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Abstract The population rate and power propagation equations are presented and solved to compare the amplifica-
tion performances of bismuth-based Er’" -doped fiber amplifier (EDFA) pumped by 980- and 1480-nm lasers. respec-
tively. In both single signal and coarse wavelength-division-multiplexing (CWDM) signals inputs, the 1480-nm
pumped bismuth-based EDFA provides a larger signal gain than the 980-nm pumped one does, whereas the latter pro-
vides a relatively lower noise figure (NF). Comparative results indicate that the 1480-nm pumping scheme is more
advantageous for bismuth-based EDFA regarding the band width and gain property.
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1 Introduction

With the exponential increases of information
capacity in optical networks, Er®* -doped fiber am-
plifiers (EDFAs) applied for wavelength-division-
multiplexing (WDM) systems have been extensive-
ly developed. Since silica-based transmission fiber
has a wide low-loss window from 1.4 to 1.7 pm,
amplification in this whole range is required for
broadband WDM systems. Of which C-band amplifi-
cation from 1.53 to 1.56 um is firstly accomplished
by using the silica-based EDFA ' 2. In order to ex-
tend C-band to a broader wavelength range, Er’" -
doped fibers made of non-silicate glass hosts with
high refractive indices such as tellurite-"*) and bis-
muth-based ) glasses are developed because the
stimulated-emission cross sections increase as the
refractive indices of the hosts increase [o~ (n? +
2)?/n] ™1, and as a result they become possible to
obtain amplification gain in a broader wavelength
range than silica-based host with low refractive in-
dex. However, tellurite-based EDFs cannot be fu-
sion-spliced to silica-based transmission fiber be-
cause its softening temperature is much lower than
that of silica-based glass. Recently, amplification
over 75-nm bandwidth of 3-dB down gain (1535~
1610 nm) covering from C- to L-band with signal
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gain over 19 dB has been demonstrated by using fu-
sion-spliceable bismuth-based EDFs ®', indicating
that bismuth-based EDFs can be the prospective
candidates for (C + L)-band broad applications re-
garding the gain and fusion-splice properties.

To amplify the 1.5-pm band signal, conven-
tional EDFAs use optical pumping of 980 or 1480 nm
in accordance with the energy levels of Er*" . Pum-
ping at 1480 nm is typically used for high power
EDFAs because the ground state absorption to the
* I3, manifold has a high absorption cross section
relative to the *I,;,, energy level. Unfortunately,
this resonant pumping scheme cannot achieve full
population inversion and a good value of signal-to-
noise ratio 7. Thus, to realize a fiber amplifier of
a lower noise figure (NF) along with a broadband
gain, a 980-nm pumping scheme may be essential.
In spite of the advantages of bismuth-based glass as
a host material and its Er®*-doped fiber already
having been pointed out "', comparative results for
bismuth-based EDFA under the 980- and 1480-nm
excitation, which are essential to optimize amplifier
performances, are not available so far.

In this paper, we present the population rate and
light power propagating equation models of bismuth-
based EDFA, and make a comparative investigation on
the amplification performances between the 980- and
1480-nm pumping schemes numerically. The difference
in the amplification performances is understood by com-
paring the NF, the dependence of signal gain on the in-
put power, and the fiber length.
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2 Theory

The schematic diagram of energy levels togeth-
er with the proposed transitions of Er®" is shown in
Fig.1. The transitions are indicated with an arrow
and represented from left to right for different ca-
ses: 980-nm excitation, spontaneous radiation and
nonradiative decays, absorption and stimulated
emission at 1.5 pm, 1480-nm excitation, and final-
ly the upconversion process. N,, N,, N;, and N,
represent the populations of the energy levels
*Tises "Igs *1hy.s and * Sy, respectively. For
the sake of simplicity, we neglect the intermediate
levels between the *I1;,, and * Sy, levels and assume
that all the Er®* ions excited to the * F;,, level via
the pump excited state absorption (ESA) transit
nonradiatively to the *S;,, level, and all the Er*" i-
ons excited to the *I,, level by the upconversion
process relax to the ‘I, level immediately™®,
since no significant peaks corresponding to radiative
transitions from these levels are detected in the e-
mission measurement for bismuth-based glass.
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Fig.1 Energy level diagram of Er’" and the relevant
transitions. R,;, R , and R3, are for the 980-nm
pump only. Corresponding, R, and R, are for

