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Abstract— The results of a theoretical analysis of the output 

noise generated by the DFB fiber laser sensor with applications 
mainly in the field of the aeronautical applications are presented. The 
main purpose of this analysis is to evaluate the magnitude of the DFB 
fiber laser sensor output noise. This evaluation is necessary for a 
proper design of the sensor, especially regarding sensitivity and dy-
namic range. It is demonstrated that the main source of DFB fiber 
laser sensor output noise is constituted by the Amplified Spontaneous 
Emission (ASE) of the fiber amplifier. An extended range of linear 
response was achieved optimizing the sensor parameters. ASE noise 
level was brought to an acceptable level. Judging the time response, 
the designed sensor acts like a high fidelity recorder. 
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I. INTRODUCTION 
HIS paper is a theoretical attempt relying on numerical 
simulations when necessary performed in order to get 

some insight on using a new and promising class of sensors 
for aeronautical applications, namely active Fiber Bragg Grat-
ing (FBG) known also as Distributed Feed Back Fiber Laser 
(DFB-FL).  

Distributed feedback fiber lasers (DFB-FL) and distributed 
Bragg reflector fiber lasers (DBR-FL) possess certain unique 
properties that make them quite attractive for a number of 
different applications. They are inherently fiber compatible, 
and very simple passive thermal stabilization is sufficient to 
ensure the stability of the laser.  A number of different active 
dopants, such as erbium, ytterbium, neodymium, and thulium, 
can be used in order to cover different windows of the optical 
spectrum.  These features, combined with the ability to define 
the emitted wavelength precisely through the grating structure 
along with the narrow linewidth and low relative intensity 
noise (RIN), make DFB-FL and DBR-FL very advantageous 
for telecommunication applications [1], [2],[14].  In addition, 
a number of DFB fiber lasers can be configured in a parallel 
array to provide flexibility in pumping conditions and provide 
pump redundancy [2], [4]. Robust single polarization and nar-

row linewidth of DFB lasers are very desirable for sensor sys-
tems [5]–[7]. Alternatively, DFB lasers can be made to oper-
ate in stable dual polarization so that simultaneous measure-
ments can be carried out [8]–[10]. In addition to the sensing 
and telecom applications, DFB fiber lasers suitable for high-
power applications have been demonstrated [11].  
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An important feature of using DFB-Fiber Laser Sensors for 
various applications consists in the technology of analyzing 
the output. DFB-Fiber Laser Sensors are inherently fiber optic 
compatible, and very easy connected to other optoelectronic 
devices [3], [9], [21]-[24]. One of the most important aspect to 
be considered in designing DFB-Fiber Laser Sensors is the 
technology used for converting the useful information/signal 
from the optic domain (the photons being the carriers) to the 
electronic domain (the electrons being the carriers). The use of 
DFB-Fiber Laser as Sensors is based on observing the laser 
output variations versus the environment modifications. A 
“key” in designing properly DFB-Fiber Laser Sensors consists 
in a correct configuration of photo-detector circuit. DFB-Fiber 
Laser Sensors output variations can be caused by Er3+ doped 
fiber optic amplifier (EDFA) and/or Bragg Grating parameters 
modification. An important issue consists in designing the 
filters used to “cut off” noise of various types. It is important 
to understand what type of noise is filtered out, to understand 
its source.  In this first part, some procedures considering the 
EDFA optoelectronic noise and used for designing such filters 
are presented.  

II. SPECIFICATION OF ACTIVE FBG SENSOR   
Basically, the analyzed problem consists in evaluation of 

the noise magnitude into an active FBG output signal. Fig. 1 
schematically presents the common experimental setup of this 
type of devices [10]-[20], [25].  
 

 
Fig. 1 Experimental setup allowing pumping and interrogation of the 
DFB-FL sensor. The “Optical Signal Processing” subsystem can be 
observed. Its main detection part consists of a photodiode reversed 

biased 
 

Here can be observed the main parts of this setup, namely: 
• the pump unit, usually a laser diode operated at 1480 nm 

T 
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or 980 nm pumping wavelength 
• the lead cable, into which a WDM unit is inserted, WDM 

meaning wavelength demultiplexing, its role consisting 
into separation of pumping and laser signal, 

• the “Optical Signal Processing” consisting of a reversed 
biased  photodiode operated in charge generation regime. 

