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Abstract: An easy to implement and cost-effective Fiber Bragg Grating (FBG) sensor interrogation technique
based on a ring Erbium-Doped Fiber Laser (EDFL) topology is proposed and experimentally assessed. The
FBG sensor is part of the EDFL cavity and must have a central wavelength located within the linear region of
the EDF’s amplified spontaneous emission (ASE) spectrum which occurs between 1530 and 1540nm. In this
manner, the wavelength-encoded response of the FBG under strain is converted to a linear variation of the
laser output power, removing the need for spectrum analysis as well as any limitations from the use of
external edge-filtering components. In addition, the laser linewidth is significantly reduced with respect to the
FBG bandwidth thus improving the resolution of the system, whereas its sensitivity can be controlled through
the pumping power. The performance of the system has been characterized by modeling and experiments for
EDF's with different lengths, doping concentrations and pumping power levels. The influence of
mode-hopping in the laser cavity on the resolution and accuracy of the system has also been investigated.
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1. Introduction

Strain and structural health monitoring systems are increasingly used for infrastructures and
constructions with high standards and strict specifications. The state of the art of these systems
utilizes complicated and sophisticated fiber optic sensor techniques in order to monitor the
increased number of sensing points [1,2]. Most of them require sequentially located FBGs with
different central wavelengths, while their interrogation systems are mainly based on either tunable
lasers or spectrum analyzers [3-5] which are in general high-end and high-cost components.

On the other hand, there are also many small-scale applications that require a small number of
FBG sensors where cost and simplicity are the most significant requirements. For these applications,
alternative lower cost systems are required. A potential interrogation method could use a time
division multiplexing topology, consisting of FBGs with similar center wavelengths inscribed on
different fibers and polled by means of an optical switch. Then, a single channel interrogator is
required and may be based on an edge-filtering component matched to the FBG wavelength range
that transforms the wavelength-encoded strain or temperature response of the FBG into power
variation [6,7].

Edge filters are usually implemented either by biconical fibers [8] or by means of chirped and
apodised grating inscriptions on the fiber core and therefore require a rather complicated design
[6,9,10]. In addition, they exhibit a limited linear spectral response up to 2nm that remains
unchanged, unless their temperature is varied through a temperature control system. Edge filters for
FBG interrogation based on unpumped erbium doped fibers (EDFs) have also been proposed [11,12].
They exploit the linear region of the absorption spectrum of the EDF and in general suffer from low
output power levels.

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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In the present work we propose and evaluate an FBG interrogation technique that relies on an
erbium doped fiber laser (EDFL), in a well-known ring cavity configuration which includes the
strain sensing FBG. The novelty of the proposed technique is that the FBG sensing element must
exhibit a central reflectivity wavelength within the 1532-1537 nm wavelength range, where the ASE
spectrum of Erbium exhibits an abrupt slope. By means of the combination of a ring EDFL cavity
with this specific FBG, any strain-induced wavelength shift of the FBG, not only shifts the laser
wavelength, but also induces a linear variation of the laser power, due to the abrupt variation of the
EDF-ASE spectrum within the above wavelength range. Thus, the proposed topology behaves like
an edge filter, eliminating the need for spectrum analysis or external linear edge-filtering
components, that are commonly used in typical power-detection interrogation systems [13].
Therefore, the proposed topology is simpler, reducing complexity and cost, while at the same time
extends the linear range of operation to more than 3nm covering many possible sensor variations. In
addition, the ring laser topology provides higher power compared to the unpumped EDFs that are
used for edge-filtering and also reduces the output half-power bandwidth, offering higher
resolution. Furthermore, by embedding a 1xN optical switch, the proposed topology may be
connected to several identical sensors [14] in order to evaluate multiple sensing points and
temperature-reference sensors.

The paper is organized as follows: Section 2 comprises the system principle of operation and a
theoretical investigation by means of a numerical model for validation of the principle and specific
case studies. Section 3 describes the experimental setup and characterization of the most significant
components. Finally, in Section 4, the operation of the device as a strain sensor interrogator is fully
characterized and analyzed considering potential applications requirements.

