Performances of Erbium-Doped Fiber Amplifier
Using 1530nm-Band Pump for Long Wavelength
Multichannel Ampilification
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The performance of a long wavelength-band erbium-
doped fiber amplifier (L-band EDFA) using 1530nm-band
pumping has been studied. A 1530nm-band pump sourceis
built using a tunable light source and two C-band EDFAs
in cascaded configuration, which is able to ddiver a maxi-
mum output power of 23dBm. Gain coefficient and noise
figure (NF) of the L-band EDFA are measured for pump
wavelengths between 1530nm and 1560nm. The gain coef-
ficient with a 1545nm pump is more than twice as large as
with a 1480nm pump. It indicates that the L-band EDFA
consumes low power. The noise figure of 1530nm pump is
6.36dB at worgt, which is 0.75dB higher than that of
1480nm pumped EDFA. The optimum pump wavelength
rangeto obtain high gain and low NF in the 1530nm band
appear sto be between 1530nm and 1540nm.

Gain spectra as a function of a pump waveength have
bandwidth of morethan 10nm so that a broadband pump
source can be used as 1530nm-band pump. The L-band
EDFA isalsotested for WDM signals. Flat Gain bandwidth
is 32nm from 15715 to 1603.5nm within 1dB excursion at
input signal of <10dBm/ch. These results demonstrate that
1530nm-band pump can be used as a new €ficient pump
sourcefor L-band EDFAs
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|.INTRODUCTION

Long waveength-band erbium-doped fiber amplifier (L-
band EDFA) has been rapidly devel oped following the conven-
tiona 1550nm band (C-band) EDFA as a component for wide-
band wavelength divison multiplexing (WDM) transmisson
systems [1]-[4]. Although the gain region of EDFA is larger
than 100nm, EDFA using only about 30nm bandwidth in C-
band was developed in firgt severd years. With enhancement
of EDF manufacturing technology and need of optica band-
width increment in optical communications, EDFA for L-band
with another 30nm bandwidth between 1570nm and 1600nm
has been developed [5], [6].

One of the mgjor merits of the L-band EDFA is that it ex-
pands the optical bandwidth when used in parale with the C-
band EDFA [7]. Another merit is that L-band transmission in
disperson-shifted fiber does not have four wave mixing prob-
lem [8]. Moreover, the EDFA can easily achieve flat gain with-
out a gain-flattening filter compared with the C-band EDFA [9],
[10].

There have been various efforts to improve the amplification
characterigtics of the L-band EDFA, in which the mainissueis
the sdlections of a proper pump waveength and pumping con-
figuration [6€],[11],[12]. Amplified spontaneous emisson
(ASE) of C-band EDFA has been used as the injection seed
source for L-band EDFA [13]. The pump waveength depend-
ence of the amplification characteristics of EDFA has been re-
ported mainly in 800, 980, and 1480nm bands, and nhow 980
and 1480m bands are mostly used for L-band EDFAS[14]-[16].
On the other hand, 1555nm wave ength had been examined as
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apump waveength but it was reported that noise figures (NFs)
were detrimental and gain did not have merits [17],[18]. A
1555nm distributed feedback laser diode(LD) had also been
investigated as a subsidiary pump with 980 and 1480nm band
pumping to suppress backward ASE at the input end of er-
bium-doped fiber and there was a 20% improvement of gain
coefficient [19].

We use 1530nm band as new pump waveength for the L-
band EDFA. Gain coefficient, power converson efficiency
(PCE), and NF are measured as the pump waveength is varied
from 1530nm to 1560nm with a 3nm interva to determine
pumping efficiency. Those of 1480nm-pumped L-band EDFA
are aso measured to compare with the results of 1530nm-band
pumped L-band EDFA. The reason for variations of pumping
efficiency with pump waveength is andyzed in terms of pow-
ers of forward ASE. The gain spectra as functions of the pump
wavelength and power are invetigated to see bandwidth of
pump wavelength. Findly, the gain of WDM signds was
messured to investigate flat gain bandwidth for WDM trans-
misson systems, in which WDM dgnds of 5 channds were
emulated with a probe sgnd and asatureting signdl.