 
One important investigated aeronautical DFB-FL and DBR-

FL sensors application consists in determination of the transi-
tion zone (line) between laminar and turbulent air flow along 
the aircraft wing surface. 

The laminar and turbulent boundary layers can be observed 
in Fig. 2. 

 

 
Fig. 2 Schematic representation of the main investigated aero-

nautical application of DFB-FL and DBR-FL 
 
More insights about the investigated problem are schemati-

cally presented in Fig. 3.  
 

 
Fig. 3 Schematic representation with few relevant insights of the 
main investigated aeronautical application of active FBG sensor 
 
The basic idea of this type of measurement is to evaluate the 

pressure variation in the two zones: 
1. Laminar flow - relative constant value of air static pressure, 

low frequency (~ 100 Hz) and small amplitude (ΔP ~ 1 Pa) 
pressure variations. 

2. Turbulent flow - larger and nonstationary value of air static 
pressure, higher frequency (~ 10 kHz) and higher amplitude 
(ΔP ~ 10 Pa) pressure variations. 
 
Usually, the analyzed active FBG output signal appears as 

in Fig. 3. It can easily be observed that the linearity of active 
FBG sensor output signal and the magnitude of output noise 
are extremely important in order to obtain correct “responses” 

from the active FBG sensor. 

 
Fig. 4 Time evolution of the system output signal. Left : DFB-FL at 
the wing model surface. Right : DFB-FL buried at 200μm under the 
wing model surface. a) laminar regime, b) intermittent regime and c) 
turbulent regime. Dark curve : DFB fiber laser. Light curve : hot film 

[21]. 

III. DEFINING EDFA PREAMPLIFIER AND DETECTOR SYSTEM 
In Fig. 5 the schematic of the Erbium Doped Fiber Ampli-

fier (EDFA), here used as a preamplifier of the laser sensor 
signal, and of the detector system is presented. The “border” 
between optical and electronic signal processing subsystems is 
marked explicitly. The PIN photodiode has the role of trans-
forming the optical laser signal generated by the active FBG 
sensor into an electronic one [3], [5]-[11]. The characteristics 
of the photodiode are quite common – starting with the idea 
that a most general applicable analysis is of interest. It has to 
be underlined the important role of the 1 nm band-pass optical 
filter mounted at the PIN photodiode input port. The charac-
teristics of the low-pass electronic mounted at PIN photodiode 
output gate depend on this optical filter.  

 

   
 

Fig. 5 General schematics of a laser signal receiver using EDFA as a 
preamplifier 

 
In Fig. 6 the frequency ranges of an usual active FBG sen-

sor are schematically presented. An important observation has 
to be made: the ASE noise frequency bandwidth, correspond-
ing to the fluorescence emission FWHM can reach large val-
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ues in case of band-pass optical filter absence. For example, in 
the case of using Erbium ions (Er3+) as doping, having a 50 
nm FWHM fluorescence band, the electronic low-pass filter 
have to be operated with a 5 THz frequency bandwidth [15], 
[17]-[20]. 
 

 
Fig. 6 Comparison of relative frequency ranges: ASE noise, optical 

filter, electronic frequency band 

IV. EDFA THEORY 
In Fig. 7 the principle of three-level optical amplifier most-

ly used in active FBG sensor is presented. 
 

 
Fig. 7 Principle of three-level optical amplifier 

 
Energy level E3 is actually a bundle of many closely spaced 

energy levels, rather than one discrete level. When the pump 
light is turned on, upward transitions from E1 to the E3 band 
take place, provided the energies contained in the pump light 
match the E1 to E3 band transition. Almost immediately, 
downward transitions are initiated between the closely spaced 
E3 levels, as well as from E3 to the nearby level E2. Because of 
the narrow spacing, the transitions between the E3 levels are 
primarily associated with phonons and nonradiative transitions 

and occur very quickly over lifetimes of the order of femto-
seconds to nanoseconds. The released energy is converted into 
crystal lattice vibrations or phonons with energy hνphonon. 

There is a large energy gap between E2 and E1, which 
means that photons are involved rather than phonons. The 
downward transition from E2 to E1 is responsible for the fluo-
rescent glow. We are particularly interested in materials where 
E2 is a metastable state, which means the downward transition 
from E2 to E1 occurs over a lifetime τ2 of milliseconds to 
hours. Thus, τ2 > τ3 and the glow lasts a long time after the 
pump has been turned off. 