2. Principle of Operation

The proposed interrogation technique exploits the quasi-linear slope of the amplified
spontaneous emission (ASE) of an erbium doped fiber (EDF), in a narrow spectral range between
1532 and 1537nm and is explained with the sketch of Figure 1. The EDF is used as the gain element of
a ring laser cavity which also includes the FBG that will be used as a strain sensing element. The FBG
is connected to the cavity by means of a circulator and is chosen so that its central wavelength to be
in the linear region of the EDF emission (1532-1537 nm) and therefore determines the central
emission wavelength of the laser.

EDF ASE Spectrum

Pump \  FBGis inscribed within
980 nm — the 1532-1537nm range
— of the EDF spectrum

FBG
sensor

Output

Figure 1. Illustrative presentation of the unidirectional EDFL based FBG sensor interrogation system.

Any strain or temperature induced wavelength-shift of the FBG, shifts the laser emission
wavelength as well, and induces a linear variation of the cavity gain and therefore a linear variation
of the laser output power. Therefore, the wavelength-encoded strain or temperature response of the
FBG is transformed into a laser power variation which can be trivially measured with a photodiode.
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In this manner the system behaves similarly to an edge filtering device, without the main drawbacks
of edge filters.

In order to verify that the system will exhibit a linear response for EDF’s with different doping
concentrations, lengths and pumping levels, we performed simulations based on the numerical
model that is described in the Appendix A herein. The model is based on gain saturation models for
EDFs [15-19] including the pair-induced quenching phenomenon for high doping concentration
[20-22] and fitting of unknown parameters with experimental results. It is noted that only
high-doping EDFs have been used, to keep their length short and at the same time provide sufficient
small-signal gain.

The model provides an efficient way to calculate steady state values of critical parameters for
the ring-laser topology of Figure 1 (e.g. saturated gain and output power) assuming single-pass
amplification of a signal through an EDF with specific characteristics. Each value of the EDF input
power considered in the model, corresponds to a value of the saturated optical power circulating in
the EDFL cavity of Figure 1.

A typical simulation result is presented in Figure 2 and shows the calculated EDF gain versus
the input signal power of five different wavelengths, for a 62cm long Er30 EDF with a pumping level
of 60mW. From this diagram, the output power of the EDFL sketched in Figure 1, at each
wavelength can be extracted straightforwardly, since it is equal to the input power value for which
the loop gain of the ring cavity compensates the loop losses. The specific example shown in Figure 2
assumes 7.65dB of total loop losses in the EDFL ring cavity (horizontal dashed line) according to the
experimental setup of Section 3, and results in output power levels marked with the vertical dashed
lines. As clearly shown in the inset of Figure 2, the laser output power varies linearly with
wavelength, leading to a linear system response.
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Figure 2. Calculated gain saturation versus the input signal power for five different wavelengths for
a 62cm Er30 EDF with 60mW pump power. Considering 7.65dB loop gain, the input signal is
calculated for each wavelength and depicted in the inset. For the wavelength values of A1 to As see
also Figure 9.

In addition, the aforementioned model was used to provide some design rules with respect to
setup parameters such as the EDF’s doping, length and the pumping power, that affect the
ring-laser’s output power.

Figure 3 presents a calculation example with a higher doped EDF (Er110). The EDF gain is
plotted versus the input optical signal power for two lengths of 40cm (solid lines) and 47cm (dashed
lines) and two pumping levels of 75mW (blue lines) and 90mW (red lines). For input power higher
than -25 dBm, the EDF length does not provide any significant gain difference. On the contrary, the
pumping level (75 or 95mW) affects gain significantly. Regarding the doping concentration of the
two EDFs, there is no clear choice between the two examined. Lower doping requires a relatively
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longer length and less pumping, although it provides less small-signal-gain which makes the laser
ignition more difficult. In any case there is a tradeoff between the loop losses, the EDF doping and
length, together with the required pumping power.

gain (dB)

- . - - - -
-40 -30 -20 -10 0
power of input signal (dBm)

Figure 3. Calculation of gain saturation vs the input signal power for an Er110 EDF with length of
40cm (solid lines) and 47cm (dashed lines) and a pumping power of 75mW (blue lines) and 95mW
(red lines).

