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Abstract: We report a hybrid L-band amplifier employing phosphosilicate and high-
aluminosilicate EDFs with 20.2+3.7dB gain and 4.2dB average NF from 1575-1615nm. The
temperature-dependent-gain coefficient remains almost constant from 1585-1615nm over the
temperature range -60 to +80°C. © 2022 The Author(s)

1. Introduction

There is a great interest in overcoming the bandwidth limitations of conventional L-band erbium-doped fiber
amplifier (EDFA) to support the growing demand for optical fiber data transmission capacity. Several novel glass
compositions have been investigated as co-dopants to extend the longer wavelength limit in the L-band [1-5]. The
thermal stability of EDFASs is a significant factor in evaluating the environmental robustness of such devices in real-
world optical communication systems. The EDFA gain spectrum can be expressed by equation (1), where /" (1) and
L are the confinement factor and fiber length, respectively. The temperature dependent 1n(7), oe(4,T) and oa(,T) are
the population inversion of Er ions and their emission and absorption cross-sections at the signal wavelength,
respectively, which together determine the temperature dependent gain (TDG) performance [6]. It is reported that L-
band EDFAs have a more temperature-sensitive gain than C-band EDFAs [7]. However, there are few reports
concerning the temperature stability of EDFAs covering the longer wavelength side of the L-band (up to 1615nm).

G(A,T) = TL{0, (4, T (T) — 0,4, T[T — L, (D]} )

In this paper, we report two in-house fabricated EDFs co-doped with phosphorus (P-EDF) and high aluminum
(high AI-EDF) in silica host to promote operation in the L-band and that provide an average gain of 20dB and an
average NF of <5dB from 1575 to 1615nm. The study of the longer wavelength operation of the EDFAs was limited
to 1615nm by the WDM (wavelength division multiplexed) signal source used in this work. We studied the
temperature dependent amplifier performance from -60 to +80°C. The P-EDF provided a gain increment of 2.8dB
and 4.6dB at 1615nm over the high AlI-EDF at room temperature (RT, 20°C) and -60°C, respectively. We propose a
technique to flatten the TDG coefficient and to decrease the NF in the L-band EDFA by concatenating the P-EDF
with the high AI-EDF. The hybrid EDF had a TDG coefficient varying from -0.008 to -0.032 dB/°C from 1575 to
1615nm, with a negligible variation of 0.005dB/°C from 1585 to 1615nm.
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Fig. 1. Schematic of the experimental setup for the L-band EDFA.

The P-EDF preform was fabricated using the modified chemical vapor deposition (MCVD)-solution doping
technique, where a P-SiO porous layer was soaked with a solution containing salts of erbium and other co-dopants.
Then, the preform was drawn into a fiber with a core/cladding diameter of ~5.5/125um and with an LPy; cutoff
wavelength of 1335nm. The high AI-EDF preform was fabricated using MCVD and all-vapor phase rare-earth
doping technique. This preform was then drawn into a fiber with a core/cladding diameter of ~4.2/125um and an
LP1; cutoff wavelength of 1345nm. The background losses at 1200nm for the P-EDF and high AI-EDF were
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17dB/km and 19dB/km, respectively. The unsaturable loss at the pump wavelength of 980nm was 8.8% for the P-
EDF and 3.5% for the high AI-EDF. The absorption at 980nm was 8.5dB/m for the P-EDF and 16dB/m for the high
Al-EDF. The peak Er absorption was 26dB/m at 1534nm for the P-EDF and 38dB/m at 1530nm for the high Al-
EDF. The 4nm red shift of the Er absorption peak for the P-EDF indicated a potential shift in the gain peak to longer
wavelengths.

The schematic of the EDFA experimental setup is shown in Fig. 1. An amplified spontaneous emission (ASE)
light source combined with an optical interleaver were used to provide the 24-channel input signal from 1575 to
1615nm. The total input signal power was set to -11.5 dBm. Laser diodes (LDs) operating at 980nm were used to
provide forward and backward pumps. Isolators (ISOs) were used to prevent back reflections. Two WDMs were
used to combine and separate signal and pump wavelengths. The input and output signal spectra were measured by
an optical spectrum analyzer (OSA, YOKOGAWA-AQG6370) using a resolution of 0.2nm. To characterize the TDG
performance, the EDF was placed in a thermal chamber with an adjustable temperature range from -60 to +80°C.

