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Abstract: An empirical phase noise channel model suitable for performance 
evaluation of high spectrally efficient modulations in 100G long-haul 
coherent optical transmission systems using polarization-division 
multiplexed and wavelength-division multiplexing channels is presented. 
The derivation of the model is worked out by exploiting the similarity 
between the power spectral density of the carrier extracted from the analysis 
of propagation measurements and the Lorentzian spectrum that is usually 
adopted to describe instabilities of semiconductor lasers. The proposed 
channel model is characterized by only two parameters: the linewidth of the 
carrier and the signal-to-noise ratio. We show that in the case of quadrature 
phase-shift keying transmission a good agreement exists between 
quantitative measures of performance extracted by processing experimental 
data and those obtained from simulations based on the use of the empirical 
model. 
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1. Introduction 

Polarization division multiplexed (PDM) transmissions with coherent detection of spectrally 
efficient modulation formats and digital signal processing (DSP) represent the enabling 
technologies to meet the demand for high capacity required by next generation wavelength-
division multiplexing (WDM) long-haul optical transport networks [1]. Together with the 
development of advanced DSP algorithms for coherent demodulation and detection, the 
introduction of forward error correction (FEC) coding schemes, with overheads in the order of 
20 percent that are based on soft decision decoding and iterative decoding, and their 
combination with high-order modulation formats is a subject of intense research activities 
[2,3]. Because of the challenge of capacity-approaching coded modulation schemes with such 
overhead rates, the operating signal-to-noise ratio (SNR) results to be much lower than that of 
actual coded systems based on hard decision decoding with a standard 7 percent FEC 
overhead. As it is well known, at such low SNR values carrier synchronization can become a 
limiting issue [4,5]. 

One of the main drawbacks of coherent detection for high-order modulation formats at low 
SNR is represented by their sensitivity to phase noise. In the case of linear propagation, carrier 
phase noise is dominated by laser phase noise and performance degradation due its effects is 
commonly evaluated by using a Wiener process model [6,7]. When nonlinear phase noise 
(NLPN) induced by the interaction of the signal and amplified spontaneous emission (ASE) 
noises through the Kerr effect is considered, the performance can be evaluated analytically by 
resorting to methods that are based on the physical description of the propagation [8,9]. A 
statistical characterization of NLPN allowing for analytical performance evaluation of phase 
modulated signals is given in [8]. The knowledge of the joint probability density function 
(pdf) of the amplitude and phase of the received signal has been exploited in [9] to derive the 
analytical expressions of the maximum-likelihood decision boundaries associated to the 
received phase-shift keying (PSK) signal constellation and the relative performance. 

It is worth emphasizing that the analysis in [8] has been derived for the case of single-
polarization by taking into consideration only the nonlinearities induced by the interaction of 
the signal with ASE noise in its bandwidth and in the adjacent channel bandwidths, but 
without considering the waveform distortion caused by neighboring interfering channels. 
Simulation results that are reported in [10] show that for WDM transmission with a central 
PDM quadrature phase shift keying (QPSK) test channel NLPN induced by the nonlinear 
interaction between signal and ASE is a second order effect in determining the entity of 
nonlinear impairments, both for the case of homogeneous transmission and for that of hybrid 
transmission. Specifically, in [10] it is shown that in WDM systems cross-nonlinearities give 
rise to interactions of neighboring channels according to their power level and their state of 
polarization. In the case of homogeneous transmission cross-polarization modulation 
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dominates over nonlinear signal-noise interactions while in the hybrid case the cross-phase 
modulation is almost entirely due to the modulation-induced large intensity excursion of 
adjacent channels. A simplified analytical model has been recently derived in [11] to ease the 
evaluation of nonlinear effects due to both the cross-polarization modulation and the cross-
phase modulation induced by adjacent channels. Although the analytical model presented in 
[11] has the advantage of avoiding the time-consuming computation associated to the split 
step Fourier method, it does not provide any statistical characterization of the received 
random carrier phase process in terms of amplitude distribution and power spectral density. 

