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Abstract: The ASE (Amplified Spontaneous Emission) light source, based on erbium-doped
fiber (EDF), is a broadband light source with advantages such as high power, excellent
temperature stability, and low coherent light generation. It is widely used in the field of fiber
optic sensing. However, traditional ASE sources suffer from temperature sensitivity and low
efficiency, which can compromise the accuracy and stability of the output light’s average
wavelength. This study focuses on optimizing the erbium-doped fiber (EDF) to improve
the temperature stability and efficiency of the ASE light source. Through simulations, we
found that the appropriate doping concentration and length of the EDF are key factors in
enhancing the stability and efficiency of the ASE source. Inorganic metal chloride vapor-
phase doping combined with an improved chemical vapor deposition process was used to
fabricate the erbium-doped fiber, ensuring low background loss, minimal OH™ absorption,
and uniform distribution of the erbium ions in the core of the fiber. The optimized EDFs
were integrated into the ASE source, achieving a power conversion efficiency of 53.6% and
a temperature stability of 0.118 ppm/°C within the temperature range of —50 °C to 70 °C.
This study offers a practical approach for improving the performance of ASE light sources
and advancing the development of high-precision fiber optic sensing technologies.

Keywords: amplified spontaneous emission sources; erbium doped fiber; vapor phase
doping; fiber optic gyroscopes

1. Introduction

Amplified spontaneous emission (ASE) sources utilizing erbium-doped fiber (EDF)
are extensively employed in fiber optic gyroscopes (FOGs) due to their high output power,
broad spectral bandwidth, low coherence, and low shot noise limit [1-4]. Typical research
related to ASE sources in the context of FOGs focuses on minimizing temperature sen-
sitivity and maximizing power conversion efficiency [5-10]. Since the angular velocity
measured by the FOG is proportional to the Sagnac phase shift, with a scale factor de-
pending on the wavelength used, the stability of the ASE’s mean wavelength emerges
as the most critical variable [11]. For high-precision inertial navigation FOGs, the ASE
source is usually required to have a temperature stability of a few parts per million per
degree Celsius (ppm/°C) or better [1,12]. Power conversion efficiency is also an important
parameter for ASE source. Enhancing power conversion efficiency can achieve higher
output power with lower pump power, thereby optimizing the signal-to-noise ratio and
detection accuracy of the FOG while maintaining low energy consumption [13]. Hence,
improving the efficiency and stability of ASE sources has emerged as a pivotal concern in
elevating FOG performance.
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In most ASE sources, instability mainly arises from variations in pump diode proper-
ties (power, center wavelength, and polarization state), fiber components (the wavelength
division multiplexer, bandpass filter, reflector and isolator), and the intrinsic thermal-
dependent gain property of the EDF [14,15]. While the effects of the first two factors
can be mitigated by optimizing pump parameters and employing high-performance fiber
components, the instability of ASEs is primarily determined by the thermal properties of
EDFs [15-17]. During EDF manufacturing, it is necessary to precisely control the concentra-
tion of doped ions and ensure their uniform distribution in the silica optical fiber, which
helps reduce the stress mismatch between the fiber matrix and the doped ions caused by
heat, thereby effectively improving the temperature stability of the EDF [17-20]. Extensive
global research has focused on developing standardized, repeatable process technologies
to improve the concentration accuracy and distribution homogeneity of rare-earth (RE)
doped fibers. Several preform fabrication techniques, chiefly alterations of the modified
chemical vapor deposition (MCVD) process, have been explored [21,22]. Among these,
the solution doping (SD) and the metal chloride vapor phase doping (VPD) are the most
prevalent techniques [21]. The SD method, favored for its easy ofimplementation and
broad dopant selection, has been continuously optimized over many years [21]. However,
fibers produced by this method often exhibit higher hydroxyl absorption and background
loss [23]. In contrast, in the VPD process, REs and codopants are incorporated simultane-
ously with silica deposition, ensuring homogeneous dopant distribution [24]. The dopant
concentration can also be precisely controlled by adjusting the carrier gas flow rate and
the sublimator temperature [24,25]. Notably, the VPD process, conducted “in situ”, avoids
environmental contaminants such as dust and moisture typically introduced during the
soaking and reinstallation phases of the SD method [21]. Hence, actively advancing VPD
technology remains a potent approach for reducing background loss and OH™ absorp-
tion of EDF and holds promise in improving the mean wavelength stability and power
conversion efficiency of ASE sources.

