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Abstract: We propose a power profile estimator using MMSE, that automatically adjusts the scaling 
and nonlinear rotation of constellation with complex scaling factor. We demonstrate robust 
performance in simulation and experiment, even at higher launch powers. © 2023 The Author(s) 

 

1. Introduction 

As optical transmission link monitoring becomes important for 
low margin operation of autonomous and disaggregated optical 
networks [1-2], there has been active research on longitudinal 
power profile estimation (PPE) for each wavelength by 
leveraging coherent optical receiver without the need for any 
additional hardware such as OTDR [1-6]. PPE based on 
coherent receiver not only measures power profile in multi-span 
transmission but also can be used for characterization of gain 
profile of EDFA/Raman hybrid transmission systems [6]. There are two major approaches of PPE using the coherent 
receiver [1]. One is based on correlation method (correlation-PPE) and the other one is Minimum Mean Square Error-
based method (MMSE-PPE) [1]. In general, two waveforms are compared in both methods, the reference waveform 
at the receiver side acquired by coherent receiver and the emulated waveform obtained by transmitting optical signal 
over transmission link in numerical domain. Correlation-PPE finds optimal parameters to estimate power profile by 
maximizing intensity correlation between the reference waveform and the emulated waveform obtained via single-
step digital backpropagation [2]. MMSE-PPE finds optimal parameters via multi-step emulation to estimate power 
profile by minimizing mean square error between the two waveforms of complex-valued electric field [1, 3-6]. [1] 
reports that correlation-PPE has limitation in spatial resolution and requires additional calibration process to estimate 
power profile while MMSE-PPE can directly output absolute longitudinal power profiles with better spatial resolution. 

Nonlinear transmission over optical fiber causes rotation of the optical signal constellation [7]. In practical 
applications with coherent receiver, nonlinear rotation, nl in Fig. 1(a), of constellation in transmission line cannot be 
measured because of carrier phase noise (CPN) from finite laser linewidth and environmental perturbation on fiber. 
Furthermore, carrier phase recovery (CPR) removes CPN and nonlinear rotation nl (Fig. 1(b)). This unknown angle 
nl may not be required for correlation-PPE since it evaluates correlation of waveforms in intensity that removes phase 
information. However, MMSE-PPE requires additional process to estimate the angle nl because it compares 
waveforms of complex-valued electrical fields [6]. We propose an elegant solution for this problem by introducing 
complex scaling factor that can automatically adjust scaling and nonlinear rotation of constellation for robust operation 
of PPE. We demonstrate its improved and robust performance in simulation and experiment, including reliable 
anomaly loss detection in transmission links.  

2. Impact of Unknown Nonlinear Rotation of Constellation in MMSE-PPE  

 The unknown nonlinear rotation, nl, can cause problem in MMSE-PPE that finds optimal parameters minimizing 
errors between the emulated and the received reference waveforms because nonlinear interference noise and nonlinear 
rotation of constellation occur in transmission [7], that depends on dispersion and power profile. 

To illustrate the impact of nonlinear rotation of constellation in MMSE-PPE, a 96 Gbaud DP-16QAM is 
transmitted over 5 spans of 80 km SMF links with ideal noiseless optical amplifiers. Dispersion of fiber is about 17 
ps/nm/km, nonlinear coefficient is 1.3 /W/km, fiber attenuation is 0.2 dB/km. Launch power is set as 0 dBm or 4.8 
dBm. Split-step Fourier method is used for transmission simulation with 8 samples per symbol and step size of 0.1 
km. Conventional MMSE-PPE (C-MMSE-PPE) based on [3] is used with 60 steps per span and 2 samples per symbol. 
The estimated results are smoothed by taking moving average over 5 points. The number of symbols is 213. Figure 2 
(a) shows the estimated power profile (C-MMSE-PPE with circular and cross markers), when the nonlinear rotation, 
nl, is ignored at the received waveform. The PPE shows clear discrepancy with theoretical expectation (red dashed 
line) based on fiber span and attenuation. C-MMSE-PPE, black solid and green dashed lines in Fig. 2 (a), shows the 
estimated power profile when the nonlinear rotation found in simulation is considered. The PPE shows good agreement 

 
Fig. 1. Constellation at receiver side: (a) with nonlinear rotation 
nl in transmission line, (b) after carrier phase recovery. 
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with theory; however, it starts to show a 
bit noisy result at 4.8 dBm (black line) 
possibly due to stability of solution and 
may require larger number of symbols for 
better accuracy. 

As shown in these examples, 
estimation of nonlinear rotation, nl, is 
required for proper operation of C-
MMSE-PPE. 