3. Experimental Setup

The experimental setup used for the proof of concept of the proposed interrogator is sketched in
Figure 4. The EDF is part of a unidirectional ring laser cavity and is pumped at 975 nm by a laser
diode (LD-Thorlabs PL980P330]) through a WDM combiner. An optical circulator imposes
unidirectional operation whereas a fiber splitter sends a fraction of the cavity power to a photodiode
for measurement of the laser power or to a Spectrum Analyzer for monitoring the wavelength shift.
The strain sensing FBG is chosen so that its central wavelength is in the quasi-linear region of the
EDF ASE emission (1532-1537 nm) and is connected to the cavity by means of the circulator, thus
reflecting part of the cavity signal power back in the cavity.

Current
controller WDM SMF
Broad Band

| Combiner circulator ASE FBG
( NB 1534nm '
Temp. | NB 1534nm | | Unidirectional Sensing
controller ‘ NB 1534nm  Coupler propagation Element
Nl ) at 1534nm

o Q

Figure 4. Experimental setup of the FBG interrogator. PD: photodiode, uC: microcontroller, OSA:
optical spectrum analyzer, EDF: erbium doped fiber.

Considering the required strain-induced wavelength-shift of the FBG for structural health
monitoring applications together with the width of the quasi-linear slope of the EDF, the FBG sensor
for optimal operation should be inscribed with a central wavelength close to the center of the above
region, that is close to 1534nm and with an optimal bandwidth of 1-3nm.
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Since the laser power is expected to exhibit a linear response to the wavelength shift of the FBG
for fibers of different doping concentrations as mentioned in the previous section, for the
experimental demonstration we used a heavily doped single-mode fiber (Er110, nLIGHT) with an
Erbium-ion concentration of 6.6x10% ions per m?. The high Erbium-ion concentration has been
adopted in order to reduce the required length of the EDF while at the same time the high small
signal gain will compensate the loop losses, as mentioned in the analysis of Section 2.

The FBG of Figure 4 was inscribed in house, using a UV laser emitting at 266nm, a phase mask
with 1060nm pitch and a GF1 as photosensitive fiber. Figure 5 shows the power reflectivity spectrum
of the inscribed FBG (red solid line), together with the theoretically calculated response (black
dashed line) [23]. The FBG exhibits a peak power reflectivity of about 48% at a center (Bragg)
wavelength of As=1534.Inm and with a 1dB bandwidth of about 80pm. The length of the FBG is

approximately 6mm.
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Figure 5. Spectral reflected power from the FBG (red solid line), together with the broadband source
(BBS) power spectrum (blue solid line) and FBG's calculated spectral reflectivity (dashed black line).

Figure 6 depicts the spectrum of the ring laser for 75mW of pumping power (solid blue line),
along with the FBG bandwidth (solid red line). The laser power at the peak wavelength of 1534.1nm
is approximately 23uW which is in a good agreement with the -16dBm value predicted by the model
for 8.2 dB cavity loss (3.2dB of FBG reflectivity and 5dB residual loop losses) and 75mW of pumping
power (see Figure 3). Furthermore, the laser exhibits significantly narrower spectrum compared to
the FBG reflectivity bandwidth (20pm and 80pm bandwidth at -1dB, respectively). The narrow
linewidth together with the high output power, lead respectively to improved resolution and lower
noise floor for FBG sensing applications, compared to systems that rely on other types of edge filters.
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Figure 6. Spectral output power of the ring-EDFL for 75mW of pumping power (solid blue line),
together with the FBG’s power-reflection spectrum (solid red line) and a calculated example of a
narrower uniform FBG (dashed line) that is proposed in order to reduce mode hopping.

Nevertheless, this family of long cavity EDF ring lasers exhibits strongly multi-longitudinal
mode spectrum and suffers from the mode-jumping (or mode-hopping) phenomenon which causes
wavelength and optical power instability [24,25]. In our case mode-hopping limits the resolution of
the FBG interrogation and needs to be addressed. To tackle this problem, a much narrower FBG with
reflectivity less than 50% should be used, in order to act as a narrowband filter. An example is
depicted in Figure 6 (dashed line), which could limit mode jumping in a range of approximately
20pm around the center wavelength without significant variation of the laser power. This FBG can
be implemented by increasing the inscription length of the grating and reducing the index
modulation depth at the same time.