In this study, we developed an ASE model through simulations and determined
that adjusting the Er*" ion concentration and EDF length significantly improves ASE
stability and efficiency. To validate the simulation results, an inorganic metal chloride
VPD method combined with the MCVD process was employed to manufacture EDFs.
After comparative experiments, demonstrated that this process yields EDFs with superior
stability and higher efficiency compared to commercial EDFs fabricated by solution doping
technique. By further fine-tuning the dopant concentration and the EDF length, we achieved
temperature stability of 0.118 ppm/°C within the temperature range of —50 to 70 °C,
and power conversion efficiency of 53.6% in the ASE source, meeting the requirements of
high-precision FOGs. These results pave the way for developing high-quality EDF and
high-performance ASE sources, potentially driving advancements in FOG technology.

2. Principles and Simulations

The Er** ions within the silica optical fiber can absorb and emit photons [20]. EDFs
are typically described using a three-level energy diagram to describe possible transitions,
consisting of the ground state, metastable state, and upper energy level [26]. The rate
equations for ASE sources utilizing EDF pumped at 980 nm can be expressed as [27,28]:
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where the P, (2, A¢) represents the ASE power, and the P, (z) represents the pump power
along the fiber length. «,(A,) and a5(Ax) denote the fiber losses for the pump and signal,
respectively. The overlap factors at the pump and signal wavelengths are denoted as
I'y(Ap) and T's(Ay), respectively. 0§ (Ay) and o¢ (Ay) represent the emission and absorption
cross-sections at the signal wavelength Aj. (f;()\p) and U;,’()tp) represent the emission
and absorption cross-sections at the pump wavelength A,. N; and N, are the Er ion
numbers at the ground state and the metastable state respectively. N = N;j + N is the total
number of Er ions. h represents the Planck constant. Because the forward and backward
ASE noise spreads in a continuum wavelength range, the whole ASE spectrum has been
divided in K slots having Avy, k = 1,2,...,K, bandwidth and centered around vy of the
signal A;. The emission cross-section and the absorption cross-section at signal and pump
wavelengths are related with the McCumber equation expressed as:

() = aﬂ(A)e%(%’%) 3)

where the A( represents the wavelength at which the absorption cross-section equals the
emission cross-section.

The dependence of the ASE spectrum on temperature is mainly due to the variation in
the occupancy probability of Er3* ions on the ground and metastable energy manifolds.
The ground energy manifolds are composed of I broadened vibrating sub-levels having
i,i =1,2,...,1. The metastable energy manifolds are composed of | sub-levels, having
j,j =1,2,...,]. Ny; is the number of ions in the i’ ground state sublevel (}; Ny; = Nj),
and Np; is the number of ions in the i excited state sublevel (Z]- Naj = Np). The distri-
bution of Er3* follows the Boltzmann distribution [29]. The occupancy probability of the
energy level with energy E is given by:

p(E) = e 7 £(T) @)

where k is the Boltzmann constant and T is the temperature. f(T) is the partition function
dependent on temperature, which must satisfy the normalization condition:

[ p(Ep(ENE =1 ®)

L

where p(E) represents the energy density, which is the number of ions allowed at the energy
level of E per unit volume. Considering the uniform energy density, in the case of E* = 0,
EH = oo, the partition function can be simplified as follows:

f(T) =7 (6)

where C is a constant. Therefore, the numbers of Er3* ions in the i*" ground state sublevel
and j excited state sublevel are:
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The transitionof Er>* ions at the excited state energy sublevel Ey; to the ground state energy
sublevel Ey; produces signal wavelength A;;, satisfying:

—Ey = 3 )
Y

>

Commercial software OptiSystem designed by Optiwave Systems Inc. was employed to
simulate the ASE spectra at different temperatures based on the Boltzmann distribution.
From the spectrum data, the mean wavelength A and spectral width AX of the ASE spectrum
is calculated as follows:

L Pase (M) - Ax
Y Pase(Ax)

_ L Pase(Ax) - Ak
¥ Pase(Ak)? - AAg

A= (10)

AA

(11)

where AAj represents the wavelength interval of the signal Ax. From the above derivation,
it can be inferred that the mean wavelength of the ASE source is temperature-dependent,
and does not change monotonically with temperature. In other words, an extremum exists
in its variation with temperature, which may be crucial for improving the temperature
stability of ASE sources. It is expected that this extreme value will appear within the
operating temperature range of the FOG to obtain a stable ASE source, thereby realizing
high-precision and high-stability operation of the FOG.

The optical path of the ASE source is shown in Figure 1. The 980 nm pump light
emitted by the pump laser was launched into the EDF under test via one arm of the
wavelength division multiplexer (WDM). An optical fiber isolator (ISO) was connected at
the end of the EDF to prevent the reverse-transmitted light at the back-end optical path
from being reflected back into the EDF to form lasing. The functions of the filter and
reflector in the other arm of the WDM are respectively to obtain a symmetrical Gaussian
spectral shape of the ASE source around 1530 nm and to reflect the signal light back to the
EDF for re-amplification.

iy
Pump (980 nm)

EDF LA RN}
WDM ISO (1530 nm) OSA
l Temperature zone

Reflector Filter
(1527nm-1533nm)

Figure 1. Schematic of the ASE sources.

EDF1, EDF2 and EDF3 were selected as candidates for this simulation. EDF1 was
purchased from Fibercore (M-12 980/125). EDF2 and EDF3 were fabricated in-house by
the inorganic metal chloride VPD technique with MCVD process. Among them, EDF2 has
the same E7>* ion concentration and density as EDF1. Table 1 details the specifications of
all EDFs. Notably, the lengths of EDF1 and EDF2 are optimized to achieve the maximum
output power of the ASE source under the same pump power. Through simulation,
a peculiar phenomenon was discovered: the mean wavelength of the ASE source using
EDF1 and EDF2 decreases initially, then increases with temperature within the range
of —50 °C to 70 °C, reaching a minimum at about —18 °C, as shown in Figure 2. This



Photonics 2025, 12,115 50f12

phenomenon is consistent with our prior inference that the mean wavelength of the ASE
source exhibits an extremum with temperature variation.

Table 1. Comparison of the three EDFS’ parameters.

Parameters EDF1 EDF2 EDF3
Numerical aperture (NA) 0.225 0.230 0.227
Peak Absorption at 1530 nm (dB/m) 18 23 9.8
Background Loss at 1200 nm (dB/km) <10 5.05 5.54
Cutoff Wavelength (nm) 940 1220 970
Mode Field Diameter at 1550 nm (pm) 5.65 5.30 5.50
Erbium Ion Concentration (ppm) 2200 2200 1135
Erbium Ion Density (1/m?) 1.74 x 10®  1.74 x 10%® 0.9 x 10%
Core Diameter (um) 3.18 4.05 3.28
Cladding Diameter (um) 125 125 125
Coating Diameter (um) 245 245 245
Prooftest Level (kpsi) 200 200 200
— EDF1
Q) —— EDF2
£ 1535-
= —— EDF3
=
N
=1V
=
2]
p—
)
>
«®
=
) J
S 1534
=

50 30 -10 10 30 50 70
Temperature (°C)

Figure 2. Simulation results for the mean wavelength variation with temperature for ASE sources
utilizing EDF1, EDF2 and EDF3 of 6 m.