 
3. MMSE-PPE with Complex Scaling 
Factor   

Linear least square method is used in [3] to solve MMSE for PPE. We modify the linear least square method by 
introducing a complex scaling factor that can properly model the emulated waveform by taking into consideration the 
nonlinear rotation, nl, and normalization errors of constellation in PPE. We explained the difficulty of measuring nl 
in introduction. Normalization error may not be expected normally, but it can happen in certain circumstances. As an 
example, if transmitter characteristics such as frequency response with limited bandwidth is not fully characterized, 
then reconstructed waveform at transmitter based on received symbols may have some errors which can cause 
normalization error. 

Let us assume 𝐴ሺ𝑧𝑘,𝑚ሻ is optical signal where 𝑧 is location and m is the sampling sequence. 𝐴ሺ𝑧0 ൌ 0,𝑚ሻ and 
𝐴ሺ𝑧𝑁 ൌ 𝐿,𝑚ሻ are complex-valued waveforms at transmitter and receiver respectively, where there are M samples in 
each waveform and N segments along the transmission line. The solution describing emulation of propagation based 
on nonlinear Schrödinger can be found as  

   
considering first order perturbation terms only as described in [3], where 𝐻ሺ𝑧ሻ is a linear operator describing chromatic 
dispersion for the propagation of distance z and 𝑁 is nonlinear operator ‖∙‖2, ∆𝑧 is the step size of segment, and 𝛾ᇱ ൌ
െ𝛾exp[ 𝛼ሺ𝑧ሻ𝑑𝑧

௭ೖ


]. 𝛼ሺ𝑧ሻ is attenuation in fiber and 𝛾 is nonlinear coefficient of fiber such that 𝛾ᇱ is proportional 

to optical power at 𝑧 when power of 𝐴ሺ𝑧𝑘,𝑚ሻ is normalized. Now, let us introduce a complex scaling factor 𝜌𝑒ఏ in 
Eq. (1), then 

 
To rewrite Eq. (2) in simpler form, let us define 𝑔ሾ𝑧,𝑚ሿ ൌ െ𝑗∆𝑧 ቄ𝐻ሺ𝐿 െ 𝑧ሻ ቂ𝑁 ቀ𝐻ሺ𝑧ሻ𝐴ሺ0,𝑚ሻቁቃቅ, where 𝑚 ൌ

0, … ,𝑀 and 𝑘 ൌ 0,1, … ,𝑁 െ 1. We define ሺ𝑮ሻ ൌ 𝑔ሾ𝑧,𝑚ሿ for k < N and ሺ𝑮ሻே= 𝐻ሺ𝐿ሻ𝐴ሺ0,𝑚ሻ,   𝜸" ൌ

𝜌𝑒ఏൣ𝛾ᇱ, 𝛾ᇱଵ, … , 𝛾ᇱேିଵ, 1൧
்
 where 𝛾"ே= 𝜌𝑒ఏ, and 𝑨 ൌ ሾ𝐴ሺ𝐿, 0ሻ,𝐴ሺ𝐿, 1ሻ, … ,𝐴ሺ𝐿,𝑀ሻሿ். Then the Eq. (2) becomes 

 
In estimation of 𝜸", we minimize 𝐼 ൎ  𝐸ሾ‖𝑨 െ 𝑮𝜸"‖ଶሿ or difference between two sides in Eq. (3) where left side 

is reference waveform at receiver side and the right side is emulated one by propagation of transmitter-side waveform. 
The solution of Eq. (3) minimizing 𝐼 is well known as  

 
Finally, power profile is proportional to absolute value of ሾ𝛾", 𝛾"ଵ, … , 𝛾"ேିଵሿ/ 𝛾"ே where 𝛾"ே is optimal complex 

scaling factor taking care of scaling and nonlinear rotation of constellation. This proposed method with scaling factor 
is denoted as SF-MMSE-PPE in the rest of the paper. 

4. Evaluation of Proposed SF-MMSE-PPE 

4.1. Simulation Results 
The proposed SF-MMSE-PPE is applied to the simulation example in section 2. The results, in Fig. 2 (b) with legend 
SF-MMSE-PPE, show consistent estimation of PPE as expected without regard to unknown nonlinear rotation of 
constellation. In addition, we found that estimated power profile is better for higher launch power of 4.8 dBm. We 
tried even higher launch power of 15 dBm and found that SF-MMSE-PPE still worked while C-MMSE-PPE failed 
(not shown due to limited space). The reason why SF-MMSE-PPE shows better result at higher launch power is due 

𝐴ሺ𝐿,𝑚ሻ ൎ 𝐻ሺ𝐿ሻ𝐴ሺ0,𝑚ሻ െ  𝑗𝛾ᇱ∆𝑧 ቄ𝐻ሺ𝐿 െ 𝑧𝑘ሻ ቂ𝑁 ቀ𝐻ሺ𝑧𝑘ሻ𝐴ሺ0,𝑚ሻቁቃቅ                                                            ሺ1ሻ

