Compact multimode pumped erbium-doped
phosphate fiber amplifiers
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1 Introduction concentration is usetThis is limited by the fact that silica
Erbium-doped fiber amplifier§EDFAS) have revolution- ~ 91ass cannot support very high erbium concentration with-
ized the modern telecommunication industry since the late OUt deleterious ion-ion interactions because of its rigid
1980s! Up-to-date, single-mode lasers are most often cho- 91ass networR.On the other hand, phosphate glass has ex-
sen as pump sources for such EDFAs. However, multimode hibited excellent solubility for rare-earth ioAsn our pre-
broad-area laser diodes were introduced to pump the single-vious work, we demonstrated single-mode pumped erbium-
mode core via its surrounding cladding as early as the doped phosphate glass fiber amplifiers with gain per unit
197023 Compared with its single-mode counterpart, this length as high as 5 dB/cil.We report a compact multi-
approach can alleviate the stringent alignment requirementmode pumped fiber amplifier using a newly developed
and have higher amplifier output power because a few double-clad phosphate glass fiber. A net gain of 41 dB at
watts instead of milliwatt pump power is readily available 1535 nm, 27 dB at 1550 nm, and 21 dB over the C-band
from a multimode broad-area diode. Recently, two distinct was achieved from an only 8-cm-long fiber excited with a
advanced cladding pumping techniques have beenl-W, 975-nm multimode broad-area laser diode pump. A
developed:® High-power EDFAs based on these tech- theoretical model was also developed to simulate our am-
niques have been reported theredftetowever, these  plifier performance based on modified rate equations and an
silica-based high-power EDFAs employ tens of meters of effective beam propagation methPM), showing excel-
erbium-doped fiber even when a relatively high erbium lent agreement between experimental and modeling results.
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Fig. 2 Fusion spliced joint between phosphate and silica fibers.
Fig. 1 Schematics of the multimode pumped amplifier. SMF is a
Corning single-mode fiber SMF-28; LD is a Spectral Physics 50-um
multimode pump laser diode; C is a proprietary pump coupler; DCF . .
is a double-clad fiber; EDPF is the erbium-doped phosphate fiber; necessary parameters for our theoretical model, detailed

and DM is the dielectric mirror. glass property characterizations were also performed. The
refractive indices of the glass samples were measured with
a prism coupler at 632.8, 980, 1300, and 1550 nm. The
2 Amplifier Design absorption and emission cross sections were determined to
— 20 —20
Figure 1 shows the layout of our amplifier in a reflective b€ 0.75<10 cn? and 0.82¢10” *cn? at 1534 nm, re-

geometry by using a circulator. Pump light from a Spectra- SPectively.

Physics multimode 5Q@eén broad-area laser diode is

coupled into the first cladding of a passive double-clad fiber 3 Amplifier Characterization and Theoretical
(DCP) through a proprietary couplét. The DCF is then Simulation

fusion-spliced to an 8-cm erbium-doped phosphate fiber Ampjifier performance was evaluated experimentally using
(EDPP. A signal is launched from port 1 of the circulator  fipers with lengths of 7, 8, and 9 cm. This work mainly
and directed to the EDPF through port 2. A dielectric mirror reports the results obtained from the 8-cm-long EDPF. Ex-
is coated on the tip of the DCF fusion-spliced to the other ¢,ding the circulator and the dielectric mirror, the single-
side of the EDPF and is used to highly reflect both the 355 insertion loss with this EDPF was measured at 1310
pump and the signal. Most of the residual pump is imme- 3 g pe 3 dB. Almost 1/3 of this insertion loss was from
diately dumped when it reaches the SMF and is further yhe propagation loss of the EDPF. Figure 3 illustrates the
reduced to a-60-dBm level by the built-in isolator in the  easured and simulated amplifier gain spectra from the
circulator en route to the output of the amplifier. The inset 8-cm-long EDPF at signal input powers ef30, —10, and

in Fig. 1 shows a cross sectional view of the EDPF. As ¢ 4Bm with a 1-W pump power from the broad-area laser
shown in the figure, the core, the first, and the second clad-yigde. A peak gain of 41 dB was achieved at 1535 nm with
ding are all axially symmetric. And the numerical apertures 5 _30.dBm input signal. At the-30-dBm input signal

of the core and the first cladding were calculated to be level, the noise figures at 1530, 1535, 1550, and 1565 nm
0.145 at 1550 nm and 0.24 at 980 nm, respectively. The yere measured to be 6.3, 6.1, 5.3, and 4.8 dB, respectively.
propagation Ioss_at 1310 nm was measured to be 0.09 dB/Figure 3 shows that greater than 15-dBm output power
cm, which is a significant improvement from what we re- qq pe delivered over the whole C-band when the input
ported beford® This single-mode double-clad EDPF was power was 0 dBm. The output power increased to 17.5

fabricated with no plastic coating applied to the fiber. A gy when the pump power increased to 1.5 W.
high erbium concentration codoped with ytterbium was

used to provide a high absorption coefficient for the pump.
Different from our previous work® new core and cladding

O Pin=-30 dBm, exp.