Additionally, through further altering the Er3* ion concentration in the EDF, we found
that when reducing the Er3* ion concentration, although the mean wavelength exhibits
a similar trend of first decreasing then increasing with temperature, the overall change
is smoother. When the Er3* ion concentration decreases to 0.9 x 10% (1/m3) and the
EDF length is set to 6 m, the trend of mean wavelength variation with temperature is the
gentlest (Figures 2 and 3), implying the best temperature stability. These simulation results
suggest that the optimized EDF is anticipated to yield a temperature-stable ASE source.
Subsequently, these results will be experimentally validated.
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Figure 3. Simulation results of the mean wavelength variation with temperature for ASE sources
utilizing EDF3 of different lengths.

3. Experimental Results and Discussion

It is important to note that only the EDF is placed in the temperature chamber (Man-
ufacturer ATH-80L-6D), while the pump diode was kept at room temperature around
23.5 °C. The temperature change of all EDFs in this work is consistent, increasing from
—50 to 70 °C with a fixed step change of 10 °C, maintain each temperature point for ten
minutes to ensure stability, allowing a fair comparison of the ASE performance based on
different EDFs. In order to increase the accuracy of the test, the spectral properties and
output power of the ASE source were recorded after staying at each temperature for more
than 10 min. The optical spectrum and output power of the ASE source were collected
by an optical spectrum analyzer (OSA, Yokogawa AQ6370D) and a combination of power
meter (HP 8153A) and detector (HP 81525A), respectively. An attenuator was employed
before the output signal enters the OSA to prevent the power of the ASE source from
exceeding the OSA power threshold.

The 2.13 m EDF1 and 2.5 m EDF2 were integrated into the optical path shown in
Figure 1 for performance evaluation. As shown in Figure 4, the spectral characteristics
of ASE sources utilizing EDF1 and EDF2 were obtained by sequentially splicing them
into the optical path, with a pump power of 32 mW and within a temperature range
of —50 to 70 °C. Figure 4a depicts the mean wavelength versus temperature across the
entire temperature range. Notably, the mean wavelength of the ASE source utilizing EDF1
exhibits a continuous increment with rising temperature throughout the entire temperature
span. However, for EDF2, the mean wavelength first decreases with temperature from
—50 to —20 °C, and then increases with temperature from —20 to 70 °C. This phenomenon
aligns with our prior derivations and simulation results.

Over the entire temperature range mentioned, the mean wavelength shift of the ASE
source utilizing EDF1 is 31.5 ppm, whereas for EDF2 it is 20.35 ppm, as summarized in
Table 2. The ASE source utilizing the VPD prepared EDF2 exhibits smaller mean wavelength
shift, which may be due to the fact that the EDF manufacturing process proposed in this
study can more effectively reduce the OH™ groups in the EDF compared with the traditional
SD method, thereby enhancing the gain of the ASE [30]. Figure 4b illustrates the change
of the spectral width of ASE sources utilizing EDF1 and EDF2 with temperature. It can
be seen from the figure that the spectral width of the two ASE sources has the same trend
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with temperature, and the spectral width increases with temperature. By comparing the
experimental results in Table 2, it is evident that, in comparison with EDF1, the VPD
prepared EDF2 can better alleviate the spectral width variation of the ASE source.

(b)
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Figure 4. (a) Mean wavelength and (b) spectrum width as functions of temperature for ASE sources
utilizing EDF1 and EDF2.

Table 2. Temperature stability and output characteristics of ASE sources utilizing EDF1 and EDF2.

Mean Wavelength Spectrum Width Change  Output Power Change Power Conversion
Shift (ppm) Rate (%) Rate (%) Efficiency (%)
EDF1 31.5 21 6 36.6
EDF2 20.35 1.8 5.8 40.03