4. Characterization as a Strain Sensor Interrogator

In a last step we evaluate the proposed technique as a strain sensing interrogator, using the
setup of Figure 7. By applying a variable strain up to 1200ue to the FBG sensor, its center wavelength
is red-shifted by more than Inm and we record the laser power at the peak wavelength using a
spectrum analyzer, for two pumping levels of 75mW and 95mW (see Figure 8). The power versus
wavelength-shift sensitivity (dP/dA) of the device, increases with the pumping level (8.8uW/nm to
11.6pW/nm for 75mW and 95mW pumping respectively) and consequently, the strain sensitivity
increases from 1.38puW/100ue to 1.79uW/100ue for 75mW and 95mW pumping. Moreover, for both
pumping levels, the system response remains linear while any small fluctuations are mainly due to
noise and residual mode-hopping effects. Finally, the dynamic range of the system is also affected by
the pumping level since higher pumping leads to increased laser power and therefore larger
dynamic range before approaching the noise floor of the photodetector. Specifically, for our
experimental conditions the dynamic range for a pumping level of 75mW was approximately
1300pe, while for 95mW the dynamic range exceeds 2000pe. The above results show that the
pumping power affects critically both the resolution and the dynamic range of the proposed
technique.
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Figure 7. One-dimensional stage for the axial elongation of the FBG element.
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Figure 8. Output power of the ring EDFL vs strain applied on the FBG, for 75mW (square dots) and

95mW (round dots) of pumping power of the Er110 EDF, together with linear fitting.

Similar results were obtained with a 62cm long EDF with lower doping concentration (Er30).

Figure 9 shows the laser power at the peak wavelength as recorded with the optical spectrum
analyzer, for various strain levels and a pumping power of 60mW. Squares represent the calculated
power values at the corresponding peak wavelengths, using the numerical model of the Appendix
and considering a cavity loss of 7.65dB (see also the inset of Figure 2). We remark again the linear
response of the output power to the strain induced wavelength shift as well as the good agreement

between experimental and theoretical results. The sensitivity in this configuration example increases
up to 7,22uW/100pe due to the higher output power in comparison with the Er110 EDF.
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Figure 9. Ring — EDFL emission spectra for Er30 EDF and 60mW of pump power (red solid lines).
The square symbols represent the corresponding theoretical calculation for each wavelength while
the linear fitting gives sensitivity of 7,22uW/100(ue).

Furthermore, a photodiode with an analog to digital converter (ADC) have been employed, in
order to evaluate the accuracy and the resolution of the proposed method. With the previously used
Er30 EDF, we plotted the output voltage versus the axial strain in Figure 10 (red data). For a strain
range up to 1000pe, the sensitivity is approximately 200mV per 100pe (R>=99.31%). However, we
remark a fluctuation in sensitivity of approximately #2.5% which limits the resolution to
approximately 20ue, which may fulfill applications with loose specifications and is mainly caused
by mode-hopping. Improvement of the resolution is expected by a narrower FBG, as was discussed
in the previous section. In order to experimentally confirm this assumption, a 25% narrower FBG
was used (inscribed in house with a slight increase of the inscription length and a small reduction of
the peak reflectivity). The corresponding results are depicted in Figure 10 (blue data). The calculated
sensitivity is now 270mV per 100ue (R>=99.79%), while the maximum fluctuation in sensitivity is less
than 2% which leads to a resolution better than 15pie. This improvement is mainly provided by the
reduction of mode hopping due to the respective reduction of the FWHM bandwidth. Further
reduction of the FBG bandwidth will improve the strain resolution and accuracy of the method
down to the limit imposed by the stability of the pump power.
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Figure 10. The output voltage of an ADC that reads the photodiode’s photocurrent, versus the axial
strain applied on the FBG in microstrains. The red dotted line is the linear fitting for the measured
data (square dots), while, both the blue line and the blue square dots represent the measured data
from a narrower FBG together with their linear fit.