the 1480 nm only
The amplification characteristics of the bis-
muth-based EDFA can be investigated by theoretical
analyses. The power propagations of the signal,
pump and amplified spontaneous emission (ASE)
along the Er*" -doped fiber are described by the fol-
lowing differential equations® * .
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where P is the light power, the subscripts s, p.
and ASE represent the signal, pump, and ASE [ for-
ward ( +) and backward ( — ) propagation], re-
spectively. ¢ is the normalized power mode field
profile, « is the fiber background loss, ¢* and ¢° are
the absorption and emission cross sections at the
signal, pump, and ASE wavelengths. respectively.
Here, we apply the Quimby’s assumption that the
ESA absorption cross section sy 18 equal to 253[“” .
In the ASE equation, Avase represents the effective
ASE bandwidth, % is the Plank’s constant. and 7,
is the fiber Er’" -doped radius. The populations N, ,
N,, N;, and N, of Er*" can be obtained by solving
the following steady-state rate equations pumped at
the 980 and 1480 nm, respectively.
2.1 1480-nm pump

Under the 1480-nm excitation, the level
scheme introduced in Fig. 1 leads to the following

population rate equations of Er®" .
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where N is the Er*" -doped concentration in the
glass. A, is the spontaneous emission transition
rate from the * I3, to * I 5/, level, W, is the nonra-
diative decay rate from the *Iy;,, to * I3, level, and
C,, is the homogeneous upconversion energy trans-
fer coefficient for the process of * I3, +* I13,—>" Iy,
+*1,,. Here, we neglect the nonradiative decay
rate of the I3, level and the spontaneous emission
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from the *I;;,, level because A, and W, are domi-
nant in those levels. The ESA for pumping at 1480
nm is also negligible because this wavelength does
not match with the transition from the * I, to * I
level ™. Wiy, and Ri,.1 are the absorption- and
emission-stimulated rates at the 1.5-um band signal
and 1480-nm pump wavelengths, respectively, and

can be defined as [#:1*
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where M is the number of propagating signals, N is
the number of frequency slots with bandwidth Avasg
centered at the frequency vasz to represent the ASE
noise spectrum .
2.2 980-nm pump

As shown in Fig. 1, the rate equations of Er’”

under the 980-nm excitation can be described as

dgl —— (Riy + Wi)N, + (A, +W,ON, +
CoN? - Ry Ny + AN,
daw[z — WuN, — (Ay +W.ON, — 2C, N2 +
Wi, N,,
déVZS — RN, +CyN? — (Wy, + Ry, +RiON, +
dg L= RN, —AuN, — W, N,
N, +N, + N, + N, = Ny, 4

where Ri;and Rj are the transition rates of 980-
nm pump stimulated absorption and emission, re-
spectively, R, is the ESA rate from the ‘I, to
*F,, level, which can be defined as the similar
form of Eq. (3). A, is the spontaneous emission
rate from the *Ssy,, to *Ii5, level, and Wy, is the
nonradiative decay rate from the *S;,, to ‘I, lev-
el. The rest parameters used in Eq. (4) are the
same as those in Eq. (2).

Equations (1) ~(4) form a system of coupled
differential equations, which can be solved by the
numerical integration along the fiber using the
fourth-order Runge-Kutta algorithm with appropri-
ate boundary conditions:

P, (0) = Py, P, (L) = P,
P.(0,0) = Py ), (i =1,M)
Pusg (0svkss) = Pasg (Lovksg) = 0, (7 =1,N)
(5)
where L is the active fiber length of bismuth-based

EDFA.

The two-boundary value problem formed by
Eq. (1) cannot be solved simultaneously. There-
fore, an iterative scheme may be used. Initially,
the co-propagation pump., M signals, and the N
ASE + equations are integrated in the forward di-
rection, doing P,- () =0 and P (2,0°) =0V 2.
Then, the counter-propagation pump and the N
ASE — equations are integrated in the backward di-
rection, using the power distribution obtained in
the forward direction as their input conditions. This
iterative procedure, forward followed by the back-
ward integration, is repeated until that convergence
takes place. The parameters used for numerical cal-
culations are listed in Table 1. The absorption and
emission cross sections of Er®" in the 1520 ~
1620 nm region are determined from the measured
absorption spectrum of bismuth-based glass fabrica-
ted with conventional melting and annealing meth-
od.