The expression for the gain of an optical amplifier depends 
solely on the transitions between the two levels involved in 
the population inversion. This is true for both three-level and 
four-level models. In the preliminary discussion of fluores-
cence, the levels involved in the population inversion were 
distinctly well-defined levels. However, the description can 
easily be extended to a population inversion between two 
bands of energy levels. Whether the transitions involve mole-
cules, atoms, ions, or electrons in the energy bands depends 
on the material. For the sake of generality, the term “carrier” 
is used to represent an atom, molecule, ion, or electron in a 
particular level. 
Consider the two energy levels E2 and E1 shown in precedent 

Fig. 7, disregarding pump level E3. Energy is released in a 
downward transition of a carrier, and energy is absorbed in an 
upward transition. Stimulated transitions, that is, transitions 
initiated by the presence of an external photon, take place in 
both directions. In stimulated absorption, the external photon 
is absorbed as the upward transition takes place, and in stimu-
lated emission, the external photon causes the release of a 
photon of identical energy as the downward transition takes 
place. Spontaneous emission is the release of a photon in a 
downward transition that happens of its own accord, without 
any external influences. There is no such thing as spontaneous 
absorption, or a spontaneous upward transition. Since there is 
only one type of absorption, the qualifier “stimulated’ is often 
dropped, and the process is simply called absorption [3], [8]-
[13]. 

The dynamic evolution of an EDFA can be described by a 
system of rate equations, Nj being the population of level j:  
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In (1)–(3), τij is the lifetime of the i j transition. Also, in 

this rate equations system there are introduced: 
Wp - the stimulated transition probability between E3 and E1; 
Ws - the stimulated transition probability between E2 and E1.  
These parameters are defined as: 
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where I, σ and ν denote the pump or signal laser intensity, 
stimulated transition cross section and transition frequency. h 
is the Planck’s constant. 

The parameter of interest is the “gain factor” defined as: 
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N is the Er3+ concentration. β  is the Boltzmann population 
ratio defined as: 
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In Fig. 8 the variation of EDFA gain versus pump rate is 

presented. 
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Fig. 8 Variation of population difference (gain) versus pumping rate 

in EDFA 

V. ANALYSIS OF EDFA PUMPING 
In the presented theoretical analysis the pumping wave-

length plays an important role. In Fig. 9 a detailed schematic 
of EDFA pumping is presented. As it can be observed in Fig. 
9, EDFA pumping is mostly performed by using two wave-
lengths: 980 nm and 1480 nm. For performing a proper analy-
sis of pros and cons between these two wavelengths several 
criteria can be considered: 
A - Boltzmann population ratio – β1480 = 0.38 while β980 ~ 0. 
This means an advantage for 980 nm pump wavelength. 
B – The comparison can be done by using the relation 
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The net result is that, at the same pumping power, maximum 
gain for 1480 nm is 0.45 of that obtained by using 980 nm. 

C - The amplified spontaneous emission (ASE) noise is pro-
portional to nspon defined as 
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Fig. 9 Variation of normalized spontaneous emission versus pumping 

rate in EDFA 
 
For the same pumping power, nspon is 1.61 for 1480 nm versus 
the value for 980 nm. This means a greater noise for 1480 nm. 
D - The threshold pump power defined as: 
 

β−
=

1
1th

pW  (10) 

 
This means a 1.61 times higher threshold pump power for 
1480 nm in comparison with 980 nm. 
E - The saturation signal power intensity is defined as: 
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It can be observed that, for the same pumping power, the satu-
ration power is higher for 1480 nm pumping. This means ex-
tended sensor response linearity for the 1480 nm pumping.  
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Fig. 10 Variation of normalized saturation power intensity versus 
pumping rate in EDFA. Dashed line represents 980 nm pumping 

while the solid line represents 1480 nm pumping 
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Fig. 11 The energy level diagram of Er3+. There are indicated the 
types of lasers that may be used as the pump light 

VI. EDFA PREAMPLIFIER AND DETECTOR OUTPUT NOISE 
ANALYSIS 

The photodiode plays the role of the mixer between the sig-
nal and the ASE noise. The calculation method is the same as 
that of heterodyne detection but with the ASE noise as the 
local oscillator. In order to reduce the contribution of the ASE 
noise, a band-pass optical filter is installed at the end of the 
erbium-doped fiber, as shown in Fig. 5 [10],. If the ASE noise 
is uniformly spread over fluorescence bandwidth, the light 
output from the EDFA through the optical filter with pass-
band