Finally, we evaluated the sensitivity of the system to the environmental temperature changes.
This is a crucial parameter for sensing applications because, due to the thermo-optic effect,
temperature is expected to affect both the reflectivity and the peak wavelength of the FBG.
Specifically, the FBG (Bragg) wavelength increases with temperature, while reflectivity decreases
due to the change of the material refractive index. Both parameters, will lead to change of the output
power of the device, which can be falsely translated to strain originating changes. In order to assess
the temperature sensitivity of the device, we varied the FBG temperature keeping strain constant,
and we recorded the output spectra for several temperatures.

The results are depicted in Figure 11 which shows that the temperature sensitivity is almost
2puW per 10°C. Therefore, due to the high temperature sensitivity, strain-sensing applications require
a dummy (strain-free) identical FBG as a reference for temperature compensation. The reference
FBG will be used not only to compensate the temperature variations, but the pumping power
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fluctuations as well. Moreover, the LD’s output power could be monitored and corrected
accordingly, through the adequate controller's software. Nevertheless, each sensor's calibration
procedure, together with its reference-FBG, should be conducted individually, in order to determine
the strain and temperature sensitivity.
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Figure 11. Ring - EDFL topology emission spectra for 75mW pumping power, without any strain on
the FBG and for temperatures from 16 to 25 °C.

5. Conclusions

An FBG sensor interrogation technique suitable for low cost and small-scale sensing
applications has been proposed. The interrogator is based on an EDFL in a ring cavity configuration
which comprises the FBG sensor as part of the cavity. The proposed configuration transforms the
strain or temperature induced wavelength shift of the FBG into variation of the laser power, relying
on the slope of EDF ASE between 1532 and 1537 nm, provided that a sensor with a central
wavelength within this range is used. The topology has been evaluated for an FBG with center
wavelength of 1534.1 nm for several pumping powers and different EDF types and lengths. It is
demonstrated theoretically and experimentally that for strain-induced wavelength shifts of the
order of 1-3 nm which are sufficient for structural health monitoring applications, the laser power
varies linearly with wavelength, thus leading to a linear system response. The main advantages of
the technique include the easy and cost-effective implementation, high power levels thanks to the
laser topology, increased resolution with respect to edge filter implementations thanks to the narrow
laser linewidth and tunable sensitivity. The device exhibits temperature sensitivity due to the
sensitivity of the FBG sensors and requires compensation by means of an identical dummy FBG.
Therefore, the simplest configuration utilizes a 1x2 optical switch with two identical FBGs, one of
them acting as a reference sensor. Multiple sensors may be interrogated using multiple-port optical
switches. The cost of the optical switches increases with the number of ports, limiting the application
of this topology to small-scale applications.

6. Patents

A patent is pending for the technique presented in this paper.
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Appendix A

The core refractive index of an EDF is a complex number with its imaginary part representing
the gain (if it is positive) or the loss (if it is negative) of the signal (which is assumed within the ASE
spectrum), while for the pumping wavelength it is always negative due to absorption of the pump
from the Erbium ions [15,16]. It can be calculated through the state populations and the steady state
equations for both wavelengths. Although the formalism described in [15,16] may be adopted, the
ion cluster formation for heavily doped EDF, requires a modeling that includes the effects due to the
interaction within ion pairs [17]. According to this model, the density of clustered ions is N. = mkN,
where N, is the total ion density in the core, m is the number of ions in a cluster and mk is the
percentage of ions in cluster form. Considering a two-level system, including the pair induced
quenching (PIQ) of the clusters, the steady state solutions of the rate equations lead to [17]:

(A1)

N,=N.—N,=N R+ Wi
e o “ A5+ m(R +Wy,) + Why

Ay + Wy,
No,=N.—N,=N, (A2)
52 = 51 SA21+R+MZ+%1

where, N, is the single ions density (N, — N.), N, = N, + N.,, N; = N, — N, while the absorption
and emission rates Wi, (4,), W, (A.) for the signal wavelength A, are given by the relations:

