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Abstract We review the advancements in Rx DSP-based transmission-link monitoring methods, which 

reveal fiber-longitudinal distributions of various physical parameters (e.g., signal power profile, gain 

spectra, and filter responses) along a multi-span link without analog testing instruments. We also discuss 

the comparison of power profile estimation methods. ©2022 The Author(s) 

Introduction 

To operate a transmission system at its maximum 

rate with less margins, various physical 

parameters of the link have to be accurately 

monitored [1]. Numerous studies have been 

conducted on estimating link parameters such as 

OSNR, fiber nonlinear noise [2], and polarization 

mode dispersion [3] from receiver-side (Rx) 

digital signal processing (DSP). However, these 

parameters are cumulative information and do 

not help in estimating the component-wise 

characteristics or identify the location of 

anomalies in the link. If fiber-longitudinal 

distribution of link parameters, such as the signal 

power profile, gain spectrum of each amplifier, 

and frequency response of each filter, are 

available, one can 

1. predict the transmission performance more 

accurately by inputting parameters into 

simulations or design tools (e.g., Gaussian 

noise models [4],[5],[6]) and select the best 

transmission modes to maximize the system 

capacity [7],[8]. 

2. minimize the margins due to the uncertainty 

of link-component characteristics [1]. 

3. automatically localize and sometimes even 

repair the anomalies in the link (fiber 

anomaly loss, gain tilts of amplifiers, 

passband narrowing of filters). 

Very recently, digital longitudinal monitoring 

(DLM) [9] has been proposed. As shown in Fig. 1, 

DLM estimates the fiber-longitudinal distributions 

of various physical characteristics along a multi-

span link only from Rx DSP in a digital coherent 

receiver. Thus far, these characteristics have 

been measured with analog instruments such as 

optical time domain reflectometers (OTDR) and 

optical spectrum analyzers (OSA). Table 1 shows 

the comparison between these analog 

approaches and DLM. Though analog 

approaches provide good measurement 

accuracy, DLM has the advantages of (i) multi-

span measurement, (ii) multi-functionality, and 

(iii) no need for placing testing instruments on-

site. 

In this paper, we review DLM in terms of 

Optical fiber

• Longitudinal power profile [9,11,12,13,14]

• Span-wise CD [9,16]

• PDL localization [17]

• Multi-path interference [12]

Optical amplifier

• Gain spectra and tilts [9,20,21]

• Optical link tomography (Spectral and 

spatial power profile) [9,10,20,21]

• Raman-amplified power profile [9,20]

Optical filter

• Frequency responses [9,13,22] 

(Passband narrowing)

Optical filter Optical filter
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Fig. 1. Digital longitudinal monitoring and its monitored parameters. 

Table 1 Comparison of analog approaches and DLM 

Analog approach
Digital longitudinal 

monitoring

Measurement 

device

Power profile, 

span-wise CD

OTDR, 

CD analyzer
Rx DSP1

Gain spectrum 

and tilt
OSA Rx DSP1

Filter

responses
OSA Rx DSP1

Multi-span measurement No2 Yes (2080 km 

demonstrated [9,18]3)

Dedicated instrument Required Not required

On-site measurement
Required

(Span by span)
Not required

Others -
High fiber launch 

power desired

1: Not necessarily in Rx DSP hardware (processable in a network controller.)

2: For OTDR, yes with additional optical configuration.

3: Demonstrated for power profile estimation.
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demonstration experiments, use 

cases, working principle, and challenges for 

practical deployment. Comparison of signal 

power profile estimation (PPE) methods (i.e., 

correlation-based methods (CMs) [11],[12] and 

minimum-mean-square-error-based methods 

(MMSE) [9],[13],[14]) is also conducted. 

Monitored Physical Parameters 

1) Optical fiber 

The monitored parameters demonstrated thus far 

are summarized in Fig. 1. The most fundamental 

technique is fiber-longitudinal signal power profile 

estimation (PPE) because all the other 

demonstrations are applications of PPE. As 

shown Fig. 1(a), PPE reveals the distance-wise 

signal power distributions. Thus, localization of 

anomalies in a fiber as well as the amplifier’s gain 

can be monitored over multiple spans. The 

working principle and comparison of PPE 

methods are described later. Since the first 

demonstration of PPE in 2019 [15], span-wise 

chromatic dispersion (CD) estimation [9],[16], 

localization of polarization dependent loss (PDL) 

[17], and multi-path interference [12] have been 

demonstrated. As an extreme demonstration, 

power profile over a 2080 km link has 

successfully been estimated [18]. The theoretical 

foundation of PPE is provided in [19]. 

