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Abstract

:

Extended L-band erbium-doped fiber amplifiers (EDFAs) have attracted much attention in recent years despite their relatively low gain levels. In this paper, a dual-stage extended L-band EDFA with improved gain level is demonstrated by using an Er/Yb/P co-doped fiber-based double-pass structure assisted by a low noise pre-amplifier. High gain levels of up to 48.79 dB at 1566 nm and 20.05 dB at 1621.4 nm are achieved with saturated output power at 1605 nm of 20.58 dBm under a total pump power of only 400 mW. Bandwidths with the gain of more than 20 and 30 dB are reached up to 66 nm (1555.4–1621.4 nm) and 58.4 nm (1557.5–1615.9 nm), respectively. The noise figure benefited by using the low noise pre-amplifier is 5.40 ± 1.55 dB in the 1565–1610 nm range. The wide gain bandwidth, high gain level and relatively low pump power give it great potential for future high-capacity optical fiber communication systems.
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1. Introduction


With the rapid development of 5G/6G communication, the Internet of Things and cloud computing, the existing optical fiber communication systems are challenging to meet the increasing digital data transmission demand [1,2]. Since increasing bandwidth is one of the most direct and effective methods, lots of attempts have been made to expand the gain bandwidth of the erbium-doped fiber amplifiers (EDFAs). It is well known that L-band EDFAs with the gain wavelength range of 1570–1605 nm are normally utilized as the supplement of the C-band EDFAs to extend the gain bandwidth and hence transmission capability of the system [3,4]. However, gain bandwidths of conventional L-band EDFAs are usually stopped by 1605 nm, which is 20 nm far from the stop wavelength (1625 nm) of the L-band set by the International Telecommunication Union (ITU). Fiber Raman amplifiers may cover broader gain bandwidth than L-band EDFAs if corresponding pump lasers with matched wavelengths and powers are available, but the required high pump power will add to the cost and limit their applications [5,6]. Therefore, how to explore the potential gain bandwidth of L-band EDFAs to improve the transmission capacity of existing optical fiber communication systems becomes a crucial issue.



In recent years, extended L-band EDFAs have become a research hotspot for their unique ability to extend the gain wavelength range over 1620 nm. Several methods have been reported to achieve the L-band expansion. One of the promising methods is to co-dope some additional ions such as barium (Ba) [7], cerium (Ce) [8], ytterbium (Yb) and phosphorous (P) [9,10,11,12,13] in erbium-doped fibers (EDFs) to regulate the coordination field and suppress the excited state absorption (ESA) effect of erbium ions in the L-band region. For instance, Chu et al. proposed an erbium/phosphorous/aluminum (Er/P/Al) co-doped fiber that expands the gain spectrum of L-band EDFA to 1622 nm [14]. Meanwhile, they used a multi-stage amplification system and higher pump power to further extend the gain bandwidth to 1625.3 nm, where the gain value was 23.4 dB [15]. The second method is to also dope some rare earth ions, such as bismuth (Bi) and germanium (Ge), in EDFs that would combine to form luminescent centers whose spectra overlap with that of Er ions and provide amplification at the longer wavelength range of the L-band, to improve the gain performance in the tail of the erbium gain band [16,17]. In 2023, Zeng et al. reported an Er/Bi/La co-doped fiber that extended the gain bandwidth of the L-band up to 1625 nm with a gain value of ~17 dB [18]. The third method is to use a C-band light source with high power instead of conventional 980/1480 nm laser diodes (LDs) to pump the EDF, which improves the power conversion efficiency (PCE) of EDFA at the long wavelength side of the L-band. For example, Lei et al. developed a two-stage L-band EDFA structure that uses high-power C-band light pumping and has a 20 dB gain spectrum that covers the range of 1570–1619 nm [19,20]. However, gain levels of the extended L-band EDFAs are still quite low due to the much lower emission cross sections of erbium ions in the L-band than in the C-band [10,13]. Although high pump power or multi-stage amplification was employed, gain levels of the reported extended L-band EDFAs were still relatively low, normally less than 30 dB. Hence, high-gain performance extended L-band EDFAs are desired.



In this work, a dual-stage extended L-band EDFA with improved gain performance is demonstrated by using an Er/Yb/P co-doped fiber-based double-pass structure assisted by a low noise pre-amplifier. High gains of up to 48.79 dB at 1566 nm and 20.05 dB at 1621.4 nm are achievable with a relatively low total pump power of 400 mW. Gain bandwidths of more than 20 and 30 dB reach up to 66 and 58.4 nm, respectively. The noise figure (NF) benefited by using the low noise pre-amplifier is 5.40 ± 1.55 dB within the 1565–1610 nm range.