[1. EXPERIMENTS

1. Experimenta Setup

The experimenta setup is shown in Fig. 1. We used a 656m-
long slica-based EDF (Fibercore co., England) which has a
cutoff wavelength of 1330m and a numerical aperture of 0.22.
It is doped with Er** ionsto alevel corresponding to absorption
of 7.6 dB/m and 2.85dB/m at the 1530nm absorption peak and
1480nm pump absorption region respectively. The EDF length
for L-band amplification was limited by available pumping
power. A forward pumping scheme was used in this experi-
ment to utilize an advantage of 1530nm-band pumping. A tun-
able light source (TLS) provided a probe signa between
1560nm and 1630nm and the output was detected with an op-
tica spectrum andyzer (OSA). The TLS and the OSA were
controlled automatically by acomputer viaaGP-IB interface.

2. 1530nm-Band Pumping Source and WDM Coupler

Our 1530nm-band pump source was composed of a TLS
and two C-band EDFAs in cascaded configuration as shown in
Fig. 1. The EDF on the first EDFA was 10m long and pumped
by 980nm LD in forward direction, and the EDF on the second
EDFA was 20m long and pumped by two 1480nm LDs bidi-
rectiondly. The cascaded EDFA was designed to have high
output power of 23dBm. Pump wavelength for examined 65m-
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long EDF was determined by controlling TLS. Light from the
TLS was amplified by a cascaded EDFA and launched into
EDF through an optica tunable filter (OTF) suppressng the
ASE noise of the cascaded EDFA. The OTF (OTF-300-06S,
Santec co., Japan) had 2.6dB insertion lossincluding thelossin
connectors and it had 20dB-bandwidth of 7nm.

=g
isolator :

1480nm LD

1530nm-band pump

Fig.1. Experimental configuration of 1530nm-band pumped L-
band EDFA. TLS: tunable light source; WDM:
wavdength-divison multiplexer; EDF: erbium-doped
fiber; OTF: optical tunablefilter.

Figure 2 shows the spectra of 1530nm-band pumps having
wavelengths of 1530, 1545 and 1560nm, and output powers of
30mw, 50mwW, and 70mW. Side mode suppression ratio
(SMSR) of each pumpisamost 60dB. Thisgood SMSR could
be achieved because the TLS of about 45dB SMSR was fil-
tered through the OTF. The spectra show that ASE power level
of the pump is low enough not to affect the L-band EDFA re-
gardless of pump power and wavelength.
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Fig.2. The spectra of 1530nm-band pumps with pump
waveengths of 1530, 1545 and 1560nm at pump powers of
30mwW, 50mw, and 70mW.
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An L-band signad and a 1530nm-band pump were multi-
plexed by a WDM coupler (E-tek Inc., USA). The measured
insertion | ass spectrum of the WDM coupler isshownin Fg. 3.
The pump band and signdl band are divided at around 1565nm.
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Fig.3. The insertion loss spectra of a WDM coupler multiplexing
an L-band signal and a 1530nm-band pumping source.

If the two bands are divided at a shorter wavelength than
1560nm, the ASE noise of the pump can be suppressed by the
WDM without the OTF and the dructure of the pump can be
samplified. Pump ASE noise of around 1560nm serioudy de-
graded amplification characterigtics of the L-band EDFA if it
was not removed.