glasses containing a high concentration 0f@J were de- 45 Pin=-30 dBm. simulation
signed to ensure high mechanical strength and good chemi- I A Pin=-10 dBm, exp.
cal durability. The mechanical strength and the chemical N | Pin=-10 dBm, simulation
durability were further enhanced by eliminating alkali ions 35 Pin=0 dBm, exp.
o . . . . — - — -Pin=0 dBm, simulation
(e.g., K", Na", and Li"), which are contained in most &
commercial phosphate glasses. Therefore, fusion splicing 2 25
between the EDPF and the DCF can be reliably achieved, ‘£
@]

as illustrated in Fig. 2. The cladding glass composition was
designed to match the thermal properties of the core glass 15 L :
to ensure low stress in the fiber.*Erand YB'* doping .
concentrations were selected based on theoretical modeling
and spectral characterization results, especially after con-
sidering the cooperative up conversion®&b3*-doped 1525 1535 1545 1555 1565
. Wavelength (nm)
phosphate glasses and undoped cladding glasses were

melteq in a platinum crucible using high purity sta.rting Fig. 3 Measured and simulated gain spectra with various input sig-
chemicals. To ensure good glass quality and to provide all nal powers.
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Fig. 4 Gain and noise figure versus pump power at 1550 nm.

Fig. 5 Gain saturation with a 1-W pump.

A theoretical model was developed to simulate our mul-
timode pumped amplifiers by using the modified rate equa- efficiency of 30% is achievable with an optimized EDPF
tions and effective beam propagation meth@PM). design in terms of doping concentrations and fiber geom-
Given the pumgP,(z=0) and signaP¢(z=0) powers, the etry.
local populationsN; are obtained by numerically solving Figure 4 illustrates the net gain and noise figure versus
rate equations. The pump absorption coefficient the pump power at 1550 nm for different fiber lengths. The
a[N;(P,,P5)] and the signal gaig[N;(P,,Ps)] are com- input S|'gnal power Was—SQ dBm. Figure 4 |nd|cates that
puted by equations the optimum fiber length is around 8 cm. Figure 5 shows
the gain saturation at 1530, 1535, 1550, and 1565 nm for
the 8-cm-long fiber excited with 1-W pump power. The

a{Ny5d Pp(2),Ps(2)]}= 0se(p) Ns(2) — o65(vp) Ne(2) saturation output poweB-dB compressionat 1535, 1550,

+ N;(2)+ ap, 1 and 1565 nm are 11, 12.5, and 14 dBm, respectively. The
o1 vp)Na(2) + ap @ output saturation power is 2 dB higher when the fiber is
excited with 1.5 W pump power.
9{N1 4 Pp(2),Ps(2)]} =I'd o21(vg)N2(2)
—0o1vg)N1(2) ]~ as. 2 4 Discussion and Conclusions

In conclusion, a multimode pumped fiber amplifier is suc-
cessfully developed using newly developed erbium-doped
phosphate fibers. A net gain of 41 dB at 1535 nm, 27 dB at
1550 nm, and 21 dB over the C-band is achieved from an
8-cm-long fiber excited with a 1-W 975-nm broad-area la-
ser diode. The theoretical model indicates that the pump
g Power can be reduced to approximately 0.5 W with opti-
mum EDPF designs.

Here N; (i=1 to 4 stands for Bf levels *l15, %135,
41,1, and ®lg;,, respectively; and=5 to 6 stands for
Yb3* levels?F,, and ?Fs,, respectively are populations
at different levelsyr;; are absorption or emission cross sec-
tions betweeir- andj-states]s is the signal overlap factor;
asp are background propagation losses for signal an

pump, respectively; ands , are frequencies of signal and As shown in Fig. 1, the dielectric mirror can be designed

pump, correspondingly. Given the value @N;(P,,Ps)] {5 partially reflect signals at certain wavelengths so that
atz, the BPM then computes the full transverse distribution gain flattening can be realized. Both the dielectric mirror

of the pump aiz+ Az, whereAzis 1 um. The local pump  and the pump coupler can in principle be directly built on
power distribution, pump power absorption of the core, and EDPF, making the amplifier design even more compact.
the inversion rate of Bf ions along the fiber are calculated This amplifier design is also low cost in nature. For the

with a step distance of &m until the desired fiber length is  time being, 980-nm multimode broad-area laser diodes cost

reached. With the knowledge of the local gain for signal
g[N;(P,,Ps)], the gain of the signal can be integrated nu-
merically. The whole procedure is iterated until conver-

about one tenth of a single-mode 980-nm pump in terms of
cost per watt of power. For high-power amplifiers beyond
27 dBm, the single-mode pumping approach becomes pro-

gence is reached. hibitively expensive because of the cost of these single-
The simulated gain performance agrees closely with the mode diodes and corresponding parts, while a multimode
experimental results as indicated in Fig. 3. According to our approach offers an already-demonstrated alternative for
modeling results, the core in the 8-cm EDPF absorbed ap-such high-power amplifield’ Furthermore, our unique
proximately 15% of the multimode pump. The model also EDPF costs about one hundredth of conventional silica-
showed that such high absorption in such a short fiber wasbased erbium-doped fibers, while it delivers the same am-
attributable to the high pump absorption coefficient of the plifier performance. This new type of compact, low-cost,
core. Furthermore, the model indicated that an absorptionand high-performance amplifier will play an important role
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for deployment of low-cost metro and access fiber optical
networks.
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