Table 1 Parameters used for numerical calculations™®: - 194

Parameter Value
Spontaneous emission rate A, /s ! 330
Spontaneous emission rate A, /s ! 2800
Non-radiative decay rate W, /s ! 7500
Non-radiative decay rate Wy /s ! 75000
Cooperative upconversion coefficient C,,/(m’/s) 8.5x 10 %
Emission cross section at 1480-nm ¢ /cm® 1.19x10 #
Emission cross section at 980-nm ¢% /cm® 3.06x10°*
Absorption cross section at 1480-nm ¢%/cm?  3.61 X 10"
Absorption cross section at 980-nm ¢} /cm® 2.36x10°%
Background loss « /(dB/m) 0.6
ASE effective bandwidth Av /nm 2.0x10°°
Er’* doped concentration Ni/cm * 7.51x 10"
Er*" doped radius 7 /pm 2.5
Fiber core refractive index n 2.039
Numerical aperture NA 0.20

3 Numerical results and discussion
Figure 2 shows the signal gain spectra simula-
ted by the single-wavelength operation for a bis-
muth-based EDFA pumped at 1480 and 980 nm, re-
spectively. The bismuth-based EDFA with 150-cm
fiber length is pumped bidirectionally with a pump
power of 360 mW (forward 180 mW and backward
180 mW). The input signal wavelength is scanned
from 1520 to 1620 nm and each signal power is
changed in steps: —20, — 10, and 0 dBm, respec-
tively. As can be observed, the gain spectra of both
1480- and 980-nm pumped bismuth-based EDFA ex-
hibit broadband profiles even in an extended L-band
region to 1620 nm. This result reflects the excel-
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Fig.2 Gain and NF with input signal power for bismuth-based
EDFA pumped at 1480 nm (a) and 980 nm (bh),
respectively
lent broad spectroscopic properties of Er’" in bis-
muth-based glass ™. However, under the same op-
erating conditions described above, it is easily en-
visaged that the much larger signal gains are ob-
tained in the 1480-nm pumped bismuth-based EDFA
than the 980-nm pumped one across the whole spec-
tral range, which implies that the 1480-nm pumping
scheme is advantageous for achieving high signal
gain and output power bismuth-based EDFA. In this
pumping scheme, maximum gain exceeds 40 dB and
the gain at 1560 nm is about 6.3 dB larger than that
of the 980-nm pumping at the input signal power of
— 20 dBm. The lower signal gain in the 980-nm
pumped bismuth-based EDFA is attributed mainly to
the ESA of ' I,,,,—"F;,, , which decreases the pump
conversion efficiency (PCE). With the increase of
the input signal power, signal gains in the range of
about 1532 ~ 1578 nm are compressed because of
the gain saturation. At the saturated condition of
the input signal power of 0 dBm, flat amplification
with bandwidth of 76 nm. signal gain over 22 dB.,
and a gain excursion of less than 3 dB in the 1530~
1606 nm range covering from C- to L-band are ob-
tained in the 1480-nm pumping. While in the 980-
nm pumping case, the corresponding 3-dB down
bandwidth is increased to 83 nm (1533~1616 nm)
with the gain over 17 dB, which means that the lat-
ter pumping scheme can offer a flatter gain spec-

trum. Meanwhile, Fig. 2 also presents the NF (dot-
ted line). Both the 980- and 1480-nm pumped bis-
muth-based EDFA exhibit a low NF profile even be-
yond the wavelength of 1610 nm. Compared to the
1480-nm pumping, the NF in the 980-nm pumped
bismuth-based EDFA is relatively lower except the
short wavelength region near 1520 nm, in which an
obvious increasing NF is observed due to the de-
crease of signal gain. At the input signal power of
0 dBm, the minimum 5.3 dB of NF is obtained.
This result contrasts with the minimum 6.4 dB of
NF for 1480-nm pumped EDFA.

Figure 3 shows the effect of fiber length on the
signal gain and NF pumped bidirectionally at 1480
and 980 nm, respectively. The pump power is kept
at 360 mW (forward 180 mW and backward 180
mW) , the input signal power is set to 0 dBm, and
the fiber length is changed in steps: 60, 150, and
250 cm. It is clear that the bismuth-based EDFA
can amplify signals sufficiently in both C- and L-
band with single signal operation using short length
of fiber. With the increase of the fiber length,
there is a dramatic decrease of signal gain in the
short wavelength region and an obvious increase in
the long wavelength region around 1600 nm, with
the amplifying gain band changing from C- to L-
band still keeping the higher signal gain, lower NF,
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Fig.3 Gain and NF with fiber length for bismuth-based
EDFA pumped at 1480 nm (a) and 980 nm (h),
respectively