1. RESULTS

1. Comparison of the Amplification Characteristics of
1530nm Band and 1480nm Pumped L-Band EDFA

To investigate the pump wave ength dependence of the am-
plification characterigtics of the L-band EDFA, gain and noise
figure (NF) were measured varying the pump wavel ength from
1530nm to 1560nm with a 3nm interval. Figure 4(a) shows
gain spectra of 1533nm pumped L-band EDFA. Signd wave-
length range is from 1569.5 to 1621.5nm with a 2nm interval
and power is—30dBm. The pump power is varied from 30mw
to 70mW. As the pump power increases, population inverson
changes and the gain around 1570nm becomes greater than
around 1600nm. At 42mW pump power, gain spectrum isflat-
tened between 1571.5nm and 1601.5nm within 1nm excursion.
Figure 4(b) shows NF spectra on the same condition of Fig.
4(a). There is no remarkable difference on the NF spectrawith
the variation of pump power. The worgt vaue of NF in the flat
gain region is 6.550B obtained at 1571.5nm for 42mW pump
power. The degradation of the NF at wavelengths near 1570nm
and longer than 1600nm is known to arise due to the ground
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state absorption and the signdl excited state absorption of Er**
ions, repectively [9], [6].
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Fig.4. (a) Gan spectra and (b) noise figure spectra of 1533nm
pumped L-band EDFA for pump powers from 30mW to
70mwW.

Figure 5 shows measured data of relative power converson
efficiency (PCE) and gain coefficient with the variation of
pump wavelength in the L-band EDFA. We compared the data
with those obtained from a conventional 1480nm pumped L-
band EDFA.. PCE isgiven by thefollowing equation:

PCE= (Ps'gout - S'gin) / Ppurrp
where Pggo, Psgin @d P @€ the signal output power, the
signa input power and the pump power, respectively. The rela
tive PCE was defined asthe ratio of PCE of the 1530nm-band
pumped EDFA to that of the 1480nm pumped EDFA. Thegain
coefficient was attained from the ratio of sgna gain to applied
pump power and could be used as the index of pump power
because equa gainswere required in this experiment. The gain
and NF measurements were repeeted as the pump wavelength
was varied from 1530nm to 1560nm with a 3nm interval. For
these pump waveengths compared are the pump powers re-
quired for 15dB flattened gain with lessthan 1dB excursion be-
tween 1571.5 and 1601.5nm. Input signa power was —30dBm
a each dgnd wavdength. For the experimental setup of the
1480nm pumped EDFA, 1530nm-band pump source was re-
placed by a 1480nm semiconductor LD. Otherwise, the setup
remained the same Fig. 1. The gain coefficient of thel480nm
pump shown in Fig. 5is 0.2dB/mW that is condgtent with the
vaue reported in similar experiment [11]. The gain coefficient
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and the relative PCE with 1545nm pumping in 1530nm band
are 0.45dB/mW and 2.25, respectively. These vaues are more
than twice as large as those of the 1480nm pump. The high
gain coefficient indicates that the L-band EDFA consumes low
optical pump power and low dectrica power.
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Fig.5. Relaive power converson efficiency (PCE) and gain
coefficient of the L-band EDFA with variation of pump
wavelength in 1530nm band and at 1480nm. The pump
power was adjusted for a 15dB flattened gain level.

NFs shown in Fig. 6 correspond to the data shown in Fig. 5.
NFsare 6.36dB with 1530nm pump and 6.55 dB with 1533nm
pump at the signal wavelength of 1571.5 nm, where NF hasthe
worg value in our measurement range. The NFs with these
pump wavdengths are increased by less than 1dB compared
with those with the 1480nm pump. Thisis not o serious con-
sdering the advantages in gain improvement. However, NF is
degraded as the pump wave ength becomeslonger.
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Fig.6. Noise figure of the L-band EDFA with variation of pump
wavelength in 1530nm band and at 1480nm.

PCEs, gain coefficients and NFs could not be measured in
the case of pump wavelength of 1557nm and 1560nm, because
gain coefficients were too low to be detected in our experimen-
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tal range and 15dB flattened gain spectra were not possible to
be obtained.

The main reason of gain coefficient increment in 1530nm-
band pumping is that the backward ASE is suppressed at the
input end of EDF owing to the 1530nm+-band pump, so that the
pump power could be converted more efficiently to the signd
power [18], [19]. However, the gain coefficient decreases for
the pump wavelengths longer than 1550nm, because the ab-
sorption of the pump power becomes low. This will be con-
firmed in Figs. 7 and 8. The NF increases rapidly as the pump
wavelength becomes longer, especidly close to 1560nm, be-
cause ground tate absorption dso increases[5], [6].