 

2) Optical amplifier 

By obtaining the signal power profile in the 

wavelength direction using WDM channels, the 

gain spectrum and tilt of each amplifier can be 

reconstructed (Fig. 1(b)). The first demonstration 

was conducted in the context of hybrid Raman + 

EDFA systems in 2021 [9][20]. After this 

demonstration, the authors in [10] called this 

concept optical network tomography (ONT) or 

OLT since this method unveils signal power in 

both distance and wavelength cross-sections. In 

2022, OLT over C+L bands for EDFA-only 

systems was demonstrated [21]. 

 

3) Optical filters 

Localization of anomaly optical filters due to 

passband narrowing were demonstrated in 

[9],[13],[22]] (Fig. 1(c)). Usually, the frequency 

responses of two concatenated linear filters 

cannot be separately estimated since 

consecutive linear-filter systems are 

commutative. These methods successfully 

estimate the filter responses separately by 

leveraging fiber nonlinearity between the two 

filters to make the system non-commutative.  

Use Cases 

1) Auto optical path provisioning 

Since DLM monitors the longitudinal distribution 

of link parameters, we can predict the 

transmission performance by inputting them into 

QoT estimation tools, and select the best 

transmission modes with less margins [7],[8]. 

This is useful when establishing a new channel, 

especially over alien transmission links (e.g., dark 

fiber). 

 

2) Fault localization 

DLM can be used as an anomaly detector to 

identify the cause of QoT degradation. On the 

basis of the identified fault, we can take such 

measures as optimization of fiber launch power, 

gain equalization, filter passband tuning, and 

even detouring the anomaly components. 

Working Principle of PPE 

PPE estimates the power profile from the 

nonlinear phase rotation (NLPR) at each 

position 𝑧 on a fiber. The problem of estimating 

the NLPR can mathematically be regarded as an 

inverse problem of the nonlinear Schrödinger 

equation (NLSE) [9], where the nonlinear 

coefficients 𝛾′(𝑧) ≡ 𝛾𝑃(𝑧) =

𝛾𝑃(0) exp(− ∫ 𝛼(𝑧′)𝑑𝑧′
𝑧

0
) are estimated from 

boundary conditions (i.e., transmitted signals and 

received signals). Here,  𝑃(𝑧),  𝛼(𝑧), and 𝛾  are 

signal power, fiber loss, and nonlinear constants, 

respectively. Since 𝛾′(𝑧)  is proportional to 𝑃(𝑧) 
assuming 𝛾  is constant, we can estimate the 

signal power profile from 𝛾′(𝑧). 
Figure 2 illustrates a common configuration of 

 

Digital-twin link

Transmission link (NLSE)

Corr. or 

MMSE

z

𝛾 𝑧 = 𝛾𝑃(𝑧)

 𝑧

Tx sig.

  0 

Rx sig.
    

Estimated

power0  

…

Ref. sig.

        𝑧
 

Fig. 2. Common configuration of power 

profile estimation (PPE) methods. Note that 

forward propagation of reference signals is 

assumed. 

Table 2 Comparison of PPE methods. 
Correlation-based methods 

(CMs)

Minimum-mean-square-error-based methods 

(MMSEs)

Method
Original CM 

[11,15]

CM with NL 

template [12]

Gradient

optimization of 

SSM [9,16]

Volterra [13]
Linear least

squares [14]

Digital-twin

link model

CD, 

partial NLPR, 

residual CD

CD, 

NL template, 

residual CD

SSM Volterra
1st order 

perturbation

Spatial resolution

(see Fig.3)

(Theoretically)

Limited1

(Theoretically)

Limited1

(Theoretically)

Fine1

(Theoretically)

Fine1

(Theoretically)

Fine1

Power level diagram 

estimation in dB
No Yes2 Yes Yes Yes

Absolute power 

estimation
No No Yes Yes Yes

Random accessibility Yes Yes No No No

1: Under noise-less and distortion-less conditions.

2: But a calibration method required (as suggested in [23])  
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PPE methods. The reference (transmitted) 

signals   0  propagate a digital-twin link that 

emulates the actual fiber link (e.g., split-step  

method, SSM). The digitally propagated 

reference signals         and received signals 

     are then compared to estimate 𝛾′(𝑧)  by 

taking cross-correlation or MMSE. 