P

fνΔ is defined as: 

ASES GPGPP +=  (12) 
 

In (12) PASE represents the power of Amplified Spontaneous 
Emission and is defined as:  
 

fsponASE hnP ννΔ=  (13) 
 

G represents the gain of EDFA. The output from the photo-
diode when the output P of (12) is fed to the photodiode will 
be calculated. The amplitude ES and power GPS of the light 
are related by: 
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In (14) η0 is the intrinsic impedance of air but not that of 

the photodiode medium (the definition of the quantum effi-
ciency has already accounted for the reflection at the air and 
photodiode boundary. The surface area of the photodiode is 
defined as Aphotodiode. The amplitude of the input light signal 
into the photodiode Aphotodiode is defined by: 
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If the assumption is made that the ASE noise spectrum can 

be represented as N discrete line spectra with equal powers of 
, as shown in Fig. 10, then the amplitude of each 

noise spectrum is: 
NGPASE /
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The photodiode plays the role of the mixer between the sig-

nal and the ASE noise. The calculation method is the same as 
that of heterodyne detection but with the ASE noise as the 
local oscillator. After some calculations, the sinusoidal wave 
expression for the instantaneous output electrical current i(t) 
from a PIN photodiode is: 
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The first term is the signal and the second term is the sum of 

the N discrete ASE noise spectrum lines. The square operation 
creates a number of different beat frequencies that belong to 
the following three categories: 
1. Signal current 
2. Noise current due to the beats between the signal and the 

ASE noise whose beat frequencies fall within the electronic 
frequency bandwidth of the detector. This noise is called 
signal–spontaneous beat noise. 

3. Noise current due to the beats among the line spectra of the 
ASE noise whose beat frequencies fall within the electronic 
frequency bandwidth of the detector. This noise is called 
spontaneous–spontaneous beat noise. 

 

 
Fig. 12 Division of continuous ASE noise spectrum into discrete 

ASE noise line spectra 
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Concerning the signal current calculations, after some cal-
culations which starts considering the photodiode signal cur-
rent i(t) defined as 
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the following useful relations are obtained: 
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In (20) S represents the electrical signal power while RL is 

the load resistance of the photodiode. 
Concerning the beats between the signal and the ASE noise 

issue, the signal-spontaneous beat noise current isig-spon is the 
task to be accomplished. By treating each noise spectrum as a 
local oscillator, the output current due to the beat between the 
signal and only the nth noise spectrum is derived. The proce-
dure starts by considering the relation  
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The output current components from the photodiode are de-

fined as: 
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isig-spon(t) has N discrete spectra that are the beats made by νn 

and νs, and they are the components that can pass through the 
electronic filter. N’ - the number of frequency components of 
isig-spon(t) in (21) and (22) that are within the frequency band-
width Δνf  and get through the electronic preamplifier is: 
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Each spectrum has the same magnitude, and the total of the 

time averages of the beat current square is N’ times and: 
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The current 2
sponsigi − is proportional to the product of the 

output signal power and the ASE noise. 
Concerning the beats among the line spectra of the ASE 

noise spontaneous–spontaneous beat noise ispon-spon(t) is calcu-
lated. The noise current due to the jth and kth ASE noise line 
spectra are obtained from the square of the second term in 
(17), suppressing φn: 
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This is the starting point for a similar procedure which 

leads, after a large amount of algebraic calculations to: 
 

⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛

Δ
⋅⎟

⎟
⎠

⎞
⎜
⎜
⎝

⎛

Δ
−⋅⎟

⎠
⎞

⎜
⎝
⎛=−

ff
ASEsponspon

BB
GP

h

e
i

ννν
η 2

2

 (26) 

 
where PASE is the ASE optical power and B is defined accord-
ing to Fig. 12, being the bandwidth of the noise power sub-
jected to the electronic preamplifier. 

It has to be underlined that the two parameters are useful as 
“figure of merit” for characterizing a DFB-FL sensor: 
- the signal generated photodiode current, Is, defined as 
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- the ASE generated photodiode current, IASE, defined as 
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e
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In (27) and (28), Ps and PASE are signal and ASE optical 

powers. It should be noted that Is and IASE are the photocur-
rents from the photodiode with a unitary optical amplifier 
gain. 

