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1 Introduction

Erbium-doped fiber amplifieréEDFAS with wide band-
width are considerably interesting for high-capacity trans-
mission in dense wavelength division multiplexing
(DWDM) systems. However, the transmission capacities in
DWDM systems are limited by the gain bandwidth of
C-band EDFAs(1530 to 1560 nm Furthermore, L-band
(1560 to 1610 nmfiber amplifier techniques have been

reportedt In this letter, we propose and experimentally
demonstrate a hybrid S- to L-band optical fiber amplifier in
parallel configuration with 120-nm bandwidtfi480 to
1600 nm employing EDFAs and a semiconductor optical
amplifier (SOA). In addition, it also provides a 126-nm
(1480 to 1606 nmamplified spontaneous emissiOASE)
light source.

2 Experiments and Disscussions

Figure 1 shows the experimental setup of the proposed hy-
brid amplifier in parallel structure. This proposed configu-
ration is constructed by two 1480/1550 nm WDM couplers
(W,), an S-band EDFA module composed of two EDFA
stages and a power-sharing 980-nm pump laser, and a C-
plus L-band amplifier module with three amplifier stages.
In Fig. 1, two WDM couples were used to connect two
individual amplifier modules in parallel, and the output
wavelength ranges of ports 1, 2, and 3 were 1480 to 1600
nm, 1480 to 1520 nm, and 1520 to 1600 nm, respectively.
The S-band erbium-doped fiber inside the EDFA module
has a depressed cladding design in order to provide a sharp,
high-attenuation, long-wavelength cutoff filter in the
erbium-doped fiber. The cutoff wavelength is near 1530
nm. However, the composition of the core is approximately
2.5% GeQ, 5.5% ALO;, and 92% Si@, with 0.15 wt%
erbium. The depressed cladding is approximately 3% fluo-
rine, 0.5% RBOs, and 96.5% Si@. The fiber in the first
stage has a fiber length of 20 m, and can provide a low
noise figure and medium gain by forward pumping. The
fiber in the second stage has a fiber length of 30 m, and can
produce large output power by backward pumping. In ad-
dition, the optical isolator between these two stages can
reduce backward ASE and improve noise figure perfor-
mance. The total pump power of this amplifier module can
be up to 280 mW while the bias current is operated at 356
mA. Furthermore, the evolution from a standard EDFA to
this S-band design can be achieved by the introduction of a

achieved, such as EDFAs using a longer erbium-doped fibercontinuous long-wavelength cutoff filter in the erbium-

(EDF) than that of C-band EDFAS, fiber Raman
amplifiers? or hybrid amplifiers’ In addition, a wide-band
EDFA from C- to L-band using a coupled structure has also
been studied.In other words, two types of wide-band am-
plifiers with gain bandwidths of around 100 nm have been

doped fiber. Although the spectrum indicates strong gain at
S-band wavelengths, the gain cannot be realized because of
strong ASE at the 1530-nm peak. The introduction of a
progressively sharper long-wavelength cutoff filter sup-
presses the gain in the C- and L-bands, so that the S-band

reported. The first is a coupled-structure amplifier multi- region can exhibit increasing gain, as ASE from the
plexing the gain bands, namely, the S-band thulium-doped 1530-nm peak does not grow and limit the population in-

fluoride fiber amplifier(TDFA) or fiber Raman amplifier
and the C-band and L-band erbium-doped fiber
amplifiers®® The other is a silica-based fiber Raman am-
plifier (S-FRA) featuring a multiwavelength pump
technique’!® Recently, a new S-band450 to 1530 nmh
amplification technique, which utilizes erbium-doped silica

version. The final result is a complete suppression of the
longer wavelength gain, resulting in a usable high net gain
in the S-band. To investigate the performances of the pro-
posed amplifier, the input signal powdes,=0, —15, and

—30 dBm are used to probe the amplifier gain and noise
figure spectra, respectively. Figure 2 shows the gain and

fiber with a depressed cladding design and a 980-nm pumppise figure spectra of the S-band EDFA over the band-
laser to generate EDF gain extension effects, has beenygih of 1480 to 1520 nm when the input signal powers are
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0, —15, and —30 dBm, respectively. Therefore, the gain
and noise figure of the S-band amplifier can achieve 34.1
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S-Band EDFA Module

Output of W,
1. 1480-1600 nm
2. 1480-1520 nm

W,: 980/1550nm WDM Coupler 3. 1520-1600 nm
W,: 1480/1550 nm WDM Coupler

Fig. 1 Experimental setup of the broadband amplifier.

