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Abstract

A comparative study on a single- and double-pasdigarations for Erbium-doped fiber amplifier (EDlFAre demonstrated
using a gain media of high concentration Silicadgrbium doped fiber (EDF). The amplifier has stages comprising a 1.5
m and 9 m long EDF optimized for C-band and L-bapdrations respectively, in a single-pass and deyaiss configurations.
The CFBG is used at the end of EDF stage to all@euable propagation of signal and thus increasesattainable gain in both
C- and L-band spectra. At an input signal powet3if dBm, a flat gain of 22 dB is achieved with angaariation of £3 dB within

a wide wavelength range from 1530 to 1600nm (C- lathand) in double-pass configurations. The cormsjing noise figure
varies from 4 to 8 dB within this wavelength regi®he flat gains for single-pass configuration oatyplify within 1555 nm to

1600 nm (L-band).

Index Terms: double-pass amplifier, single-pass amplifier, akdual-stage amplifier, silica based Erbium.

1. INTRODUCTION

Dual-stage erbium-doped fiber amplifier (EDFA) hdeen
attracted a lot of researches and scientists arthanavorld
due to their advantages having a wideband ampiifica
within 1530 nm to 1600 nm. These significant adaget
lead to enormous bandwidth and consistency in
connectivity, thus make an optical fiber commuriarat
system to be used widely as a backbone in world
telecommunication system. In improving the perfanoeof
light amplification, various gain medium materialsch as
such as Tellurite[1, 2] multi-component Silicatefd, and
Bismuth Oxide based glass[5]
However, the gain spectrum of these amplifier$ igihains
non-uniform with the variation of wavelength. Onhet
hand, researchers also proposed various configugti
amplifier[6, 7] which include serial and paralthlal-stage
EDFAs. The serial dual-stage EDFA have better gain
flatness compare to parallel dual-stage EDFA][8].

In this paper, we compare the amplifiers perforneanc
obtained in single-pass and double-configuratiamssérial
dual-stage EDFA. A silica-based EDFA is demonsttate
operate in C- and L-band regions. The serial dtee
amplifier employs two pieces of gain medium in $apgass
and double-pass configurations. A chirp fiber Bragating
(CFBG) is incorporated in each stage to allow thabie-
pass operation. In the design of EDFAs, it is nsagsto
determine optimization of amplifier parameters sashthe
optimal fiber length, pumping wavelength, and pumgpi

have been proposed.

power, accordingly to obtain a maximum gain or heidth

of the EDFA.The experimental results are also compared to
the simulation results[9], which are obtained using
GainMastel" software. Insertion losses have been
incorporated in the simulation.

2. EXPERIMENTAL SETUP

The serial dual-stage amplifier in single-pass dodble-
pass configurations are shown in Figure 1 (a) &hdwhich
utilizes a Silica-based EDF as a gain medium anB&R&S
a reflector. The gain medium is a highly doped ffilagth
Erbium ion concentration of 2200 ppm, where theglbris
fixed at 1.5 m and 9 m for C-band and L-band opemnat
respectively. Two forward pump laser at 1480 nmhwit
optimum output power of 150 mW and 60 mW are depdoy
in C-band and L-band stages respectively. A wawgtlen
division multiplexed (WDM) coupler is used to combithe
pump light with the signal at each stage. Figui® shows
the EDFA employing serial dual-stage EDFs in sifss
configuration. The single-pass amplifier performrangas
obtained by measuring the amplified signal at thigpot end
of second-stage EDF. The single-pass amplifieroperdince
is then compared to the double-pass amplifier. dtwble-
pass amplifier was obtained by placing the C-bamdi la
band CFBGs at the each output end of EDF stagbmgns
in Figure 1(b). The C-band CFBG is placed midwagy/tthio
stages to act as a reflector for the C-band EDFE#eflects
C-band signal for double-pass operation and passtg
the L-band signal to be transmitted so that it dsn
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amplified by the second stage of the amplifier. Trsertion
loss of the WDM couplers is assumed to be 0.9 a@ciB

in the C- and L-band spectra, respectively. In this
experiment, the gain and noise figure of both EDR/&se
characterized from 1520 nm to 1620 nm at 5 nm siep
using a tunable laser source (TLS) used in conjpmatith

an optical spectrum analyzer (OSA). The performanuke
the EDFAs are investigated for two input signal posv -
30dBm and 0dBm.
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Fig -1: Configuration of serial dual-stage EDFA in
(a) single-pass and (b) double-pass.

Coupler Coupler

Figure 2 shows the transmission spectra of both @B
used in double-pass configuration. As shown infitere,

the C-band CFBG has a reflectivity of more than 90%
centered at the wavelength of 1545 nm with a badithwof
about 40 nm while the L-band CFBG has a reflegtiat
more than 98% centered at 1592 nm with a bandwoedith
about 50 nm.
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Fig -2: Transmission spectra of the CFBGs for C- and L-
band for double-pass configuration.