As045 () P(A)T(A) (A3)
W12 ('%s) - hC]‘Ibz
‘15' gsu's)Pm's)r('ls) (A4)
WZl (“15) - hemh?
Moreover, the pump rate at 1,=980nm is:
ApOap(Ap)P(A,)0(2,) (A5)
— “p%ap\p v r
R (,le) - hemh?

where h is the Plank’s constant and for the signal wavelength A,=1534nm the emission and
absorption cross sections are g, =3.24x10-25 and g, =3.69x10-25m2 respectively, while the
absorption cross section for the pump wavelength is g,,=2x10-25 m2. Additionally, the overlap
integrals are calculated as:

r(2) =1—e 2b/e@l (A6)
with
o) =a(ay oo (A7)

AN NA=02. Moreover, A1=0.616, A2=1.66, A3=0.987, the doping

concentration N, =6.6x1025 ions/m3 and the spontaneous emission rate A21=1/0.0103 sec-1.
Considering an input signal power P(4,) and a pumping power P(4,), the gain for the signal and

and a =5y, P, v=

the absorption of the pumping wavelength are given [15-18] respectively by:
G = 4.343r (A.)(0,.N, — 0,,.N,) (dB/m) (A8)

A =4.343r(2,)(~o,,N,) (dB/m) (A9)

where, the involved value of k will be determined experimentally and m=2 ions per cluster. For the
calculation of the gain of an EDF with length L and the remaining pump power at the end of it, a

do0i:10.20944/preprints202404.0491.v1
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numerical procedure should be applied. Particularly, we discretize the length L in small segments as

depicted in Figure Al.
AL «——
Signal Pin Signal Paut
— >"|GAL [—> —"IGAL—>
—>AAL—> —AAL >
Pump Pin Pump Pout

A
h
v

Figure A1l. Segmentation of heavily doped EDF for gain and residual pumping calculation.

The length of each segment has been selected to be so short, that G and A may be considered
constants throughout AL. For a heavily doped EDF, in the gain saturation range, each segment is
characterized by different gain and pumping power. Using a recursive procedure both the residual

Py

pump power P, and the final gain will be calculated by the signal ratio P—_“’. By a suitable

experimental setup, the residual pumping power may be measured and through the aforementioned
calculation scheme the input pumping power may be derived.

The proposed experimental setup is depicted in Figure A2 and may be used for the EDF’s gain
saturation region as well. In Figure A2 a broad band source has been used in combination with a
circulator and an FBG centered at the signal wavelength As. An Erbium Doped Fiber Amplifier
(EDFA) device has been employed in order to amplify the signal wavelength As at a level from
-40dBm to -10dBm. Moreover, the pumping level for the EDF under test ranges from 70 to 100mW.
For two levels of pumping power 75 and 95mW the gain is depicted in Figure A3, where the input
signal changes from small signal (Pin(As)=-40dBm) up to almost -10dBm.

Current
controller WDM
Combiner
T s O =]
Pump —> EDF 0SA

Temp.
controller .
| 1534nm circulator
— .\Q -
EDFA \

v

Broad
Band
Source

FBG

HHHH

Figure A2. Experimental setup for the evaluation of the gain saturation versus the input signal
power. The EDF is 47cm long and heavily Erbium doped.
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Figure A3. Experimental gain values (symbols) vs input signal power, for 95mW pumping power
(blue symbols) and 75mW (red symbols). The fitted calculation curves for 95mW (blue solid line) and
75mW (red solid line) are depicted, according to the procedure described in the text.

Using the experimental values of Figure A3 we may calculate the small signal gain by applying
(A8) and the segmentation calculation scheme by adjusting the value of k in order to coincide with
the experimental ones. For the EDF of Figure A2’s experimental setup, and the values depicted in
Figure A3, the value of k is estimated to be 15.6% which is in the same order of the values referred to
in the literature [20]. Moreover, the pumping power has been calculated from the measured power
at the end of the EDF and the segmentation technique of Figure A1l. Next, the curve of the saturation
gain has to be determined.