and 5.0 dB at 1506 nm when the input power+80 dBm, sides, the first stage EDFA with forward pumping can
and the saturated output power at 1498 nm can be up toprovide a low noise figure and medium gain. However, the
16.3 dBm for an input power of 0 dBm with a 7.1-dB noise SOA can be used to pump the third EDFA stage for extend-
figure. ing the gain bandwidth to the L-band. FiguréaBshows
The hybrid C- plus L-band amplifier module is con- the gain and noise figure spectra of the SOA over a band-
structed by three amplifier stagésvo EDFAs and an  width of 1530 to 1610 nm whe®;,=0, —15, and—30
SOA), a 1X2 and 50:50 optical couplefC), and a C/L dBm, respectively. The SOA with worst noise figure will
(1564/1570 nmband splitter(BS) with an insertion loss of  degrade the noise figure spectra of the hybrid structure. To
<0.43 dB as shown in Fig. 1. The output wavelength improve the drawback, the first EDFA stage is used to pro-
ranges of the BS for ports a, b, and ¢ were 1500 to 1610 vide the gain medium of the low noise figure. Therefore,
nm, 1570 to 1610 nm, and 1500 to 1564 nm, respectively. the total length of EDF used for the proposed C- plus
The first EDFA stage has a 10-m-long EDF and a 980-nm L-band amplifier is shorter than that of conventional
pump laser of 60 mW. The second SOA stage has an oper-_-band EDFA! Figure 3b) presents the gain and noise
ating current of 250 mA. The third EDFA stage has a 34- figure spectra over the bandwidth of 1520 to 1600 nm. Peak
m-long EDF and a 1480-nm pump laser of 100 mW. Be- gains of 35.4 and 38.1 dB can be obtained at 1532 and 1568
nm while the input signal power is 30 dBm, respectively.

® G: Pin=0dBm
o G:Pin—15 dbm Table 1 Gain and noise figure values of individual amplifiers used in
4or_ v GRS | S-Band EDFA the proposed amplifier.
- | =— — —  NF:Pin=-15dBm
% [[m——— "ePn-0dEm| Cyvy ]
<= 0k v oo v Peak Gain NF Wavelength
g7t §80°°°%0, (dB) (dB) (nm)
2 | ov
= S-Band EDFA 34.1 5.0 1506
E SOA 12.7 6.7 1576
g 10T C-Plus 35.4 36 1532
6 L-Band
Y S A T T S S Amplifier 38.1 3.4 1568
1470 1480 1490 1500 1510 1520 1530
Proposed 32.7 7.1 1504
Wavelength (nm) Broadband 345 42 1534
Fig. 2 Gain and noise figure spectra of the S-band EDFA while the Amplifier 32.9 4.0 1570
input power P;,=0, —15, and —30 dBm, respectively.
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®) Fig. 5 (a) Gain and (b) noise figure spectra of the proposed con-
Fig. 3 Gain and noise figure spectra of the C- plus L-band amplifier figuration in Fig. 1 while the input power P;,=0, —15, and —30 dBm,
module in Fig. 1 when the input power P;,=0, —15, and —30 dBm, respectively. The insert of Fig. 5(a) is the ASE spectrum of the pro-
respectively. posed EDFA.

Because of the band g&p564 to 1570 nimloss of the C/L  optical coupler. Figure 4 presents that the insertion loss
BS, the gain and noise figure spectra will drop and degradespectra of ports 2 and 3 for two 1480/1550-nm WDM cou-
at near 1564 nm as shown in Fig(b® Because of the  plers, and two loss curves cross around 1522 nm. As a
influence of insertion los$~3 dB) of a 1xX2 and 50:50  result, SOAs are attractive in WDM networks since they
coupler of coupler, it would lose some gain in this proposed feature extremely high on-off ratios of 40 to 50 dB, which
ampllfler However, the C- to L-band gain can be increased are needed to overcome the severe pena|ty induced by
about 2.5 dB easily if a C/L coupler is used instead of the Crossta|k1_2~13(:ompared with past-related L-band EDEA,

the proposed hybrid amplifier can reduce the total used

EDF length to 44 m long by a second SOA stage to pump

12 [ 1480/1550nm WDM Coupler the third EDFA stage for extending the wavelength range
_ 1o} \ Port2 from C-band to L-band.
2 ol \ ——— Pon3 Figures %a) and 3b) indicate the gain and noise figure
= 1 \\ spectra for the proposed configuration in Fig. 1 while the
3 6 \ input signal powerP;,=0, —15, and—30 dBm, respec-
g L[ \\ tively. The insert of Fig. &) shows the ASE spectrum with
£ | a 120-nm bandwidth of 1480 to 1600 nm for this proposed
g 2k N . wideband structure. Figure® represents the gain spectra
= ol ~——=~" over a 120-nm bandwidth of 1480 to 1600 nm. It also

i shows the peak gain of 32.7, 34.5, and 32.9 dB at 1504,

1534, and 1570 nm, respectively, when the input signal

1460 1480 1500 1520 1540 1560 1580 1600 . A .
power is —30 dBm. Due to the insertion losses of two

Wavelength (nm) WDM couplers(as seen in Fig. ¥ the different gain spec-
Fig. 4 The insertion loss of two 1480/1550-nm WDM couplers ver- tra of this proposed ampl_lf_ler are S_ma”er than that of the S-
sus the wavelengths. and C- plus L-band amplifier individually. The gain spectra
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