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Abstract  —  A complete analysis and measurement of the 
noise figure of Raman amplifiers is reported. The standard 
noise figure definition derived from the amplified 
spontaneous emission approach is discussed. A new 
approach, based on the field fluctuations, is proposed. It 
takes into account the vacuum fluctuation as a minimum 
noise level at the amplifier input and as a contribution to the 
noise generation. As a result, the noise of a phase-insensitive 
amplifier is shown to be generated by the input noise 
amplification, the intrinsic amplification and attenuation 
mechanisms. This model enables to exactly define the noise 
figure as the degradation of the optical signal-to-noise ratio, 
which is in complete agreement with the practice of the IEEE 
Standard.  

Index Terms  —  Optical fiber, optical noise, noise figure, 
Raman amplification. 

I. INTRODUCTION 

Noise in optical amplifiers (OAs) has been analyzed by 
means of several theoretical frameworks. However, the 
appropriate definition of the noise figure (NF) of OA is 
still discussed [1-3].  

The control of noise accumulation is a key issue for the 
optical amplifier cascades used in long span optical 
transmission systems and in optical signal processing 
devices. In the former, the Raman gain distribution is 
well-known to reduce the noise generation [4] and to 
smooth the signal level variation along the link, reducing 
system vulnerability to nonlinear effects. 

The aim of this paper is to propose a classical phase-
amplitude field fluctuations description of OA noise and 
its application to optical signal-to-noise ratio (OSNR) and 
noise figure derivation for distributed fiber Raman 
amplifier (FRA).  

The second section of this paper is devoted to the 
classical phase-amplitude model presentation and its 
application to the noise propagation equation in a 
distributed FRA.  The result leads to the noise figure 
derivation. Comparison with the standard amplified 
spontaneous emission (ASE) approach is made in the third 
section of the paper. The fourth and the fifth sections are 
respectively devoted to the formulation of the equivalent 
noise figure, as a function of the Raman on-off gain, and 
to the experimental measurement of this equivalent NF. In 
the last section, the model is discussed and main 
conclusions are outlined. 

II. AMPLIFIED FIELD FLUCTUATIONS MODEL 

As usual in the domain of electrical engineering, the 
optical field may be represented with a two-quadrature 
component description [2,5,6]. The optical field is 
considered as the sum of a deterministic component, with 
complex amplitude A.exp(jφ), and of an additive optical 
band-limited stationary Gaussian noise N, with a flat 
spectrum, in an optical bandwidth equal to B0. It is 
assumed that the optical noise is co-polarized with the 
deterministic field. An appropriate normalization, in 
which the optical power equals the squared field, is also 
assumed. As shown in Fig. 1, the classical phase-
amplitude description decomposition of the amplitude 
noise N into an in-phase NI and a quadrature (i.e. out of 
phase) NQ component is used.  
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Fig. 1. Phase-amplitude representation of the optical field. 

A. Field Fluctuations 

The total instantaneous power is the squared sum of the 
deterministic field and of the in-phase component of the 
noise. Under the small noise approximation and assuming 
an equal noise power repartition between the in-phase and 
the quadrature noise components, the instantaneous optical 
power fluctuates around its average value 2AP =  with 
the mean squared fluctuations: 

 ( ) NII PPPPNAP   2  4  4 222 ==≈∆  (1) 

in which 2NI PP =  is the average power of the in-phase 
noise component. Observing that only the optical noise 
spectral components, within the spectral range Be on each 
side of the optical carrier frequency, produce an 
observable cross term within the observation (electrical) 
bandwidth Be, the optical noise bandwidth contribution is 
determined by Bo = 2Be and the power fluctuations can be 
expressed as the well-known Schottky fluctuation relation: 

 ( ) PBhPPP eN   2  22 ν==∆  (2) 

where hν is the photon energy. The well-known Poisson 
shot noise relationship can easily be obtained from (2) for 
the photon number n = Pτ /hν. However, the shot noise is 
signal-dependent and may be not considered as an 
intrinsic input noise for the amplifier, but only as a noise 
reference level, as far as power measurements are only 
concerned. This noise reference level, required by any 
noise figure definition, is usually referred as “shot noise-
limited signal”.  