Due to the inherent difficulties associated to the analysis when many nonlinear effects are 
considered, no special attention seems to have been given to the spectral characterization of 
the carrier phase noise in the existing literature. As a matter of fact, it is known that the 
spectral line subject to NLPN experiences a spectral distortion [12]. Two important factors for 
the design of carrier phase recovery circuits are the linewidth of the carrier phase noise and 
the level of ASE that is proportional to the inverse of the SNR [13]. The development of 
models that are able to capture and reproduce the effects at the SNR values of interest would 
allow us to evaluate the performance by running fast simulation programs that does not 
require off-line processing of data extracted from lab experiments or the physical description 
of the propagation. A challenge in optical channel modeling is the translation of a detailed 
physical propagation model into a form that is suitable for simulation. In contrast, parametric 
models based on measured data allow for an empirical description of the carrier phase-noise 
in time and in frequency domain. The characterization of the underlying random processes 
and power spectra are obtained by fitting model parameters to measured data. 

In this paper an empirical power spectral density characterization of the carrier phase noise 
after nonlinear propagation is derived. We show that the Wiener model is still adequate to 
describe carrier phase noise effects at SNR values that are of interest for soft-decision 
decoding of a 100G PDM-QPSK WDM channel after nonlinear propagation in different 
transmission scenarios. The effectiveness of the model is demonstrated by proving that the 
performance obtained from simulations based on the use of the empirical Wiener model fits 
the performance extracted by processing experimental data. Numerical results are presented 
for a 50 GHz spaced WDM grid where a central 100 Gb/s PDM-QPSK test channel is co-
propagated either with “hybrid” neighboring 10 Gb/s on-off keying (OOK) channels or with 
“homogeneous” 50 Gb/s PDM-QPSK channels along standard single-mode optical fiber 
(SSMF) and nonzero dispersion shifted fiber (NZDSF) with recirculating loops. The length of 
the optical links considered for different transmission scenarios are comprised between 900 
and 1800 km. These have been set by the maximum reach associated to the SNR at which 

corresponds a target bit-error rate (BER) of 10
2

, a typical value for the performance measured 
at the input of the soft decoder when overheads in the order of 20 percent are considered. A 
main finding is the experimental evidence that the linewidth associated to the carrier phase 
noise after propagation exhibits a broadening compared to its nominal value defined by the 
transmitting and receiving lasers. In the case of hybrid transmission a larger broadening has 
been observed compared to that of homogeneous transmission. 

2. Empirical system model 

The discrete time empirical model we consider for the k-th sample of the signal at the input of 
the carrier phase recovery circuit is 

 ,
j

k
k k kx s e n


    (1) 

where {sk} is the sequence of QPSK transmitted symbols with unitary average power and {nk} 
is a zero mean complex additive white Gaussian noise (AWGN) sequence with variance σn

2
. 
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Fig. 1. Experimental set-up for (a) generation, and (b) transmission and coherent detection of 
100G homogeneous and hybrid WDM transmission. 

The unknown time-varying phase of the incoming carrier is modeled as a Wiener process 

 
1 ,k k kw       (2) 

where δ is a constant and {wk} is a sequence of real independent and identically distributed 
Gaussian random variables with zero mean and unitary variance. For small δ, the spectrum of 
the continuous-time complex exponential e 

jθ
 

(
 

t
 

)
 affected by random phase walk that 

generates the sampled carrier sequence e 
jθk

 is the Lorentzian function [14] 
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where T is the symbol interval. The Lorentzian function is often characterized by its half-
width at half-maximum (HWHM) frequency 

 
2

.
4
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T




  (4) 

The effect of the modulation is easily removed from the received signal in Eq. (1) by 
multiplication for sk

*
 to obtain 

 ,
j

k
k k k kc x s e n

      (5) 

where nk’ is statistically equivalent to nk and * denotes complex conjugation. For small δ, 
carrier aliasing can be neglected and the power spectrum of the signal in Eq. (5) can be 
approximated as 

    
1 1 1 1

L ,
SNR 2 2

cS f f fT
T

      (6) 

where SNR=1/σn
2
 is the signal-to-noise ratio. From Eq. (1), Eq. (2) and Eq. (6) one observes 

that the empirical channel model can be completely specified once the values of the two 
parameters δ and SNR are known. The procedure used to extract the two parameters from 
experimental data is described in section 4. 