562 2l 5]

oo e 36 &

and broader flat amplification at any fibers. Under
the 1480-nm excitation, for example, the band-
width of 3-dB down gain is 47 nm (1523~1570 nm)
for 60-cm fiber, 76 nm (1530 ~1606 nm) for 150-
cm fiber, and 73 nm (1546 ~1619 c¢cm) for 250-cm
fiber, while the corresponding 55-nm (1521 ~1576
nm), 83-nm (1533~1616 nm), and 73-nm (1547
~1620 cm) bandwidth of 3-dB down, respectively,
are found in the 980-nm pumped bismuth-based ED-
FA. This indicates that for a bismuth-based EDF se-
lecting a shorter length (~60 c¢m) is suitable for C-
band amplifiers, a longer one (~250 cm) for ex-
tended L-band amplifiers, and an immediate one
(~150 cm) for (C + L)-band amplifier for both
1480- and 980-nm pumping. The gain band change
from C- to extended L-band is mainly due to the ra-
diation trapping effect that transfers energy from
short wavelengths to long wavelengths "**', which
enhances with fiber length as a result of the in-
creasing interaction distance of photons. The radia-
tion trapping is often occurred in a three-level sys-
tem where the absorption and emission spectra o-
verlap. Besides, when the fiber length is relatively
short, for example, 60 cm, the NF is kept low in
the entire wavelength range of 1520 ~ 1620 nm,
and the minimum of NF is 5.0 dB in the 980-nm
pumped bismuth-based EDFA, while 6.1 dB in the
1480-nm pumped one. With the increase of fiber
length, the NF increases slightly for both pumping
schemes. This is attributed to the gradually accu-
mulation process of ASE along the fiber.

Figure 4 shows the signal gain and NF for four-
channel coarse WDM (CWDM) signals pumped at
1480 and 980 nm, respectively. The total input
power of four CWDM signals with 20-nm channel
spacing and wavelength ranging from 1556 to 1616
nm is 0 dBm (= 6.02 dBm X 4 signals). The pump
power is the same as before (forward 180 mW and
backward 180 mW) and the fiber length of bismuth-
based EDF is 2.0 m. It is seen again that the 1480-
nm pumped bismuth-based EDFA has a larger gain
than the 980-nm pumped one for each channel. Cor-
responding to the 1480- and 980-nm pumping cases,
more than 19- and 14-dB gain per channel can be
obtained for CWDM signals spreading the 60 nm
bandwidth, respectively. Whereas the NF is rela-
tively low in the latter except for the short wave-
length channel. The best and worst NFs among the
four channels are 4.4 dB and 6.4 dB, while 4.9 and
5.6 dB in the 1480-nm pumped one. Relatively flat
ASE output indicates that the bismuth-based EDFA
has a tolerance for the fluctuation of signal wave-
length. At present, CWDM system is emerging as a

mainstream technology for metro access optical net-
works due to its low cost and design simplicity.
However., applying commercial silica-based EDFA
for the CWDM amplifier that has more than four-
channels is difficult because of it relatively narro-
wer bandwidth. For example, PureGain5500 ampli-
fier by Avanex has 20.5 dB of single-channel gain
only in the C-band (1530-1562 nm) or in the L-band
(1570-1605 nm) region, and such amplifier which
includes the channel of 1610 nm has not been repor-
ted. Here, the bismuth-based EDFA exhibits high
performance with broadband and low NF in both
single signal and CWDM signals applications.
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Fig.4 Gain and NF for four CWDM signals of bismuth —
based EDFA pumped at 1480 nm and 980 nm,
respectively

4 Conclusions

The amplifying performances of bismuth-bhased
EDFA pumped at 1480 and 980 nm have been com-
pared. It is shown theoretically that the 1480-nm
pumped EDFA can provide larger signal gain in both
single signal and CWDM signals uses, whereas the
980-nm pumped EDFA can provide relatively low
NF. The simulation results clearly indicate that the
1480-nm pumping scheme is more suitable for
achieving high gain and power EDFA, while the
980-nm pumping scheme is suitable for low NF
EDFA. Therefore, a hybrid pumping scheme which
combines 1480- and 980-nm lasers may be essential
to achieve a broadband bismuth-based EDFA with
both high gain and low NF.
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