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Executive Summary 
Overview: 

This document describes the laser noise characterization techniques and their affecting factors. In particular, 
machine learning-based solutions are explored in-depth against these limitations. Before presenting our 
proposed machine learning-based laser noise characterization techniques, the basic concepts of laser noise and 
its characterization and the limitations of conventional laser noise characterization techniques are also 
investigated. 

Problems: 

Based on our investigation, we have found that the main factors affecting the performance of conventional 
laser noise characterization techniques to be solved are summarized as follows: 

• SNR range: the existing laser noise characterization methods do not scale well for low optical signal 
powers. The measurement noise, mainly originated from the shot noise and thermal noise, defines an 
upper bound on the available signal-to-noise ratio (SNR). Moreover, SNR decreases for increasing 
measurement bandwidth. 

• Frequency: conventional methods also do not scale well for low optical signal powers and when 
measuring frequencies exceeding ∼10 MHz. Furthermore, amplifier noise exists at high frequencies 
(>10 MHz) and for low input signal power levels.  

Consequently, laser noise characterization techniques for performing ultra-sensitive and accurate 
measurement over a wide range of SNRs and a wide frequency range are needed. 

Solution: 

Machine learning-based methods against these limitations of conventional approaches are exploited and 
investigated theoretically, numerically, and experimentally. We designed a coherent detection and Bayesian 
filtering-based system, achieving highly-sensitive and optimal phase noise measurement for single frequency 
laser. Notably, it can also be used for multiple frequency comb lines by computing the amplitude and phase 
noise correlation and covariance matrices with single-line resolution using a novel Bayesian filtering 
framework. To overcome the influence of amplifier noise, heterodyne detection and extended Kalman filtering 
optimum phase measurement is designed. 

Results: 

Compared to conventional approaches, the proposed approaches provide significantly more accurate 
measurements over a wider range of SNRs and a wider frequency range. 
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1. Laser noise  
1.1 Laser noise definition 
Laser noise refers to random fluctuations of laser light’s various parameters. Such fluctuations occur in many 
different forms, such as in a single-frequency laser, that are intensity noise (or amplitude noise) and phase 
noise. The latter causes a finite non-zero linewidth, and it is strongly related to frequency noise. It also limits 
the temporal coherence. Additionally, in a laser operating on multiple resonator modes, there is usually 
stronger intensity noise due to mode beating noise and mode partition noise [4]. 

Due to various influences of quantum noise and fluctuations of various technical origins, the output of a laser 
always contains some noise. The dominant type of noise, for the output of frequency combs and laser sources, 
is the phase noise originating from the continuous wave laser [2]. Quantum noise in particular is associated 
with spontaneous emission in the gain medium. Technical noise arises from excess noise of the pump source, 
from vibrations of the laser resonator, or from temperature fluctuations [4]. 

1.2 Laser noise characterization 
Phase noise or frequency noise is a key metric to evaluate the short-term stability of a laser. This property is of 
great interest for the applications but delicate to characterize, especially for narrow linewidth lasers [7]. 
Spectral purity of laser sources is typically investigated using phase or frequency noise measurements, which 
require extraction of the optical phase [1]. Measurement techniques for laser phase noise characterization are 
essential to predicting the limit on system performance imposed by laser sources. In addition, the 
measurement is useful to characterize the emerging novel lasers and evaluate their application potentials [8]. 
Amplitude and phase noise correlation matrices are of fundamental importance for studying noise properties 
of frequency combs. They include information about the origin of noise sources as well as the scaling and 
correlation of the noise across the comb lines [2].  

2. Main factors affecting laser noise characterization 
2.1 SNR range 
Optical phase and frequency noise characterization of laser sources and frequency combs relies on accurate 
optical phase measurements. What complicates this measurement is the presence of measurement noise 
which may originate from the shot noise and thermal noise due to the photodetection process, analogue-to-
digital converters, mixers, local oscillator synthesizers and amplification [1]. The measurement noise defines 
an upper bound on the available SNR, defined as the ratio between the power of the carrier and the integrated 
measurement noise power in the bandwidth of interest. However, the existing laser noise characterization 
methods do not scale well for low optical signal powers [1]. 

2.2 Frequency 
2.2.1 Frequency range 
The existing laser noise characterization methods also do not scale well when measuring frequencies exceeding 
∼10 MHz (SNR decreases for increasing measurement bandwidth) [1]. 

2.2.2 Amplifier noise 
So far, the approach for quantifying the impact of amplifier noise has been based on measurement of the phase 
power spectrum density (PSD) before and after amplification. However, the reported experimental results do 
not fully agree and are even contradictory in some cases [3]. 

What makes measurements challenging is that the impact of amplifier noise is mostly visible at the high- 
frequencies (>10 MHz) part of the phase PSD and for low input signal power levels. So, state-of-the-art optical 
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phase measurement methods are suffering from limited sensitivity as well as limited dynamic and frequency 
ranges [3]. 