3. Experimental setup and receiver processing 

The experimental setup for signal generation is shown in Fig. 1(a). A laser source at 1545 nm 
was modulated using an integrated dual-polarization nested Mach-Zehnder modulator to 
generate a 100 Gb/s PDM-QPSK signal. Two WDM transmission configurations are tested; in 
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Fig. 2. Spectrum of the carrier plus AWGN for the empirical model and for the experimental 
data. (a) homogeneous case; (b) hybrid case. 

the hybrid transmitter configuration the test channel is wavelength multiplexed with 79 OOK 
non-return-to-zero (NRZ) channels modulated at 10 Gb/s spaced at 50 GHz; in the 
homogeneous transmission configuration the test channel is multiplexed with 79 PDM-QPSK 
100G channels spaced at 50 GHz. The same distributed-feedback (DFB) laser with nominal 
fHWHM=500 kHz was used as a light source for the test and the interfering channels. According 

to Eq. (4) this linewidth corresponds to δ = 1.5·10
2

. 
The signal was then launched into the recirculating loop depicted in Fig. 1(b). The loop 

consisted of 3×100 km SSMF compensated spans, or 4×75 km compensated spans of NZDSF. 
The loop included a dual-stage erbium doped fiber amplifiers (EDFAs) per span, a 
polarization scrambler, and a wavelength selective switch (WSS) filter for power equalization. 
A dispersion compensation fiber (DCF) is used between the two-stage EDFAs for partial 
dispersion compensation, according to a dispersion map for typical terrestrial systems [15]. 
The power at EDFA output was optimized for maximum reach, i.e., for optimal balance of 
amplified spontaneous emission noise and fiber nonlinearities. The maximum reach at BER 

target lower than 2·10
2

 for homogeneous WDM transmission was found to be 6 SSMF loops 
and 5 NZDSF loops, while for hybrid WDM transmission was found to be 5 SSMF loops and 

3 NZDSF loops. The launch powers into the SSMF and NZDSF were 1 dBm/channel and 3 

dBm/channel for homogeneous transmission and 2 dBm/channel and 7 dBm/channel for 
heterogeneous transmission, respectively. Note that, a target BER at the input of the decoder 

in the order of 10
2

 is usually considered for soft-decision decoding with rates in the order of 
20 percent [3,16,17]. At the receiver, the signal was selected by an optical filter, passed 
through a polarization beam splitter and then combined with the local oscillator via two 
optical 90 degree hybrids to select the in-phase and quadrature components of the two 
polarizations. Since the local oscillator laser is of the same type as that used at the transmitter, 
the back-to-back (B2B) nominal linewidth of the cascade of the transmitting and receiving 
oscillators turns out to be fHWHM = 1 MHz. On conversion into the electrical domain, the signal 
was digitized at 50 GSa/s using a real-time sampling scope with a bandwidth of 16 GHz. The 
sampled waveforms were then processed offline in a conventional PC. The receiver DSP is as 
described in [1]. 

4. Experimental data analysis 

In this section the procedure used to match the spectrum of the empirical model introduced in 
section 2 with that of the channel extracted from the measured data is described and a 
comparison of their performance is done. Results are shown for the power spectra, the phase 
mean-square error (MSE) between the recovered carrier and the incoming carrier phase, and 
the BER and the distribution of the errors after coherent QPSK differential decoding. 
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Table 1. BER and MSEθ measures extracted from the experimental data and those 
obtained by simulation using the empirical model 

 Homogeneous Hybrid 

 SSMF NZDF SSMF NZDF 

 BER MSEθ BER MSEθ BER MSEθ BER MSEθ 

Experimental 3.52·102 1.81·102 3.56·102 1.98·102 3.04·102 1.39·102 4.31·102 2.74·102 

Empirical 3.28·102 1.72·102 3.61·102 1.95·102 3.02·102 1.41·102 4.44·102 2.94·102 