Let us consider that the optical measurement bandwidth 
B0 is small enough to make the hypothesis of an additive 
white Gaussian noise. In this case, the optical noise power 
can easily be expressed as a function of its spectral density 
SN : 

 0BSP NN =  (3) 

As a result, 

 
2

min ν= hS N  (4) 

The minimum additive optical noise, which 
accompanies any optical field, is usually referred, in 
quantum electrodynamics, as the zero-point field 
fluctuations or the vacuum fluctuations. This noise is only 
observable through its cross-term product with another 
signal, referred as shot noise. Only vacuum fluctuations, 
producing shot noise in power detection, are the intrinsic 
signal-independent input noise. 

B. Amplified Field Fluctuations 

It is useful to model the noise propagation through an 
amplifier medium in order to estimate the noise power at 
the amplifier output and thus to express the noise figure of 
the considered amplifier. The amplified field fluctuations 
theory may use the spectral density of the optical noise to 
study the intensity noise propagation. 

Let us consider an attenuating medium with a linear 
absorption coefficient α. In such a case, the noise 
propagating through this medium is attenuated and must 
be maintained to the minimum vacuum fluctuations level, 
which is the minimum noise level. Thus , the evolution of 
the spectral density of the optical noise is expressed as: 

 





 ν−α−=

2
 hS

dz
dS

N
N  (5) 

The fiber attenuation process does not act on the vacuum 
fluctuations, which are constantly maintained thanks to an 
attenuation noise source also known as partition noise. 

Let us consider now an amplifying medium with an 
amplifying coefficient β. It is to be mentioned that only 
phase-insensitive and non-saturated amplifiers are 
considered. Thus, it is necessary to take into account an 
amplification noise source in order to satisfy the minimum 
uncertainty Heisenberg principle. As a result, the 
evolution of the spectral density of noise is expressed as: 

 





 ν+β=

2
 hS

dz
dS

N
N  (6) 

An amplifier medium is both attenuating and 
amplifying. As a result, it combines both (5) and (6). 
Thus, the evolution of the spectral density of the optical 
noise is expressed as: 

 ( )
2

)( νβ+α+β+α−= hS
dz

dS
N

N  (7) 

The noise at the amplifier output is generated by the 
amplification of the intrinsic input vacuum fluctuations, an 
attenuation noise source and an amplification noise 
source. It is to be noticed that both intrinsic attenuation 
and amplification added noises are required by 
conservation of commutator brackets in any linear systems 
[7].  
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C. Case of Distributed Fiber Raman Amplifiers 

Fiber Raman amplification is based on the stimulated 
Raman scattering (SRS) [8]. FRA is usually designed 
employing the averaged power analysis considering 
forward and backward propagation directions for the 
pump and the signal through the optical fiber [4,8,9]. The 
simplest model of propagation for the pump and the signal 
powers is expressed by the following set of differential 
equations: 

 ( ) SPRS
S PPC

dz
dP

 +α−=  (8) 

 PSR
P

S
P

P PPC
dz

dP








λ
λ−α−=±  (9) 

where αP, αS represent respectively the fiber attenuation 
coefficients at the pump wavelength λP and at the signal 
wavelength λS respectively. The sign +/- refers to the 
forward and backward propagation for the pump power. 
CR is the Raman gain efficiency mainly depending on the 
fiber core area and the  frequency shift between the pump 
and the signal. Thus, the Raman net gain G includes both 
the fiber attenuation and the Raman gain GR also known as 
the Raman on-off gain. 

 L
R

L
PRS SeGdzzPCLLG α=







 +α−= ∫  )(exp)(

0
 (10) 

In the case of FRA, the evolution of the spectral density of 
the optical noise becomes: 

 ( )
2

)( ν+α++α−= hPCSPC
dz

dS
PRSNPRS

N  (12) 

As a result, the spectral density of the optical noise at the 
FRA output is expressed as: 

 
2

  
2

)1()0( )( να+ν−+= hDGhGSGLS INVSNN  (13) 

with 

 [ ]∫=
L

INV dzzGD
0

)(/1  (14) 

When the input signal is limited to the vacuum 
fluctuations, meaning shot noise limitation of an 
hypothetical power detection, the spectral density of the 
optical noise is: 

 
2

   2
2

)1(
2

 )( να+ν−+ν= hDGhGhGLS INVSN  (15) 

Vacuum fluctuations are considered as an input noise 
which amplification contributes to the output noise in 
addition to intrinsic amplifier noise. 