Figure 5a depicts the output power versus pump power of the ASE sources utilizing
EDF1 and EDF2 at room temperature. For the same pump power, the output power of the
ASE source using EDF2 is approximately 20% greater than that of the ASE source using
EDF1. For instance, at a pump power of 32 mW, the output power of the ASE source
utilizing EDF2 is 10.16 mW, whereas that of the ASE source utilizing EDF1 is 8.33 mW.
The power conversion efficiency of EDF2 is 40.03%, compared to only 36.6% for EDF1.
These results indicate that the VPD fabrication process proposed herein enhances the power
conversion efficiency of the ASE source. Figure 5b illustrates the output power variation
of the two ASE sources with temperature at a constant pump power of 32 mW. Both
curves exhibit a consistent trend, where the output power decreases with the increasing
temperature. This could occur due to the elevated temperature intensifying thermal
excitation, thermal quenching, and thermal broadening effects, leading to fewer Er>* ions
in the excited state, thus reducing the population inversion and weakening the output
power of the ASE source [27,31]. The output power change rates of the ASE sources
utilizing EDF1 and EDF2 across the entire temperature range were calculated to be 6% and
5.8%, respectively, which further proves that EDF2 has better temperature stability.

All the aforementioned experimental results confirm that the EDF manufacturing
process developed in this study significantly improves the performance of the EDEF, thereby
optimizing the temperature stability and operational efficiency of the ASE source. Such opti-
mization is essential for advancing high-precision FOG technology. Furthermore, the earlier
simulation results suggest that further optimization of the ASE source is anticipated by
adjusting the Er*>" ion concentration and the length of the EDF, which will be validated
through subsequent experiments.

To validate the simulation results shown in Figure 3, the VPD method combined with
the MCVD process was employed to fabricate EDF3. The mean wavelength variation of the
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ASE source utilizing EDF3 with lengths from 3 to 9 m was measured across the temperature
range of —50 to 70 °C at a pump power of 32 mW, as illustrated in Figure 6a. It becomes
apparent that the experimental results closely resemble the simulated results, suggesting
that the mean wavelength of the ASE source decreases as the length of EDF3 decreases.
This occurs because shorter EDFs possess higher initial gains at shorter wavelengths, which
quickly reach saturation, limiting the effective amplification of longer wavelengths [6,32].
Moreover, as temperature rises, ASE sources utilizing 3-5 m EDE3s typically exhibit an
increase in mean wavelength, whereas those employing 7-9 m EDF3s tend to experience
a decrease. Only ASE sources utilizing 6 m EDF3 demonstrate relative stability in mean
wavelength, consistent with the previous simulation outcomes. Figure 6b depicts the
correlation between the mean wavelength shift and EDF3 length, derived from Figure 6a
data, providing additional confirmation for the simulations. Specifically, the ASE source
employing 6 m EDF3 exhibits the lowest mean wavelength shift, approximately 14.2 ppm,
as shown in Table 3. Consequently, the mean wavelength shift is notably reduced compared
to ASE sources utilizing EDF1 and EDF2. This phenomenon is attributed to the disturbance
caused by higher levels of doped ions within EDF1 and EDF2, leading to greater intrinsic
instability, thereby complicating temperature control precision [12].

(a) (b)

= EDF1 i — EDF1
§10- ¢ EDF2 §10'5 —— EDF2
£ E«I0.0
~ »
) 8 )
S E 9.5
)
< -
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(=9 ~—
< =
= O 854
C 4]
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18 20 22 24 26 28 30 32 50 30 -10 10 30 50 70
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Figure 5. Comparison of output power between ASE sources utilizing EDF1 and EDF2. (a) Output
power as a function of pump power; (b) Output power as a function of temperature.
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Figure 6. Mean wavelength temperature stability of ASE sources utilizing EDF3. (a) Variation of mean
wavelength with temperature for ASE sources utilizing EDF3 of different lengths. (b) Dependency of
the mean wavelength shift on the length of EDF3.

Figure 7 illustrates the variation of spectral width with temperature for ASE sources
using different lengths of EDF3. While the spectral width of ASE sources utilizing all
lengths of EDF3 increases with temperature, the specific trends vary. Calculations reveal
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the spectral width change rates of ASE sources for all lengths of EDF3, summarized in
Table 3, with the lowest rate found for 6 m length of EDF3, approximately 1.3%.