A practical procedure is used for fitting the spectrum of the empirical model defined in Eq. 
(6) to that of measured data. The first step consists in generating the signal of Eq. (5) for the 
experimental data. This is done by analyzing the signal at the output of the constant modulus 
algorithm (CMA) for each considered propagation scenario and beating it with the known 
transmitted data symbols. Data aided maximum likelihood carrier frequency estimation is 
used to remove any frequency offset after the CMA equalizer [18]. The tuning of the two 
parameters δ and SNR is done to have the best possible match between the resulting power 
spectrum and that defined in Eq. (6). Figure 2(a) shows the spectra of the carrier plus AWGN 
extracted from experimental data in the case of SSMF homogeneous transmission and that 

obtained using the values SNR = 7 dB and δ = 6.6·10
2

. Such a δ corresponds to fHWHM 10 
MHz, thus evidencing an expansion of a factor 10 compared to the nominal B2B linewidth. 
Figure 2(b) shows the same spectra in the case of NZDSF hybrid transmission where the 

values are SNR = 7.3 dB and δ = 1.25·10
1

. In this case a huge broadening is observed 

compared to the homogeneous case with fHWHM 35 MHz. From the Figures we can clearly 
distinguish between the contribution of the 1/f 

2
 Lorentzian spectrum associated to the carrier 

and the one of the white spectrum of the Gaussian noise with amplitude 1/SNR. Similar 
results could be shown for the other two propagation scenarios where the values obtained for 

the fitting parameters are SNR = 6.9 dB and δ = 7.2·10
2

, for NZDSF homogeneous 

transmission, and SNR = 7.8 dB and δ = 1.35·10
1

, for SSMF hybrid transmission, 
respectively. 

The phase MSE of the coherent demodulator is defined as 

   2

mod 2

ˆMSE ,k kE


   
  

 (7) 

where E{·} is the expectation, modπ/2 is the modulo π/2 operation and ˆ
k  is the estimated 

phase. Due to the four-fold rotationally symmetry of the QPSK constellation, the recovered 
phase differs of an integer multiple of π/2 from the true carrier phase. This problem is 
commonly tackled by differentially encoding the bits associated to the constellation points. 
The BER is computed after coherent demodulation followed by differential decoding at the 
receiver. Carrier phase recovery after carrier frequency compensation implements the non-
data aided approximated maximum likelihood algorithm of [19] where the length of the post-
detection filter is optimized to minimize the BER. Table 1 reports the estimates of the 
considered performance measures obtained by computer simulations for all the considered 
transmission scenarios. Numerical results for experimental data have been obtained by 
averaging over multiple acquisitions. For the empirical model, the same parameters SNR and 
δ mentioned above were used. 

To further validate the empirical model, in Fig. 3(a) and Fig. 3(b) are reported the 
estimated pdfs of the inter-arrival time between two consecutive errors after differential 
decoding for the two considered transmission scenarios. We observe that also in this case the 
empirical model is able to closely reproduce the measure extracted from experimental data. 

The validity of the model was also verified for the same scenarios at other SNR values 
extracted from the measurements. It is worth noting that, while in the hybrid transmission 
case, for the same scenario, a change in the relative contribution of the received carrier 
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linewidth to the power spectral density was observed, no significant variations were found for 
the homogeneous cases. 

 

Fig. 3. Distribution of inter-arrival time between two consecutive errors after differential QPSK 
decoding. (a) homogeneous transmission; (b) hybrid transmission case. 

5. Conclusion 

An empirical phase noise channel model suitable for reproducing fiber’s nonlinearity effects 
on carrier phase noise at SNR values that are of interest for soft decision decoding in 100G 
PDM-WDM long-haul coherent optical transmission systems has been presented. Imposing 
the model of random phase walk plus AWGN, the channel is described by only two 
parameters: the value of δ, defining the linewidth of the Wiener phase noise, and the SNR of 
the AWGN. A major finding is that the experimental data worked out for several channel 
conditions are well fitted by the proposed channel model. Moreover, a broadening of the 
linewidth of the received carrier phase noise is observed compared to its nominal value 
defined by the back-to-back transmission where only the contribution of the lasers is present. 
As a matter of fact, a larger broadening has been observed in the case of hybrid transmission 
than in that of homogeneous transmission. To claim the fit between the empirical model and 
the experimental data, we have considered 

• carriers' spectrum plus noise floor; 

• phase MSE; 

• BER and distribution of the errors after coherent demodulation followed by differential 
QPSK decoding. 

Since the proposed empirical channel model is able to reproduce the same effects of 
experiments on the transmitted data, it is possible to replace the conventional short 
pseudorandom sequences that are used in lab experiments to produce the received sequence 
for offline processing with longer pattern sequences produced by the error correcting code. 
This allows for an easier performance evaluation of coded modulation schemes at the BER of 
interest completely within a simulation domain. 
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