The gain saturation vs input power signal is provided by the calculation scheme of the steady
state PIQ equations, but this rather corresponds to the intrinsic parameters than the experimental
conditions [19,22]. A similar drawback appears at the gain calculation through the saturation power
parameter [18,21]. Nevertheless, the PIQ model incorporates the cluster-phenomenon and gives the
potentiality to adjust the small signal gain according to the experimental results. On the other
hand, the saturation parameter method provides the possibility to adjust the saturation according to
the experimental conditions. Consequently, we adopted the PIQ model for the small signal gain and
the estimation of k, but we had to follow the saturation parameter method for the approximation of
the gain saturation vs the input power signal.

For the application of the saturation parameter method, we define the saturation power for
signal and pump as follows [15]:

hemw? A5,
Psat(‘ls)zﬂ [CF j—ﬂ' ) (AlO)
. hemwid,,
Poge(2,) = —2—= (A11)
sat \p. Apo—ap

where w; = w(4;) and w, = w(2,). By introducing the normalized saturation power for signal and

P and q= PUa)_ the gain and absorption relations will be given as

pump respectively p = Pene(ds) Psar(An)

follows:

G = 4.343N, =% Gap/m) (A12)

1+g+p
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— —Taple Taz Al3
A 4.343—L1+q+p(1—l—p ) (dB/m) (A13)

TnstTas

In (A12) and (A13) the normalized field profile of the fundamental mode at the center of the
core has been taken to be equal to one. Moreover, the small signal gain according to (A12), should
coincide with the small signal gain derived by (A8). However, (A12) does not feature any parameter
that may include the PIQ phenomenon and the potential adoption of effective cross-sections, in order
to equate the small signal gains from both calculation schemes, is a tedious and controversial
procedure. Instead, a rather reasonable approach is to follow the gain saturation response given by
(A12), normalized to the small signal gain, while adjusting the saturation power in order to fit the
experimental results. Particularly, by applying the segmentation procedure and reducing P, (4,)
accordingly (i.e. to approximately 7.5% of the maximum value), the gain saturation is scaled to the
small signal gain provided by the PIQ method.

Following this method, the fitting curves have been derived, as it is depicted in FigureA3, for
47cm Erl10 and for 75mW and 95mW pump power respectively. The saturation power is now
approximately reduced to the 7.5% of its intrinsic value.

Next, we repeat the aforementioned procedure for a less doping-density EDF such as the Er30
fiber with N, =2.1x10% jons/m3. The value of k is estimated now to be 9% while the P,..(4,] is
reduced to 30% of its intrinsic value. Both parameters are reasonably differed from those of the Er110
fiber’s, since the cluster — phenomenon is now mitigated whereas, the P, (1.) is now closer to its
maximum (i.e. intrinsic) value as anticipated [19,26].

In Figure A4 the experimental values for two pump powers are depicted, together with the
corresponding fitting through the proposed model and for a 62cm EDF. Although the small signal
gain is now less than that in the higher doped EDF, the saturation is pushed towards higher input
power that consequently gives higher output power from the ring topology. Nevertheless, its loop
losses should now be less in order to ignite the lasing operation.

"1 oomw
T
[ ~a
9 — e g g
60mwW
o 8 u =
E 4
£ 71
] 4 ]
(2] 6
54
4 -
34
2 T T T T T T T
-30 20 -10 0
input power (dBm)

Figure A4. Experimental gain values (symbols) vs input signal power, for 90mW pump power (red
symbols) and 60mW (blue symbols). The fitted calculation curves for 90mW (red solid line) and
60mW (blue solid line) are depicted, according to the procedure described in the text.

The proposed method is applied for a unidirectional ring EDFL, as that in Figure 1, with a
circulator that forces the clockwise propagation direction. The output power is provided by the
saturated gain vs input signal power as depicted in Figure A3. By determining the ring losses (i.e.
the losses from the couplers and the reflectivity loss from the FBG) the input signal power should
provide the required gain that will balance the losses and therefore corresponds to the output
power. However, for higher output power or equivalently with less reflective FBG, a bidirectional
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operation may be adopted. The estimation of the output power for the bidirectional operation is
rather more complicated, although its evaluation may be provided by a modified figure of merit.
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