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Erbium-doped fiber amplifiers are used for amplifying optical signals. In this type of optical amplifier,
the core of a silica fiber is doped with Er** ions. Here, the effects of temperature on the gain parameters for
short-length erbium-doped fiber amplifiers are simulated. Temperatures were selected over a wide range
(—200 to +80°C) for different ion densities to simulate extreme conditions, such as the presence of liquid ni-
trogen. The maximum gain occurs at temperatures close to 0°C, and the Er’* concentration also plays an
important role.
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Bonokonnvle ycunumenu, necuposanuvie 3pouem, UCNOAb3VIOMCA 0N YCULCHUS ONMUYECKUX CUSHATIO8.
B onmuueckom ycunumene 3mo20 munda cepoyesuna KpemHe3eMHO20 0NOKHA ne2uposand uoxamu Er'.
Cmooenuposano enusHue memnepamypvl Ha Napamempul YCULeHUs 1ecUPoSaHHbIX dpouem ycuiumeneu Ko-
POmMKOU OMUHbL. [{151 MOOCTUPOBAHUS IKCMPEMATLHBIX YCI08ULL, MAKUX KAK NPUCYMCIBUE HCUOKO20 A30Md,
eblOpanvl memnepamypst 8 wupoxom ouanazowne (om —200 oo +80° C) npu paziuyHvix nIOMHOCMAX UOHOS.
Maxcumanvhoe ycunenue nabmodaemcs npu memnepamypax, oauskux k 0 °C. Ommeyena eadicHas ponb
xonyenmpayuu Er*".

Knroueesvie cnosa: 6010K0OHHbLIL Ycurumeinsb, memMnepamypa, nioOmHOCMb UOHO8, KO @uyuenm ycuie-
Hust, dpoOull.

Introduction. The use of erbium-doped fiber amplifiers (EDFAs) has become a necessity because of
the increasing demand for long-distance signal transmission, which can result in defective signals [1]. The
length of the fiber amplifier is one of the most important factors, and the optimum length is related to other
parameters such as the amount of pumping for saturated EDFAs [2]. The gain coefficient, shown below, is a
function of ion distributions and optical modes, where i is the normalized optical intensity, and r»; is local
erbium ion density [3, 4]:
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Operation at 980 nm is less affected by temperature than that at 1480 nm. Moreover, for the same setup,
1480 nm operation is affected more by the strength of the signal in the standard three-level system of Giles
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and also by Rayleigh backscattering [5]. The effects of temperature on optical amplification clearly affect the
behavior of EDFA properties [3, 6].

Previously, temperature-dependent gain and power characteristics of EDFAs were shown in terms of
temperature-dependent signal emission and absorption cross-sections and their impact on L-band output
power [7]. Additionally, a study on the effect of pump laser wavelength on the temperature dependence re-
vealed that the temperature-dependent gain variation of EDFA is lower for a 980-nm pump wavelength [8].
Other reports examined variations in EDFA gain flattening [9]. One report provided a theoretical approach to
the propagation equation for EDFAs pumped at 1480 nm [10], and another discussed a numerical approach
to the temperature dependence [11]. The lowest temperature reported in these studies was —40°C, while the
highest temperature was 80°C. Thus, there have been no reported studies that covered a wider temperature
range including extremely cold temperatures, such as —200°C, with different erbium ion concentrations.
These very low temperatures include cryogenic systems, with applications in medicine, energy, chemistry,
experimental applied physics, quantum computing, and cryogenic computing [12, 13]. Recent optic fiber
studies at cryogenic temperatures include assemblies for spaceflight environments [14], the investigation of
five different fiber-optic sensors [15], and the validation of a novel fiber-optic strain gauge [16]. Therefore,
the simulation and characterization of an EDFA over a wide temperature range is of interest and may be use-
ful for the development of technological applications.

The temperature effect on gain is a primary factor in the design specifications of systems using EDFA.
Therefore, the temperature should be investigated to determine the optimum value for the EDFA configura-
tion, in addition to studying the roles of other important system factors [3]. The aim here is to determine the
optimum gain in the C-band spectral range as a function of temperature for a given fiber length.
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Fig. 1. Erbium-doped fiber amplifier setup for the simulations.

Methods. Optiwave software (OptiSystemS5.0, evaluation version, Ottawa, Canada) was used to simu-
late the optical communication system. The initial optical fiber length of 1 m was increased in 2 m incre-
ments, the temperature was varied from —200 up to +80°C, the pump wavelength was 980 nm with a power
of 150 mW, and three different ion densities (5x10%*, 7.5x10%*, and 1x10%° m~>) were used. The numerical
aperture was 0.3. A schematic of the setup used in the simulations is shown in Fig. 1, which used a standard
unmodified single-mode fiber.

Results and discussion. For fiber lengths up to 7 m, the gain increases with temperature up to 80°C.
Above 7 m, the gain decreases with temperature. The central point where the gain starts to decrease
for a 7-m fiber length is —80°C. The maximum gain value is 42.95 dB for a 3-m fiber at +80°C.

To determine which length is the best for a specific temperature, it is very important to get the optimum
gain in the amplification process. For 1-m and 3-m lengths, the linear gain increases with the temperature, as
shown in Fig. 2. Even though the gain was increasing for the 9-m and 11-m lengths, the optimum length for
a more stable gain and signal is 5 m, because the gain and signal will not be affected by temperature chan-
ges [3]. The effects of temperature are minimal for the 5-m length fibers compared with the other variants.
Figure 2a shows the EDFA gain profile for an ion density of 5x10** m. Shorter lengths (1-5 m) exhibit an
approximately linear increase over the entire temperature range. For formulations with a 7.5x10%* m™ ion
density, similar increases are observed for the shorter lengths; however, the gain values decrease above 0°C
for fibers longer than 7 m (Fig. 2b). This reversed behavior is clearly visible for fibers having an ion density
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of 1x10%°> m™? (Fig. 2¢); at a length of 11 m, the gain significantly decreases to ~10 dB with increasing tem-
perature. This decrease can be explained by the gain saturation mode, where the boost in high signal power
will decrease the gain and the EDFA cannot maintain an additional arbitrary signal.

The most common behavior for all the formulations is that the gain remains constant at around 43 dB
for very low temperatures (<100°C). Additionally, by increasing the ion density, the necessary EDFA length
for the most stable gain decreases (see 11, 7, and 5 m, respectively, in Fig. 2).
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Fig. 2. Effect of temperature on the amplifier gain for different fiber lengths.
The ion density was 5x10%* (a), 7.5x10** (b), and 1x10* m (c).

Conclusions. The effect of temperature on short-length EDFAs was simulated. Lengths of 11, 7, and
5 m had the most stable gains for 5x10%*, 7.5x10*, and 1x10* m™ ion densities, respectively. In upcoming
studies, the short-length EDFA gain will be analyzed experimentally for use in extreme-temperature condi-
tions.
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