Figure 7 shows forward ASE spectra for different pump
wavelengths with the launched pump power of (@) 70mwW and
(b) 30mW. The narrow peak in the spectraiis pump power that
is not absorbed. The pump power is well absorbed with
1530nm pumping. But the longer the pump wavelength is, the
less pump power is absorbed and the more the dope of ASE
spectrum is smoothed. The trend of gain coefficient increment
in a short pump waveength region below 1545nm shown in
Fig. 5 can be confirmed in Fg. 7(b) because the pump powers
used to obtain the gain coefficients are close to 30mW. Like-
wise, the trend of gain coefficient decrease in a long pump
wave ength above 1550nm shown in Fig. 5 can be understood
in Fig. 7(a) because the pump powers used to obtain the gain
coefficients are close to 70mw.
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Fig.7. ASE spectra for various pump wavelengths with the pump
powers of () 70mwW and (b) 30mW.

In Fg. 7(a), dthough the same pump powers are gpplied, the
dope of ASE spectrum curves becomes smooth as pump
wavelength becomes longer. When the pump wave ength ap-
proaches 1560nm, there is no ASE spectrum required for a
15dB flattened gain spectrum. These results agree well with the
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tendency that the gain coefficient decreases in a longer pump
wave ength than 1550nm shown in Fig. 5. On the contrary, it is
clearly shown in Fig. 7(b) that the launched pump power is
well absorbed in a pump wave ength below 1545 nm, because
the pump power which is not absorbed and remainsinthe ASE
spectrumislow.
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Fig.8. Forward ASE powers as a function of pump power in
1530nm-band pumped L-band EDFA.

Figure 8 shows forward ASE powers asafunction of apump
power. Forward ASE powers were determined from the for-
ward ASE spectra shown in Fg. 7, where the remaining pump
powers were excluded. The forward ASE power increases in
direct proportion to the launched pump power at 1480nm
pump, whereas saturations appear with 1530m-band pumping.
Itisclear from Fig. 7 that the saturation of forward ASE power
is due to pump power which passes through EDF without ab-
sorption. As the pump wave ength becomes longer, the satura
tion gppears more clearly and moves to lower pump power,
and the forward ASE power becomes smaller. Furthermore, in
1560nm pumping 15dB flattened gain cannot be obtained
within available pump power. A dotted horizontd linein Fig. 8
shows powers of ASE spectrarequired for 15dB flattened gain
for each curve. It means that there is the power level which is
needed for 15dB flattened gain in this pump configuration. But
in the case of 1560nm pump waveength curve, there is no
crossing point with the dotted line so the gain coefficient could
not be atained in Fig. 5. Complete saturation in this curve indi-
catesthat it is difficult to get 15dB flattened gain in the longer
pump waveength than 1560nm athough the pump power is
aufficiently grest.

Figure 9 shows the gain versus pump wavelength for various
pump powers and signd wavelengths of (&) 1571.5nm, (b)
1581.5nm, (c) 1591.5nm, and (d) 1601.5nm, respectively. For
the same pump power, gain profiles are different from (a) to (d)
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because the emission cross section isafunction of signa wave-
length. Population inverson depends on the pump power so
that the gain of longer Sgnal wavelength is rdlatively larger at
low pump power and gain of shorter sgnal wavelength is lar-
ger a high pump power. Gain profiles for each signa wave-
length also show similar trends that pump wave ength to obtain
the highest gain moves to shorter pump waveength as pump
power increases, and dope of gain profile is steep on the longer
pump wavelength side. This stegpnessis dueto low absorption
of pump power as explained in Figs. 7 and 8. Consdering
these results together with those of gain coefficient and NF, a
wavelength between 1530nm and 1540nm is recommended as
pump wavelength in the 1530nm-band for high gain and low
NF. Additiondly another important thing comes from the fact
that 3dB bandwidth of the gain spectra is more than 10nm. It
means that broadband source, as well as single wavelength
source can be used as 1530nm-band pump.
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Fig.9. Gain as functions of 1530nm-band pump wavelength and
power a the signa wavelengths of (a) 1571.5nm, (b)
1581.5nm, (c) 1591.5nm, and (d) 1601.5nm.