2. Experimental Setup


The dual-stage double-pass extended L-band EDFA that is proposed is shown in Figure 1. The main amplifier consists of a 30 m long Er/Yb/P co-doped fiber (EYDF) pumped by using a pair of 1480 nm LDs bidirectionally with powers of 300 and 50 mW for the forward and backward pumping, respectively. An optical circulator-based loop mirror is connected to the right end of the main amplifier to form the double-pass amplification structure. The pre-amplifier consists of a 10 m long conventional EDF, with an absorption coefficient of 6.5 dB/m at 1531 nm, forward pumped by using a 980 nm LD with power of 50 mW through a wavelength division multiplexer (WDM) to achieve a low noise level. Both amplifiers are linked by using another optical circulator (OC1), which also acts as an isolator to prevent the backward amplified spontaneous emission (ASE) light from transmitting into the pre-amplifier. The input signal with a power of −30 dBm is provided by using a tunable semiconductor laser (TSL) (Santec TSL550, Japan) so the EDFAs are tested in the single channel format. The output spectra are recorded by an optical spectrum analyzer (OSA, YOKOGAWA: AQ6370D) (Yokogawa AQ7370D, Japan) with a wavelength resolution of 0.02 nm to analyze the gain and NF of the amplifier.



The EYDF was fabricated by YOFC with the plasma chemical vapor deposition (PCVD) technology. It has a core/cladding diameter of 6.5/125 µm, numerical aperture (NA) of 0.2 and absorption coefficient of 30 dB/m at 1530 nm.



Other amplification structures, such as dual stage single pass and single stage single/double pass, were also tested for comparison studies. In the case of the single-pass structures, the loop mirror in the optical circulator (OC2) was disconnected and the output spectra were measured at port 3 of OC2. Furthermore, to test the maximum gain capability of the single-pass structures, we increased the backward pump power in the main amplifier to 250 mW for additional comparison.




3. Experimental Results and Discussion


Firstly, the gain and NF characteristics of all structures were tested and the measured spectra were shown in Figure 2. Note that, the gain bandwidth expansion to the long wavelength direction of the L-band was achieved for all the structures. The gains are still over 10 dB at 1620 nm, and even at 1625 nm for the two double-pass structures. This gain bandwidth extension should be related to the co-doping of ytterbium and phosphorous ions in the EDF. The energy bands of erbium ions are compressed, which redshifts the spectrum of the ESA and thus increases the gain level at the long wavelength direction of the L-band where the gain level was suppressed by the ESA [9,13,21]. Additionally, by co-doping phosphorous ions, the lifetime of level 4I11/2 of erbium ions is decreased, which inhibits the back-energy transfer of erbium ions to ytterbium ions [22,23,24].



In the aspect of gain characteristics, the highest gain level is achieved with the dual-stage double-pass structure, which covers most of the gain wavelength range, while the lowest gain level is from the single-stage single-pass structure. For the dual-stage double-pass structure, the gain values are 48.79 and 39.66 dB measured at 1566 and 1605 nm, respectively, compared to 27.85 and 18.58 dB, respectively, for the single-stage single-pass structure. There are more than 20 dB of gain enhancement that is achieved in most of the wavelength range. At the same time, the gain bandwidth is extended up to 1625 nm, obtaining a measured gain value of 11.53 dB. Bandwidths with a gain of more than 20 and 30 dB are reached up to 66 nm (1555.4–1621.4 nm) and 58.4 nm (1557.5–1615.9 nm), respectively.



It can be also found from Figure 2a that by using the low noise pre-amplifier, the gain is improved over most of the wavelength range. The pre-amplifier would provide a gain of 24 to 0.835 dB for signals at 1555–1620 nm when operating on its own. For the dual-stage double-pass structure, its gain exhibits an enhancement of up to 6.8 dB in the 1555–1614 nm range, although it has slightly reduced compared with the single-stage double-pass structure in the wavelength range above 1614 nm. In addition, the gain levels of two double-pass structures are much higher than those of the corresponding single-pass structures, especially in the long wavelength region. The gain values measured at 1605 nm for the dual-stage single- and double-pass structures are 21.39 dB and 39.66 dB with the same pump power, indicating a considerable gain improvement of 18.27 dB. Even when the backward pump power was increased to 250 mW in the main amplifier, the gain levels for the single-pass structures were still much lower when compared with the two double-pass structures. The high gain performance of double-pass amplification is attributed to the secondary amplification which increases the effective length of the EDF. The double-pass structure provides an effective approach for obviously enhancing the gain level.