Note that, though transmitted signals are 

required for PPE, this does not mean that training 

or pilot signals are required since transmitted 

signals can be reconstructed in the receiver by 

using the standard demodulation process. 

Comparison of PPE methods 

Several PPE methods have been proposed (see 

Table 2) and can be classified into two types: 

CMs [11],[12] and MMSEs [9],[13],[14]. The 

differences in these methods are summarized in 

Table 2. Regarding the algorithms, CMs and 

MMSEs are different in (i) the model of the digital-

twin link and (ii) how the received signals and 

reference signals are compared (i.e., cross-

correlation or MMSE). Also, their performances 

are fundamentally different as theoretically 

proven in [19] (we will show this later with a 

simulation.) MMSEs provide the optimum 

solution for the inverse problem of NLSE, and 

thus can achieve significantly high spatial 

resolution (SR) and estimate the true power in 

dBm. On the other hand, CMs are a sub-optimal 

solution: their SR is inherently limited and the true 

power cannot be estimated. However, CMs are 

still attractive in terms of their random 

accessibility and stability. 

The original CM proposed by Tanimura et al. 

[11],[15] uses a partial-NLPR link as the digital-

twin link, in which partial CD, partial NLPR 
(∙) exp(𝑗𝜀|∙|2) at the measurement location, and 

residual CD are conducted. Here, 𝜀 is a scaling 

parameter. Cross-correlations are then taken 

between         and     ,  to estimate 𝛾′(𝑧) . 

Hahn et al. [12] proposed another CM that uses 

𝑗𝜀|∙|2(∙)  instead of (∙) exp(𝑗𝜀|∙|2)  to remove an 

unnecessary power offset accompanying power 

profiles of the original CM [19]. 

The original MMSE was proposed in [9][16], 

with which the power profile is estimated as the 

optimum 𝛾′(𝑧)  of the digital-twin link that 

minimizes the square error between received 

signals and reference signals. The original 

MMSE uses SSM as the digital-twin link and 

perform gradient descent to optimize SSM 

coefficients (i.e.,  𝛾′(𝑧) ). The Volterra series 

expansion was used as another model of a 

digital-twin link in [13]. For computationally 

simpler estimation, a linear least squares method 

was proposed [14]. 

Figure 3 shows the simulation comparison 

between CM and MMSE over 50 km × 3 spans 

using 64QAM 128-GBd signals. While the MMSE 

showed good agreement with the true power and 

even estimated the absolute power, CMs had a 

limited SR and only estimated the relative power 

even under distortion-less conditions. Since the 

estimated line of CMs deviates from the true 

power, a calibration method was proposed [23] 

for CMs to estimate the correct power change. 

Performance-limiting Factor and Challenges 

Since PPE is based on fiber nonlinearity, higher 

fiber launch power is desirable for enhanced 

measurement accuracy: otherwise, the NLPR in 

optical fiber will be contaminated by channel 

noise (e.g., ASE noise). This is the weakest point 

of DLM for practical deployment since higher 

launch power only for a monitored signal is 

prohibitive in WDM systems. Even so, DLM is 

useful in a provisioning stage where less signal 

channels exist in a fiber. From the above 

discussion, the measurement accuracy at 

position 𝑧 depends on the following nonlinearity-

to-noise ratio (NLNR) [9]: 
 

NLNR(𝑧) =
𝑃𝑁𝐿(𝑧)

𝑁
, (1) 

where 𝑃𝑁𝐿(𝑧) is the power of nonlinearity within a 

processed bandwidth at measurement location 𝑧 

while 𝑁 is that of noise at the receiver. However, 

the effect of 𝑁 can be reduced by increasing the 

signal samples used for cross-correlation or 

MMSE due to the averaging effect. 

Regarding the SR, the amount of CD effect 

has a significant impact on the SR of CMs. This 

is because larger CD (walk off) easily collapses 

the waveform, and the correlation between 

nonlinearity at a targeted position and a 

neighboring position becomes lower. Thus, with 

CMs, a higher baudrate is desirable for SR 

enhancement. However, the SR of MMSE is not 

as limited as that of CMs as shown in Fig. 3. This 

is because MMSE attempt to find NLPR at all 

positions at the same time while CMs only use a 

partial NLPR at a single position. 
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Fig. 3. Comparison of power profile estimated by CM [12] 

and MMSE [14]. 2-dB attenuation is inserted at 75 km. 
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