2. Characterigtics of 1530nm-Band Pumped L-band EDFA
for WDM Signds

The experimenta setup for WDM signdsis sketched in Fig.
10. Compared with the setup in Fig. 1, the only difference is
that we use two coupled TLSs as input signa sources, which
condst of aprobe and a saturation tone. The power of the satu-
ration tone corresponds to the sum of power of 4 WDM signals
and a wavdength of the saturation is 1590nm. Two signd
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sources are combined by a 3dB coupler. 1533nm was used as
pump wavelength in this experiment.

coupler jsolator

EDF
’Q‘WDM |—| OTF |—EE|/

isolator

980nm LD 1480nm LD 1480nm LD

1530nm band pump

Fig.10. Experimenta configuration of 1530nm-band pumped L-
band EDFA for WDM signas. TLS: tunable light source;
WDM: wavelength-divison multiplexer; EDF: erbium-
doped fiber; OTF: optical tunable filter.
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Fig.11. (a) Gain spectra and (b) noise figure spectra of a 1533nm
pumped L-band EDFA for WDM signals which were
composed of a probe signal and saturation tone. Pump
power was varied as 41.5, 42, 50, and 70mW according to
power of probe signal of -30, -25, -15, and -10dBm/ch,

respectively.

The results of gain and NF are shown in Figs. 11(a) and (b).
The power of aprobe signd was varied from -30 to -10dBn/ch
and the pump power was 41.5, 42, 50 and 70mW, respectively.
The characterigtics of gain and NF to WDM €ignals of
-30dBm/ch are the same with those to asingle sgnd in Fig. 4.
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At high power signd input, thereisalittle decrease of gain and
<0 increase of NF due to gain saturation. Conclusively, in
WDM signas experiment, we obtained the same flattened gain
profiles with the L-band EDFA of a single channel. Hat gain
bandwidth of signd waveength is 26nm from 15715 to
1597.5nm within 0.1dB excursion and 32nm from 15715 to
1603.5nm within 1dB excursion at input signal of -10dBmv/ch.
These results demondrate that the L-band EDFA using
1530nm-band pump can be used as high gain coefficient am-
plifier in WDM transmission sysems.

Finaly, we note that Snce the EDF length for L-band ampli-
fication was limited by maximum available pumping power in
our experimenta equipments, we used only a 65m EDF in this
work. But to generdlize the merits of the L-Band EDFA
pumped by 1530nm-band, further experiments usng longer
EDF and high pumping power are required.

V. CONCLUSIONS

An L-band EDFA with 1530nm-band pumping was investi-
gated. The pump source was composed of a TLS and two C-
band EDFASs in cascaded configuration, and was designed to
have 23dBm output power. Gain coefficient and NF were
measured for pump wavelengths between 1530nm and
1560nm. Gain coefficient and rdative PCE of 1545nm pump
in 1530nm band was 0.45 dB/mW and 2.25 respectively,
which were more than twice compared with those obtained
from a conventional 1480nm pump. The L-band EDFA using
1530nm-band pump consumes low optical pump power. NF
was 6.36dB with 1530nm pump and 6.55dB with 1533nm
pump &t the signd wavelength of 1571.5nm, where the NF has
the worst vaue in the measurement range which are increased
by lessthan 1dB compared with 1480nm pumping.

It was proved from the power of ASE spectra that the gain
coefficient became smdler with a pump wavelength close to
1560nm because the pump power was not well absorbed.
Since the gain spectra as a function of pump wavelength had a
3dB bandwidth of more than 10nm, a broadband pump source
can be used as 1530nm-band pump. Within the 1530nm band,
it is recommended that wavelength between 1530nm and
1540nm is optimal as pump wavelength for high gain and low
NF

We tested the performances of the L-band EDFA for WDM
dgnds, in which input signa sources was composed of a probe
and a saturation tone for 4 WDM signas. The flat gain band-
width was 26nm for 1571.5 ~ 1597.5nm within 0.1dB excur-
son and 32nm for 1571.5 ~ 1603.5nm within 1dB excurson at
input signal of -10dBm/ch.
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