3. Limitations of conventional laser noise characterization techniques 
Conventional laser noise characterization techniques rely on delayinterferometer, direct demodulation [5][6], 
and cross-correlation [7]. These methods reported in [5]-[7] do not employ any filtering of the measurement 
noise. It should be noted that the phase and frequency noise measurement techniques reported in [5]-[7] do 
provide accurate phase and frequency noise measurements if the optical power is sufficiently high and the 
frequency range of interest is not too large (up to ∼10 MHz). However, these conventional methods do not 
scale well for low optical signal powers and when measuring frequencies exceeding ∼10 MHz. Unfortunately, 
there is no systematic analysis of the accuracy of phase noise measurement techniques presented in [5]-[7] as 
a function of SNR or linewidth-to-noise-ratio (LNR). 

To improve optical signal powers, a common approach employing optical or electrical amplification prior to the 
phase noise measurement is used to increase the signal power. However, this approach also increases the 
thermal noise level due to amplifier noise, and the amplifier intrinsic noise sources will induce random 
perturbations in the phase of the incoming optical signal [2][3]. Moreover, the impact of amplifier noise is 
mostly visible at high frequencies (>10 MHz) of the phase PSD and for low input signal power levels which 
requires a highly sensitive optical phase measurement method. 

Against this background, we set out to explore laser noise characterization techniques for performing ultra-
sensitive, accurate laser noise measurement from low-power optical signals over a wide range of SNRs and 
wide frequency range. Furthermore, they are especially suitable for multiple frequency comb lines and will also 
be able to approach optimum phase measurement in the presence of amplifier noise.  

4. Machine learning based laser noise characterization techniques 
4.1 Highly-Sensitive Phase and Frequency Noise Measurement Technique Using Bayesian 
filtering 
4.1.1 Problem 
It is a challenging task if the SNR of the spectral line or the LNR are not sufficiently high for phase or frequency 
noise measurements. So, we seek to find an optimum method that results in the most accurate optical phase 
noise measurement expressed in the function of SNR and LNR [1]. It is also the first time that we present a 
statistically optimal method for optical phase noise measurement that relies on coherent detection and 
Bayesian filtering [1], which is different from the techniques reported in [5]-[7].  

4.1.2 Working steps 
The state-space framework is formulated first, and then the Bayesian filtering can be employed for optical 
phase extraction. The framework of Bayesian filtering provides a recursive algorithm that computes a 
statistically optimum estimation of the time-varying optical phase. The accuracy of Bayesian filtering decreases 
as a function of SNR, it also offers a record sensitivity, as the optical phase is measured at a signal power of 
−75dBm. Practically, this means that the phase noise measurements are, up to a high-degree, not limited by 
the measurement noise floor [1]. 

4.1.3 Results 
We demonstrate both numerically and experimentally that our proposed Bayesian filtering framework for 
phase and frequency characterization outperforms the conventional method in ultra-sensitive, a wide–range 
of SNRs (−11 dB in 1.1 GHz bandwidth) and wide frequency range (10 GHz) [1]. 
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Figure 1 Simulations: Phase noise spectra obtained using the 
conventional and the UKF based phase estimation methods [1]. 

Figure 2 Experiment: Phase noise spectra obtained using different 
phase noise measurement techniques. PN: phase noise [1]. 

We investigate the performance of the Bayesian filtering framework for phase noise characterization using 
numerical simulations. For comparison reasons, we also employ a conventional method for phase noise 
estimation based on direct demodulation [5]: 

𝜙𝜙𝑘𝑘𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = arg�(𝑦𝑦𝑘𝑘 + 𝑗𝑗ℋ{(𝑦𝑦𝑘𝑘}𝑒𝑒−𝑗𝑗∆𝜔𝜔𝑇𝑇𝑠𝑠𝑘𝑘� = arg[𝐼𝐼 + 𝑗𝑗𝑗𝑗] = 𝑡𝑡𝑡𝑡𝑡𝑡−1(𝑗𝑗/𝐼𝐼) 

Here ℋ{·} denotes the Hilbert transformation, used for obtaining the quadrature component of the optical 
field. 𝐼𝐼  and 𝑗𝑗  are the in-phase and quadrature components of 𝑦𝑦𝑘𝑘 , respectively. 𝑦𝑦𝑘𝑘  are the discrete–time 
samples after the ADC, 𝑘𝑘 is an integer representing time. 𝑇𝑇𝑠𝑠 is the sampling duration of the ADC. 

4.2 Bayesian filtering for multiple frequency combs 
4.2.1 Problem 
Based on the work of [1] in 4.1, we continuously proposed a novel Bayesian filtering-based framework for joint 
estimation of amplitude and phase noise of multiple frequency comb lines. The proposed framework in [2], is 
much more general and complete compared to [1] in which only the phase noise of a single frequency laser is 
estimated. Also, compared to the conventional approaches, that do not employ any measurement noise 
filtering, the proposed approach provides significantly more accurate measurements of correlation matrices, 
operates over a wide range of SNRs and gives an insight into comb’s dynamics at short scales.  