Based on the previously obtained results of the beat noises, 
the signal to noise ratio S/N of a receiver with an optical am-
plifier used as a preamplifier, as shown in Fig. 5 has to be 
found. Besides the above defined beat noises, the shot noise 
and thermal noise from the photodiode have to be included. 
The shot noise of the PIN diode is caused by the irregularity 
of the electron flow in the diode, and the shot noise power 
Nshot is defined as: 
 

Ltshot BReIN 2=  (29) 
 
where It is the total average current including the signal cur-
rent, the ASE noise current and the dark current Id of the PIN 
photodiode and RL is the load resistance of the PIN diode. 

The thermal noise is emitted from any medium that has non-
zero Kelvin temperature. The thermal noise is given by: 
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In k is the Boltzmann constant, and T is the absolute tem-

perature in Kelvin.  
The electrical S/N of the output from the PIN photodiode 

shown in Fig. 5 is defined as: 
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As seen from (31), as G is increased, the contribution of the 

thermal noise is diminished the most, and then that of the shot 
noise, while the contributions of the signal–spontaneous noise 
and the spontaneous–spontaneous noise are left unchanged. 

For large G, the S/N becomes: 
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If the input photocurrent Is is maintained much larger than 

IASE the ultimate S/N value of the receiver when the optical 
amplifier is used as an optical preamplifier is: 

 

f
ASE

s

B
I

I

N

S

νΔ
⋅

=
4

 (33) 

Finally, for the noise ratio the following relation is obtained: 
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In terms of the light power (34) can be rewritten as: 
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It has to be noticed that the signal to noise ratio depends on 

quantity nspon directly and by optical signal power. nspon  can be 
reduced by raising the light pumping level. 
 In order to define some useful quantifications concerning 
the above defined items, as an example, for a DFB-FL detec-
tor as defined in Fig. 5 with the wavelength bandwidth of the 
optical filter of 0.1 nm, with an nspon of 2.25, at 1mW signal 
optical power, the ASE optical power has a value of 11.3 μW.   

In Fig. 13 the variations of signal to noise ration as function 
of normalized pumping rate deduced for a DFB-FL sensor 
manufactured by using Er3+ doped optic fiber are presented. Ps 

is considered as a fixed parameter. In Table I the parameters 
of the analyzed DFB-FL sensor system are defined. 

 

TABLE I 
PARAMETERS OF THE DFB-FL SENSOR 

Parameter Value 

Light signal power 1 .. 25 ·10-6 W 
Wavelength 1.55 ·10-6 m 

Optical filter bandwidth 1.24·1010 s-1 
Electrical signal bandwidth 6.2·109 s-1 
Dark current of the PIN diode 0 
Load impedance to the PIN diode 50 Ω 
Room temperature 300 K 
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Fig. 13 Signal to noise ratio vs. normalized pumping rate. Solid lines 
correspond to the 980 nm pumping while dashed lines correspond to 

the 1480 nm pumping 
 

    It has to be noticed that by performing complicated calcula-
tions, a design procedure for creating active FBG sensors is 
developed allowing an advertised choice of the pumping 
wavelength and power.  
 

VII. CONCLUSION-RESULTS 
The main result of the presented theoretical analysis con-

sists in the following conclusions, regarding the aeronautical 
application of interest: 
• Depending on the magnitude of environment parameters to 

gth is chosen, in order to 
define a domain of linear response of the sensor covering 
the maximum value of the input environment parameter. 

be observed, the pumping wavelen

In this sense the results presented in Fig. 4 are more than 
acceptable. 

• Depending on the magnitude of environment parameters to 
be observed, the pumping power level is set at an optimum 
such that noise due mainly to ASE is kept at an acceptable 
level. 
In this sense the results presented in Fig. 4 are acceptable. 

• An important factor of the performed analysis is the “time 
response” of the active FBG, meaning if there are distur-
bances of the sensor output signal regarding the time scale 
of environment parameters variations. 
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In this sense, the results presented in Fig. 4 illustrates that 
the active FBG acts like a high fidelity recorder, its charac-
teristic times being much shorter than the observed pressure 
variations.  
The presented preliminary theoretical analysis will be fur-

ther developed pointing for various new aeronautic applica-
tions. 
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