8.0

~ ~
=) (>-]
1 2 1 "

3
=
|

Spectrum Width (nm)
~

50 -30 -10 10 30 50 70
Temperature (°C)

Figure 7. Variation of spectral width with temperature for ASE sources utilizing EDF3 of differ-
ent lengths.

Table 3. Temperature stability and operational efficiency of ASE sources utilizing EDF3 with differ-

ent lengths.
Spectrum Width Change  Output Power Change Power Conversion
EDF3 Length (m) Rate (%) Rate (%) Efficiency (%)
3 51.1 2.3 23.05
4 42.7 1.7 40.73
5 20.3 1.5 50.84
6 14.2 1.3 53.6
7 47 1.8 53.31
8 89.4 21 52.67
9 138.2 22 51.53

Notably, the spectral profiles of ASE sources utilizing 2.13 m EDF1, 2.5 m EDF2, and
6 m EDF3 with respect to temperature are also recorded, as shown in Figure 8. The figure
shows that the output spectra of the ASE source utilizing 6 m EDF3 varies minimally from
—50 to 70 °C, further demonstrating that the temperature stability of the ASE source has
been effectively improved.

@, o), ©
EDF1 /"\\ *?ﬁ . EDF2 //\\\ 7?‘1

S

—_— 10 —_ 10 —_
£ 30 £ 30 £
-7} 50 -4} 50 -4}
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Figure 8. Variations in the output spectra of ASE sources utilizing (a) 2.13 m EDF1, (b) 2.5 m EDF2
and (c) 6 m EDF3 across the temperature range of —50 to 70 °C.
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In addition to temperature stability, the power conversion efficiency of ASE sources
is another crucial factor in assessing their suitability for high-precision FOGs. To further
investigate the power conversion efficiency of ASE sources utilizing EDF3, the output
power of ASE sources utilizing EDF3 with varying lengths was measured and recorded
in Figure 9a. ASE sources using 6 m EDF3 were found to have a maximum output power
of approximately 14.07 mW at a pump power of 32 mW. By performing linear fitting,
the operational efficiency of ASE sources for various lengths of EDF3 was determined
(Table 3), indicating that the 6 m EDF3 can achieve the highest efficiency of 53.6% for ASE
sources. Finally, the impact of temperature variation on the output power of ASE sources
was investigated at a pump power of 32 mW, with particular emphasis on EDF3 with a
length of 6 m, as shown in Figure 9b. Similar to ASE sources utilizing EDF1 and EDF2,
the output power decreases with rising temperature. However, ASE sources utilizing EDF3
exhibit the lowest output power change rate, at approximately 4.5%. These results suggest
that selecting the appropriate length of the VPD fabricated EDF3 can significantly improve
the maximum output power, operational efficiency, and power stability of ASE sources.

(2) (b)

14 14.0- — 6m
z 3
£ £
N’ N’
St S
v L
3 g 135
=) =]
A A
N N
= =
2 2
= =
=) o 13.0
21 23 25 27 29 31 33 35 50 30 -10 10 30 50 70
Pump Power (mW) Temperature (°C)

Figure 9. Output power of ASE sources utilizing EDF3 as a function of (a) pump power (3-9 m EDE3)
and (b) temperature (6 m EDF3).

4. Conclusions

In summary, due to the low background loss, low OH™ absorption, and uniform
distribution of Er dopants in EDFs produced by the VPD process, the temperature stability
and operating efficiency of the ASE source have been significantly improved. Additionally,
the performance of the ASE source was further optimized by adjusting the Er®* ion
concentration and the length of the EDF based on simulation results. When the Er3*
ion concentration was reduced to 0.9 x 10% (1/m?) and the EDF length was set to 6 m,
the conversion efficiency of the ASE source from pump light to output light reached 53.6 °C.
The mean wavelength drift was only 14.2 ppm, i.e., 0.118 ppm/°C, within the temperature
range of —50 to 70 °C. This research not only holds promise for addressing challenges in the
current field of RE doped fibers but also serves as a key driver for advancing transformative
progress in FOG technology.
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