4.2.2 Working steps 

Figure 3 (a) System set-up for numerical and experimental investigations. Two optical frequency combs with slightly different free-
spectral ranges are heterodyned together, and the downconverted frequency comb is sampled and digitized, obtaining the sequence. (b) 
Typical power spectral density of the downconverted comb. (c) Bayesian filtering framework for joint estimation of static, Q, and dynamic 
parameters [2]. 
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First, we present the theoretical foundation and solution to the Bayesian filtering equations based on the 
presented state-space model (SSM) for joint estimation of amplitude and phase noise of multiple frequency 
combs. After that, the extracted amplitude and phase noise traces are used to compute the corresponding 
amplitude and phase noise covariance and correlation matrices. Next, we investigate the effectiveness of the 
framework to perform filtering of the measurement noise and operate at a wide range of SNRs. We also 
perform a benchmarking with a conventional digital phase noise measurement technique. 

4.2.3 Results 
We consider frequency comb lines that have 0 dB and -5 dBm of relative power. The first thing that should be 
noted is that the estimated phase noise traces for 0 and -5 dBm are very similar, as expected, when using the 
Bayesian filtering approach. 

Figure 4 (Experimental) Evolution of the estimated phase noise as a function of time using for comb-lines with different relative powers. 
(a) Comb line number 𝑚𝑚 = 3 with 0 dBm of relative power. (b) Comb line number 𝑚𝑚 = 3  with -5 dBm of relative power [2]. 

The framework is optimum in the mean square error sense, thereby providing the theoretically highest 
achievable accuracy. Significant improvements, compared to the state-of-the-art method, in terms of the 
accuracy of the estimated phase noise and correlation matrix as well as eigenvalues has been demonstrated 
numerically and experimentally. Most importantly, the proposed method provides accurate estimates over a 
wide range of SNRs. This is an important feature, as a wide range of frequency combs have large variations of 
SNR per comb line. In summary, the flexibility and the optimality can promote the proposed method to become 
the new reference tool for comb noise characterization. 

4.3 Extended Kalman filtering optimum phase measurement 
4.3.1 Problem 
High-power narrow-linewidth lasers are essential for optical fiber sensing, gravitational wave detection, optical 
space communication, and high-capacity optical fiber communication. Typically, high-power performance is 
achieved by amplifying a low-noise seed laser with a single or several stages of fiber-optic amplification. 
However, amplifier intrinsic noise sources induce random perturbations in the phase of the incoming optical 
signal, which translates into spectral broadening. Achieving the minimum induced phase fluctuation requires a 
phase measurement method that introduces minimum uncertainty, i.e., optimum phase measurement [3]. 
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4.3.2 Working steps 
First, we present the input of the linear amplifier time-varying phase signal and the minimum phase fluctuation 
induced by amplifier noise, quantifying the impact of amplifier noise on the phase of the incoming signals. Then, 
phase fluctuation of amplified time-varying phase signal and frequency constant phase signal are minimized.  

Figure 5 Experimental setup for investigating the impact of amplifier noise on the phase fluctuation of the incoming signal [3]. 

Also, a practical method is applied based on extended Kalman filtering (EKF) for approaching the optimum 
phase estimation and achieving minimum phase fluctuation. Finally, a theoretically achievable minimum 
(quantum- limited) variance for phase fluctuations, due to amplifier noise, is presented for the conditions under 
consideration. Numerical results are presented and compared to the quantum limits. the impact of amplifier 
noise on the phase PSD is experimentally investigated, and the corresponding spectral broadening is computed 
and compared to the quantum limit.  

4.3.3 Results 
The impact of amplifier noise on phase fluctuation and corresponding spectral broadening of the incoming 
signal has been investigated theoretically, numerically, and experimentally. We have shown that a heterodyne 
signal detection in combination with the EKF is a realization of a practical optimum phase measurement method 
in the presence of amplifier noise. The proposed phase measurement method has a relatively small penalty 
compared to the quantum limit. Most importantly, a significant reduction in the impact of amplifier noise has 
been demonstrated, both numerically and experimentally, compared to when using a widely deployed (sub-
optimal) phase estimation method. 

  
Figure 6 Simulation: phase power spectral density as a function 
of frequency using different phase estimation methods [3].  

Figure 7 Experiments: phase power spectral density as a function 
of frequency using different phase estimation methods and input 
power to the EDFA [3]. 
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CONCLUSION 
The theoretical, numerical, and experimental results demonstrate that proposed machine learning-based laser 
noise characterization techniques perform with superiority in a wide range of SNRs and frequency, achieving 
highly-sensitive laser noise characterizations when measuring ultra-low power signals. Moreover, the 
estimation and measurement of optical phase or amplitude is highly accurate allowing for quantum-limited 
signal demodulation even in the presence of amplifier noise. The method thus holds the potential to become 
a reference measurement tool, offering a record sensitivity in terms of power level and measurement range. 
Furthermore, a novel Bayesian filtering based framework for joint estimation of amplitude and phase noise of 
multiple frequency comb lines is proposed and demonstrated for the first time, which provides the theoretically 
highest achievable accuracy. 
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