3. Results and discussion
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Fig. 2. (a) Gain and NF spectra at RT (20°C) and (b) -60°C for 30m of P-EDF, 15m of high AI-EDF, and hybrid EDF comprising 15m of P-EDF
and 5.5m of high AI-EDF. The total pump power launched into the EDFs was 765mW.
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Fig. 3. (a) TDG coefficient spectra (the inset indicates the TDG at 1600nm for the hybrid EDF); the relative gain variations are referenced to RT
for (b) 30m of P-EDF; (c) 15m of high AI-EDF; (d) hybrid EDF comprising 15m of P-EDF and 5.5m of high AI-EDF.

We first measured the gain and NF at RT using a single 30m of P-EDF and 15m of high AI-EDF, respectively, as
shown in Fig. 2(a). The forward/backward pump powers were 620/145mW. The fiber lengths and pump powers
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were selected to optimize the overall gain, NF, and gain flatness. The gain in the L-band was found to be
19.4+1.4dB and 20.9+4.8dB at RT for the P-EDF and the high Al-EDF, respectively. The gain of the high Al-EDF
drops significantly beyond 1605nm, which is typical for conventional L-band aluminosilicate EDFAs [8]. However,
the P-EDF maintains a relatively high gain and provides a 2.8dB improvement in gain at 1615nm over the high Al-
EDF, indicating that P represents an effective co-dopant to improve the L-band gain bandwidth. The average NF
was less than 5dB in both cases.

Next, we measured the temperature dependent gain and NF for the two EDFs over the temperature range -60 to
+80 °C. At -60°C, the P-EDF provided a 4.6dB improvement in gain at 1615nm over the high Al-EDF, as shown in
Fig. 2(b). The TDG coefficient, expressed in dB/°C, was calculated as the slope of the linear regression fit between
the gain and the corresponding temperature [9], as shown in Fig. 3(a). In the 40nm bandwidth from 1575 to 1615nm,
the TDG coefficient varied from -0.006 to -0.044 dB/°C for the P-EDF and from 0.006 to -0.025 dB/°C for the high
AIl-EDF, which is similar to that of a previously reported conventional L-band EDFA [10]. In the wavelength range
1585 to 1615nm, the TDG coefficient of the high AI-EDF slightly decreased and then increased, while the TDG
coefficient of the P-EDF kept decreasing with a more significant change. Ideally, a combination of these two EDFs
would be used to flatten the TDG coefficient over this 30nm bandwidth. The hybrid configuration was optimized
using 15m of P-EDF and 5.5m of high AI-EDF. The hybrid EDF achieved 20.2+3.7dB gain and 4.2dB average NF
at RT, and 21.6+£2.7dB gain and 3.7dB average NF at -60°C, as shown in Fig. 2(a)-(b). The NF was less than that of
the single EDF configuration. The TDG coefficient varied from -0.008 to -0.032 dB/°C, as shown in Fig. 3(a). In the
wavelength range from 1585 to 1615nm, the TDG coefficient had a negligible variation of 0.005dB/°C, contributing
to a constant overall gain increase as the temperature decreases. As the temperature changes, the relative gain
variations referenced to RT are shown in Fig. 3(b)-(d). The P-EDF has an increased gain variation as the wavelength
increases, with a +3.7 to -2.5dB variation at 1615nm. In the high AI-EDF, there was a zero-gain variation near
1580nm and a relatively larger gain variation at longer wavelengths. The hybrid EDF maintains a flat gain variation
from 1585 to 1615nm at different temperatures, indicating a less temperature-sensitive gain flatness.

4. Conclusions

We demonstrate that P-EDF is beneficial in extending the longer wavelength limit of L-band gain compared to a
conventional AI-EDF. We report a method to improve the thermal performance of L-band EDFAs by concatenating
a length of high AI-EDF with a length of P-EDF. In the hybrid configuration, we achieved a flattened TDG
coefficient from 1585 to 1615nm, and a lower NF over the temperature range -60 to +80°C. To the best of our
knowledge, our study extended to a longer wavelength of 1615nm in the L-band as compared to previous
temperature dependent EDFA studies [10,11].
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