ேିଵ

ୀ

 

𝐴ሺ𝐿,𝑚ሻ ൎ 𝜌𝑒𝑗𝜃𝐻ሺ𝐿ሻ𝐴ሺ0,𝑚ሻ െ 𝜌𝑒𝑗𝜃  𝑗𝛾ᇱ∆𝑧 ቄ𝐻ሺ𝐿 െ 𝑧𝑘ሻ ቂ𝑁 ቀ𝐻ሺ𝑧𝑘ሻ𝐴ሺ0,𝑚ሻቁቃቅ                                          ሺ2ሻ

ேିଵ

ୀ

 

                                                          𝑨 ൎ 𝑮𝜸"                                                                                                              ሺ3ሻ

                                                          𝜸" ൌ ൣ𝑮†𝑮൧
െ1
𝑮†𝑨                                                                                                     ሺ4ሻ

 
Fig. 2. Estimated power profiles (black solid and green dashed lines: with known nl, 
circular and cross markers: without known nl): (a) C-MMSE-PPE, (b) SF-MMSE-PPE. 
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to the larger solution space considered in (4). The SF-
MMSE-PPE method does not limit to real valued 
solution only as in C-MMSE-PPE. These simulation 
results show the clear benefit of modeling with 
complex scaling factor in SF-MMSE-PPE. 

4.2. Experimental Results 
Experimental setup is shown in Fig. 3. Channel under 
test (CUT), with 96 Gbaud DP-16QAM, is 
transmitted over 5 spans of 80 km SMF with 44 
neighboring channels at 100 GHz spacing loaded with 
shaped ASE noise by WSS filter. An additional variable attenuator is added in the middle of third span to emulate 
anomaly loss. Launch power is set as 2.8 dBm or 4.8 dBm per channel. The received OSNR is 30 dB. Arbitrary 
waveform generator is used for CUT to generate data with Nyquist pulse shaping at transmitter. Digital storage scope 
is used to sample data from coherent detection. Stored data is processed off-line. Training symbols and pilot symbols 
are added for adaptive equalizer and CPR. One sample per symbol, just like shown in Fig. 1 (b), is used for SF-MMSE-
PPE assuming hardware limitations in data transfer for analytics. The reference waveform at the receiver is obtained 
by applying chromatic dispersion of transmission link after upsampling with zero padding in frequency domain. 
Simple hard decision is used to determine transmitted symbols, then the waveform at the transmitter is reconstructed 
by applying Nyquist pulse shaping. But frequency response of all the components in transmitter is not characterized, 
thus just flat frequency response is assumed. A total number of 40 waveforms with 722400 symbols are processed and 
averaged over the number of waveforms to find the longitudinal power profile.  

Figure 4 (a) shows good agreement between the results (black solid and green dashed lines) by SF-MMSE-PPE 
and theoretical profile (red dashed line) except some regions where nonlinear interference is small due to lower optical 
power, while C-MMSE-PPE shows big discrepancy (yellow line). We also found that there was about 10% error in 
normalization of waveforms due to unknown factors in transmitter. In the region where optical power is small due to 
attenuation, SF-MMSE-PPE with 4.8 dBm launch power shows better result (as highlighted with blue circle in Fig. 4 
(a)) than with smaller launch power because of difference in nonlinear interference. Experimental results also confirm 
reliable operation of SF-MMSE-PPE 
without the need to know the nonlinear 
rotation, nl, thereby simplifying the 
implementation. Figure 4 (b) shows the 
estimated power profile by SF-MMSE-
PPE depending on anomaly loss at the 
third span (no loss or 3 dB loss at 40 
km), which confirms reliable detection 
of anomaly loss by closely overlapped 
profiles except the region affected by 
anomaly loss (green circle).  

5. Conclusion  

We proposed a robust MMSE-PPE by introducing a complex scaling factor that automatically adjusts scaling and 
nonlinear phase rotation,nl, of constellation for waveforms.  In practical coherent systems, we cannot measure nl of 
constellation that affects accuracy of conventional MMSE-PPE. The SF-MMSE-PPE showed robust estimation of 
longitudinal power profiles in simulation and experiment, even at higher launch powers. It is envisioned that reliable 
anomaly detection and localization from this PPE technique can simplify operations of disaggregated optical networks. 
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Fig. 4. Estimated power profiles using SF-MMSE-PPE: (a) depending on launch power, (b) 
depending on anomaly loss. 

 
Fig. 3. Schematic diagram of experimental setup. 
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