The NF characteristics of six amplification structures are shown in Figure 2b. The dual-stage single-pass structures show the lowest NF level in the 1555–1595 nm range with a minimum NF value of 3.75 dB at 1566 nm, and the single-stage single-pass structures exhibit the lowest NF level in the 1595–1620 nm range with a minimum NF value of 4.35 dB at 1610 nm. The single-stage double-pass structure has the worst NF level within most of the gain bandwidth with a minimum NF value of 5.4 dB at 1610 nm. The results show that the singe-pass structures show a good NF level, and most of their NF values are <6 dB. Although the double-pass structures achieve higher gain characteristics, this is at the expense of increased NF level. The reason for the poor NF characteristic of the double-pass structure is that the ASE light acts as noise and is also retro-passed into the amplification system for secondary amplification when the signal is amplified twice [25,26,27,28]. Moreover, as the power of the backward pump in the main amplifier increases to 250 mW, the noise figure also increases slightly.



As is known to all, the overall NF of the multistage amplifier is primarily determined by the NF of the amplifier in the first stage [29,30,31]. In the experiment, the pre-amplifier achieves a low NF level of 4.79 ± 0.69 dB. So, the NF spectra of the three dual-stage amplification structures are similar in the 1565–1615 nm range with an average NF value of ~5.5 dB. For the dual-stage double-pass structure, its NF level, benefiting from the low-noise preamplifier, is 0.16 to 3.74 dB lower than the single-stage double-pass structure. Its NF values are 5.40 ± 1.55 dB, covering the 1565–1610 nm range. Therefore, using a low-noise pre-amplifier improves the gain and obtains a reasonable NF level in certainly wavelength range.



For further comparison, we changed the gain medium of the pre-amplifier to a 2.4 m long EYDF and pumped by 1480 nm LD with a power of 50 mW. The comparison of gain and NF characteristics is shown in Figure 3. After changing the gain medium of the pre-amplifier to EYDF, the dual-stage double-pass structure still maintains a relatively high gain level and gain bandwidth expansion compared to the single-pass structures. Nevertheless, by comparing two dual-stage double-pass structures, the gain is reduced by 2.89–14.75 dB and the NF is increased by 0.4–15.18 dB when using the EYDF in the pre-amplifier. Even compared with the double-pass structure without the pre-amplifier both gain and NF characteristics become worse. The gain reduction is >3 dB and the NF is as high as in the double-pass structure. Thus, EDF is more suitable for the gain medium of pre-amplifier than EYDF.



The gain and NF spectra of the dual-stage double-pass structure were tested also at an input signal power of 0 dBm, which is closer to the typical value of optical fiber transmission systems. The results compared with those of −30 dBm input signals are shown in Figure 4, indicating that the gain is reduced greatly to about 17.4 dB with variations less than 1.2 dB within the wavelength range of 1580–1615 nm. The NF is increased by 4–10.9 dB over that of the −30 dBm. Table 1 provides some precise numerical values for the gain and NF of all amplification structures. Obviously, the dual-stage double-pass structure exhibits the best overall performance compared with other structures in our work.



For the existing extended L-band EDFAs, a Ba-EDFA was demonstrated with a maximum gain of ~42 dB at 1568 nm, exhibiting a border bandwidth of ~63 nm, but the overall gain level was relatively low [7]. In 2023, an amplifier based on 1480 nm diode-pumped Er/Yb/P/Al co-doped fiber was reported with a maximum gain of ~30 dB at 1605 nm. Its gain spectrum was extended up to 1625 nm and the gain value was 15.5 dB at that wavelength [10]. In 2021, Chen et al. reported an Er/Yb/P co-doped fiber amplifier pumped by 1480 nm LDs. The 20 dB gain bandwidth reached 58 nm, and the maximum gain value was ~31 dB at 1605 nm [13]. In addition, Zeng et al. reported a two-stage Er/Bi/La co-doped fiber amplifier that also extended the gain spectra to 1625 nm at a gain of ~17 dB. And the maximum gain was obtained at 1566 nm of ~42 dB [18]. The detailed gain performance comparisons of those reported extended L-band EDFAs are shown in Table 2. Note that, in our work, the broadest bandwidth and the highest gain level are achieved at the lowest total pump power. Hence, the proposed dual-stage double-pass structure shows competitive performance in terms of high gain, border bandwidth and reasonable NF level.