D. Noise Figure Derivation 

The original formulation of noise figure in the optical 
domain defines it as the OSNR at the input of an optical 
amplifier divided by the OSNR at the OA output [10,11]. 
In this section, concerning the amplified field fluctuations, 
the intrinsic input noise was defined as the vacuum 
fluctuations. Thus the NF is expressed as: 

 INVS
N D

G
G

Gh
LS

NF   211
2/
)(

α+−+=
ν

=  (16) 

This noise figure formulation is very simple and 
intuitive. Moreover, it is in complete agreement with the 
IRE standards definition [11] adopted by the IEEE. The 
minimum quantum limit of 3 dB for the NF of a very high 
gain FRA is satisfied [12]. It is evident that the forward 
pumping allows to reach the lowest NF due to the 
minimization of the term DINV.  

III. AMPLIFIED SPONTANEOUS EMISSION THEORY 

One may define the OA noise figure in term of 
amplified spontaneous emission [1-3,5]. It is to be 
mentioned that, while the terminology of spontaneous 
emission is used, the correct terminology for FRA is 
spontaneous Raman scattering (SpRS). In the ASE 
approach, the shot noise of an hypothetical power 
detection is considered as a reference level for input noise. 
However the amplification of the corresponding input 
fluctuation is not explicitly considered as a contribution to 
output noise. As a result, the optical shot noise 
contribution hνB0 is added at the input and at the output of 
the OA but it is not amplified. Thus the measure of the 
noise power added by the amplifier PASE gives full 
information to estimate the NF.  

In the case of FRA [4,9], the propagation of PASE is 
described by the differential equation: 

 0)( BhPCPPC
dz

dP
PRASEPRS

ASE ν++α−=  (17) 

It is still assumed that gain and noise do not vary over 
the optical measurement bandwidth B0 and only one 
polarization is considered, the polarization of the signal. 
The first bracket terms acting on PASE are the fiber 
attenuation and SRS. The last term is SpRS. Then the 
noise power at the FRA output is expressed as: 

 INVSASEASE DBGhBhGGPLP 00 2)1()0()( να+ν−+=  (18) 

and the noise generated in the amplifier is: 
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 INVSASE DBGhBhGLP 00)1()( να+ν−=  (19) 

The ASE derivation is a determinant average power 
accumulation process. The stochastic nature of ASE is 
only considered usually through beating noise at the 
power detection 

The noise figure formulation is still consistent with the 
OSNR. Nevertheless, as pointed out before, the shot noise 
contribution hνB0 must be taken into account as an input 
reference and heuristically added at the OA output. Thus 
the noise figure is expressed as: 

 INVS
ASE D

G
G

BhG
BhP

NF   211
  

  2

0

0 α+−+=
ν

ν+
=  (20) 

This noise figure formulation is still in agreement with the 
spirit of the IEEE. Despite the noise interpretation is 
different from the amplified field fluctuations theory, the 
NF formulation obtained by the ASE approach leads to the 
same result as expressed in (16) or (20) after heuristic 
output shot noise correction. 

IV. EQUIVALENT & INTRINSIC NOISE FIGURES 
Usually, it is common to express the noise figure of 

fiber Raman amplifier as an equivalent noise figure NFeq. 
As shown in Fig. 2, NFeq represents the noise figure that 
would experiment a discrete pre-amplifier of gain GR and 
generating the same noise than the considered distributed 
FRA. 

 
 
 

 
 
 
 
 

 
Fig. 2. Representation of a distributed FRA as an optical transmission 
span with a pre-amplifier. 
 

The equivalent noise figure expression is derived from 
the noise figure cascading formula also known as the Friis 
formulation [8]. 
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where NF is the intrinsic noise figure (20) of the 
distributed fiber amplifier. Thus, the equivalent noise 
figure may be simply estimated by measuring the Raman 
on-off gain GR and the amplified spontaneous emission 
power PASE. It is to be mentioned that the value of NFeq 
can be negative as a function of the Raman gain 
distribution. This aspect is consistent with the fact that 

distributed amplification, such as FRA, is preferable in 
terms of noise generation to a pre-amplifier solution. 

V. EXPERIMENTAL RESULTS 

A. Experimental Set-Up 

The experimental set-up is depicted in Fig. 3. The test 
bed is a realistic distributed FRA scheme. A constant 100 
km fiber length was used for each fiber under test. The 
fiber was counter-pumped with a CW Raman fiber laser 
(RFL) at 1455 nm. The random polarized RFL provides a 
polarization independent gain.  

 

 

 

 

Fig. 3. Experimental set-up. The fibers under test is a 100 km long fibers 
spans. 

