 Gb/s (14Gbaud) PM-16-QAM and 240 Gb/s (20Gbaud) PM-64-QAM systems.

4. Experimental setup and results

The experimental setup is shown in Fig. 7. An external cavity laser (ECL) with a linewidth
of 100 kHz and wavelength 1550.32 nm is modulated by an integrated 1Q modulator. The |
and Q branches of the |Q modulator are driven by two 14-Gbaud 4-level and 20-Gbaud 8-level
electrical signalsin order to generate 16-QAM and 64-QAM signals, respectively. A 28-Gbaud
2-level signal generator is also included for generating PM-QPSK signals.

OSNR vs Peak to Average Power Ratio (PAPR)

10 :
=== PM-64QAM

9 ~~PM-16QAM |
=—PM-QPSK

PAPR
o
/

> o

10 15 20 25 30 35 40
OSNR in 0.1 nm [dB]

Fig. 8. PAPR vs OSNR for polarization multiplexed (PM) QPSK, 16-QAM and 64-QAM after
CMA for aback to back system.

The modulated optical signal is then polarization multiplexed through polarization beam
splitter (PBS), optical delay lines and polarization beam combiner (PBC). The resulting signal
is then amplified by an erbium-doped fiber amplifier (EDFA) and transmitted through a fiber
recirculating loop which consists of 80-km standard single-mode fiber (SSMF) and an EDFA. A
tunable attenuator is placed before the EDFA to set the OSNR values for the received signals.
At the receiver side, an optical band pass filter (OBPF) with bandwidth 0.6nm is used for
filtering the out-band noise. The received signal is coherently detected by an integrated coherent
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receiver with alocal oscillator (ECL, with line-width 100 kHz). The detected signal is sampled
by areal-time sampling scope of 80 GS/s for 16QAM and 50 GS/s for the other two formats.
The captured datais processed offline using DSP algorithms shown in Fig. 7. For back-to-back
analysis, the portion enclosed by red dashed rectangle in Fig. 7 is omitted and is replaced by
the portion enclosed by green dashed rectangle.

Launch Power vs Peak to Average Power Ratio (PAPR)
12

—112 Gb/s PM-16QAM (1200 km)
—=—240 Gb/s PM-64QAM (320 km)
10
8
/\\ /
’
o “ /
4
2
0 -6 -4 -2 0 2 4 6

Power [dBm]

Fig. 9. PAPR vs Launch Power after CMA for 16-QAM (1200 km) and 64-QAM (320 km) fiber
systems.

The PAPR evaluation block is introduced after the modulation format independent CMA
stage used for polarization demultiplexing in the DSP unit for MFI, as shown in Fig. 7. The
CMA for polarization demultiplexing consists of two stages. The 1st stage is the conventional
modulation format independent CMA while the 2nd stage is the modul ati on-format-dependent
radius-directed constant modulus algorithm (RD-CMA). The PAPR scheme for MFI is intro-
duced after the 1st CMA stage.

Figure 8 showsthe plot of PAPR vs OSNR whereas Fig. 9 shows the plot of PAPR vs Launch
Power after modulation format independent CMA agorithm. Curvesin Fig. 8 are for a back-
to-back PM QPSK, 16-QAM and 64-QAM systems. Curves in Fig. 9 are for 1200 km (15-
loops) 112 Gh/s PM 16-QAM and 320 km (4-loops) 240 Gb/s PM 64-QAM fiber systems.
The experimental results shown in Figs. 8 and 9 after CMA are in good agreement with the
simulation results. At each OSNR or launch power value, PAPR of different modulation formats
have distinct values and hence can be used for MFI.

5. Conclusion

In this paper, asimple novel MFI scheme based on the evaluation of PAPR of the incoming data
samples is proposed. To the best of our knowledge the scheme proposed here is the simplest
among all the schemes present in the literature. By setting a threshold at a particular OSNR
value, the technique can perform blind MFI on-the-fly for several optical modulation formats.
The proposed technique was analyzed both experimentally and through numerical simulations
obtaining a successful identification of multi-level QAM modulation formats.
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