Finally, the gain against input signal power at different wavelength channels: 1590, 1605, 1620 and 1621.4 nm were measured in the dual-stage double-pass structure. The measured output power data, as displayed in Figure 5, indicates that for the wavelength channels of 1590, 1605, 1620 and 1621.4 nm, the saturated output powers were 16.77, 20.58, 15.57 and 13.43 dBm, respectively, getting a high saturated output power in extended L-band. It is worth noting that the above results were achieved with all of the component insertion loss, ~2.3 dB and the splice losses of the fibers. So, the gain bandwidth is expected to be further extended by optimizing the system loss.




4. Conclusions


A dual-stage extended L-band EDFA with improved gain level has been demonstrated by using an Er/Yb/P co-doped fiber-based double-pass structure assisted by a low noise pre-amplifier. High gain levels of up to 48.79 dB at 1566 nm and 20.05 dB at 1621.4 nm are achieved under a total pump power of only 400 mW. Experimental results have indicated that a considerable gain enhancement of over 20 dB is obtained in most of the gain spectrum when compared with the single-stage single-pass structure. Bandwidths with a gain of more than 20 and 30 dB are reached up to 66 nm (1555.4–1621.4 nm) and 58.4 nm (1557.5–1615.9 nm), respectively, with the saturated output power at 1605 nm of 20.58 dBm. Meanwhile, the achieved bandwidth is increased to 1625 nm with a gain value of 11.53 dB. The noise figure benefited by using the low noise pre-amplifier is 5.40 ± 1.55 dB in the 1565–1610 nm range. The overall performance including the broad gain bandwidth, high gain level and relatively low pump power make this dual-stage, double-pass extended L-band EDFA very competitive for future optical fiber communication systems.
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Figure 1. The proposed extended L-band EDFA with dual-stage double-pass structure. 
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Figure 2. The gain (a) and NF (b) spectra of various amplification structures for an input signal power of −30 dBm. 
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Figure 3. Gain and NF characteristics for the double-pass configuration with pre-amplifier based on different gain media at input signal power of −30 dBm. 
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Figure 4. Gain and NF spectra for the pre-amplified double-pass configuration at the input signal power of 0 and −30 dBm. 
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Figure 5. Measured gain against input signal power for various wavelength channels of 1590, 1605, 1620 and 1621.4 nm in the dual-stage double-pass structure. 
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Table 1. Amplification performance comparison of six structures.
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Structure

	
Pump Power

(mW)

	
Gain Values (dB)

	
NF Values (dB)




	
@1566 nm

	
@1605 nm

	
@1566 nm

	
@1605 nm






	
Dual stage

double pass

	
50 + 300 + 50

	
48.79

	
39.66

	
3.86

	
5.71




	
Single stage

double pass

	
300 + 50

	
46.96

	
38.36

	
7.59

	
7.70




	
Dual stage

single pass

	
50 + 300 + 250

	
42.48

	
23.05

	
3.80

	
5.74




	
50 + 300 + 50

	
36.62

	
21.39

	
3.75

	
5.61




	
Single stage

single pass

	
300 + 250

	
39.66

	
22.57

	
5.70

	
5.10




	
300 + 50

	
27.85

	
18.76

	
4.87

	
5.04











 





Table 2. Reported gain performance of extended L-band EDFAs in recent years.
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	Doped Ions
	Fiber

Length (m)
	Total Pump Power (mW)
	Gain Bandwidth

(nm)
	Maximum Gain

(dB)
	Minimum NF

(dB)
	Refs.





	Er/Yb/P
	68
	720
	58 (≥20 dB, 1565–1623)
	~31 @ 1605 nm
	~4.4 @ 1605 nm
	[13]



	Er/P/Al
	19 + 26 + 10
	2180
	~50 (≥23 dB, 1575–1625) ~33 (≥30 dB, 1590–1623)
	~37 @ 1605 nm
	4.7 @ 1605 nm
	[15]



	Er/Yb/P/Al
	62
	1200
	~53 (≥19 dB, 1570–1623)
	~30 @ 1605 nm
	4.6 @ 1605 nm
	[10]



	Er/Ba
	125
	800
	~63 (≥20 dB, 1560–1623) ~15 (≥30 dB, 1562–1577)
	~42 @ 1568 nm

~26 @ 1615 nm
	/
	[7]



	Er/Bi/La
	11 + 39
	1880
	58 (≥25 dB, 1562–1620)
	~42 @ 1566 nm

~31 @1610 nm
	5.8 @ 1610 nm
	[18]



	EDF+ Er/Yb/P
	10 + 30

(double pass)
	400
	~66 (≥20 dB, 1556–1621) ~58 (≥30 dB, 1558–1616)
	~49 @ 1566 nm

~40 @ 1605 nm
	3.86/4.67

@1566/1580 nm
	This work
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