A tunable wavelength laser set at –5 dBm was used as 
the input signal to measure the Raman small-signal 
dependence on wavelength as shown in Fig. 4. The Raman 
on-off gain GR measurement method [13,14] was chosen 
to cancel out any inaccuracy related to spectrally 
dependent attenuation of components and fiber itself. The 
fiber Raman efficiency CR was derived from GR using the 
relation: 

 ( )
P

L

effpump

R
R

PeLeff
LP

G
C

α
−==

α−1      with     
 

log  (22) 

Ppump and Leff are the launched pump power and the 
effective length at the pump wavelength of the fiber under 
test, respectively.  

Fig. 4. Measured Raman gain efficiency spectra of FreelightTM, SMF, 
and Truewave-RSTM fibers in the C-band. The pump wavelength is 1455 
nm. 
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The Raman gain efficiency is dependent on the fiber 
under test. This dependence is inversely proportional to 
the value of the fiber core area Aeff as summarized in Table 
I.  

 
TABLE I 

PHYSICAL PARAMETERS USED IN MODEL 
 Freelight SMF Truewave RS

αS (dB/km) 0.2 0.2 0.2 
αP (dB/km) 0.260 0.263 0.256 

CR (W-1.km-1) 0.54 0.42 0.69 
Aeff (µm²) 68 80 55 

B. Experimental Measurement Results 

It has been shown that the amplified field fluctuations 
model leads to the same NF estimation than the standard 
ASE approach. Experimental equivalent noise figure 
measures have been conducted in order to consolidate the 
simulations. The measurement method used is the 
common optical measure of the amplified spontaneous 
emission power with an optical spectrum analyzer. From 
(21), measurement of NFeq requires PASE, GR and λS to be 
determined. Thus the use of an optical spectrum analyzer 
is well adapted to these measures. Precautions have been 
taken to separate the amplified laser source spontaneous 
emission from the ASE generated by the amplifier [15].  

Precautions have also been taken to ensure the small-
signal regime. Thus, the input signal power has been 
limited to –5 dBm. The Raman on-off gain has been 
limited to 30 dB in order to avoid amplified multi-path 
interferences such as double Rayleigh backscattering [16]. 

The measurement accuracy was limited only by the 
power stability of the RFL (i.e. <1%) and by the relative 
accuracy of the used optical spectrum analyzer and power-
meters.  

Fig. 5. Experimental measurement of the equivalent NF and intrinsic NF 
derivation as a function of the Raman on-off gain for different types of 
transmission fiber under test.  

Fig. 6. Simulation results of the equivalent NF and intrinsic NF as a 
function of the Raman on-off gain for different types of transmission 
fiber under test.  

 
The comparison of the measurement of NFeq by the 

experiment, as shown in Fig. 5, and the formulation (21) 
of NFeq, as it can been seen in Fig. 6, are in a very good 
agreement. In the case of the three types of fiber that are 
Freelight, SMF (Single Mode Fiber) and Truewave-RS, 
the Raman on-off gain GR is the significant value which 
determines the value of NFeq. It is due to the fact that, the 
gain distribution is similar for each fiber under test due to 
a pump loss coefficient αP relatively constant as figured in 
Table I. It is to be mentioned that for a value of GR higher 
than 5 dB, NFeq reaches a negative value. The negative 
value of the equivalent noise figure corresponds to an 
intrinsic noise figure better than the 20 dB fiber 
attenuation. In fact, the fiber attenuation is the noise figure 
of the passive attenuating fiber. 

VI. DISCUSSION 

A new interpretation of noise generation has been 
presented. It allows a clearer interpretation of OA output 
noise as due to: 

- amplification of input field fluctuations with a 
lower value limited to vacuum fluctuations 

- intrinsic fiber attenuation noise linked to the 
conservation of the vacuum fluctuations 

- unavoidable amplification noise generated by the 
amplifier 

Moreover the amplified field fluctuations model allows a 
very simple and rigorous noise figure definition as the 
degradation of the OSNR and it does not deal with 
questionable considerations about the shot noise. In fact, 
the ASE approach failed to give the exact result since the 
shot noise is to be heuristically added at the OA output.  
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The new model is in a complete agreement with the 
IEEE Standards and convergent with the standard ASE. It 
is also to be mentioned that the cascading formula remains 
rigorously valid. 

The noise figure of FRA has been formulated both with 
the model of the field fluctuations and with the ASE 
approach. This formulation is in a very good agreement 
with the ASE power measurement method. 

In the case of the small-signal regime, standard ASE 
approach gives correct results, despite the inconsistencies 
analyzed above. However, the validity of this approach is 
limited to the case of a pure coherent input signal. This is 
a limitation that can be easily overcome by the approach 
of the amplified field fluctuations.  
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