3. PUMP POWER AND OPTIMIZATION

First, the optimum pump power is investigated fothbC-
band and L-band EDFAs. Figures 3 (a) and (b) shwav t
gain and noise figure characteristics of the sipglses and
double-pass amplifiers against pump power for tHea@Gd
and L-band operations, respectively at both inpghad
powers of -30 dBm and O dBm. In the experiment, th8

is fixed at 1550 nm (C-band) and 1590 nm (L-band) the
1480 nm pump power is varied from 20 to 185 mWhioth
single-pass and double-pass amplifiers. As showiigure

3 (a), the small input signal power (-30 dBm) ofidle-pass
amplifier shows the saturated gain occurs whenpti@ap
power is increased from 120 mW to 170 mW. For the
single-pass amplifier, their small signal gain é&usated as
the pump power increase from 80 mw to 170 mW. Both
single-pass and double-pass amplifiers share thme sa
behavior where the gain start drop when the pumpepo
increase from 170 mW onwards. At high input signalver

(0 dBm), the single-pass and double-pass ampiféns are
increased proportionally to pump power level frothr@aw
and saturated at 150 mW. From the observationhible
input signal power requires more pump power level a
compared to small signal power in achieving sainmat
effect and thus an optimum gain performance. Asvshim
the Figure 3 (b), the small input power shows thersited
gain occurs when the pump power is increased fromg/

for single-pass and double-pass amplifiers. At highut
signal power, the gain for single-pass and doubksp
amplifiers are increased proportionally to pump polevel
from 20 mW to the maximum limit of 185 mW. It iscshin
that the threshold pump power is higher in the heéba
compared to that of C-band EDFA. This is attributedhe
L-band EDFA, which uses a longer length of EDF (2mgl
thus a higher power of pump is required to achiave
population inversion in L-band region. As a restilg pump
power of 150 mW obtains the most flat gain for Gwband
L-band regions.
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Fig-3: Characterization of pump power for single-pass and
double-pass configurations at (a) C-band (1550amd)(b)
L-band (1590 nm) regions.

After optimizing the pump power , the combinatidrpamp
powers in serial dual-stage is investigated. Figurghows
the ASE spectra of serial dual-stage EDFA in shpgles
and double-pass configurations at 1480 nm pump powe
combinations. As shown in this figure, the optim#&8E
spectrum is obtained at pump power combination 50 1
mwW and 60 mW for C-band and L-band pump power
respectively, which can translate to flat gain émd noise
figure operations for the amplifier. At these optim pump
powers, the lasing action at wavelength within 1560 to
1570 nm region is minimum and thus more energy lman
converted to gain.

At pump power of 150 mW for both C-band and L-band
stages, the EDFA shows the gain suppression atn@-ba
region. By reducing the second-stage pump powen gD
mW, the gain at C-band region improves and lasttgpa
minimizes. Thus, pump power of 60 mW is approprfate
single-pass and double-pass amplifiers in achieviigh
ASE with minimum lasing action. On the other hatitg
single-pass amplifier can practically be operateithin
1555 to 1600 nm due to the higher ASE power. Thelin
pass EDFA configuration in this experiment is egléwt to
the close-loop laser configuration. In addition,e th
intersection of CFBG transmission power expressansat
higher population inversion. Therefore, lasing @ttiis
approximately stimulated at 1566 nm especially doal-
stage amplifier as shown in Figure 4. In addititasing
action also induces from the reflections of fibplices, or
from liner or nonlinear scattering in the opticédefr. This
lasing action can be controlled by optimizing themp
power, where the lasing action can be minimizedhe
dual-stage amplifier. However, lower pump power can
reduce the gain amplification.
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Fig -4: ASE spectra of the EDFA in single-pass and double-
pass configurations for C-band and L-band operation

4. RESULTSAND DISCUSSION

Figures 5 (a) and (b) compare the measured gaimaise
figure characteristics between the single-pass (SR
double-pass (DP) amplifiers. The ASE of single-pass
amplifier is also compared with that of the doupéess
amplifier. In the experiment, the 1480 nm pump pmrare
fixed to 150 mW and 60 mW for C-band and L-bandista
respectively, while input signal powers are fix¢d3®) dBm
and 0 dBm. As shown in the figure, wideband operais
achieved in serial double-pass amplifier which apes in
wavelength region from 1530 nm to 1600 nm (C- and L
band). However, the single-pass amplifier is susitdly
operated within 1550 to 1600 nm.

Figure 5 (a) shows the gain at 1565 nm for singlssp
amplifier is higher compared to the double-pass |diens.
The input signal power of -30 dBm within the C-band
region shows the average gain of the double-pagdifaan

is maintained at 22 dB with a gain variation ofdB, while
within the L-band region a lowest gain is maintaira 19
dB with a gain variation of £0.5 dB. As shown iretfigure,
the corresponding noise figure is varied withino48t dB.
The average gain of the single-pass amplifier is
approximately 18 dB with a gain variation of +3 @Bthin
1555 to 1600 nm (L-band). The gain is lower in &Agass
amplifier compared to the double-pass amplifier ttu¢he
decrease in effective length of gain medium. Thecspl
bandwidth of single-pass amplifier is approximatés/ nm
with the noise figure varying from 4 to 9 dB.

Figure 5 (b) shows the gain in L-band is slightlgher in
double-pass amplifier compared to the single-pagdifier.
The average gain of the double-pass amplifier igbut
signal power of 0 dBm is maintained at 11 dB wittiia C-
band region with a gain variation of +0.7 dB. Besidhat,
within the L-band region the double-pass amplifeows a
slightly higher gain at 12 dB with a gain variatioh +0.9
dB compared to single-pass amplifier. The effect of
transition within C-band and L-band regions areseauby
different level in gain. The corresponding noisgufe is
varied within 8 dB to 12 dB. While, the averagengaf the
single-pass amplifier is approximately 10.5 dB wéthgain
variation of £0.6 dB within 1555 to 1600 nm. Thage-
pass amplifier gain is more flathess compared tobtin
pass amplifiers with the noise figure varies frono @ dB.
The double-pass amplifier with the input signal powf -30
dBm shows the average optimum flat gain at 22 di @i
gain variation of 3 dB and the noise figure isigdrwithin
4 to 8 dB. The consequences of progressive abeartil-
25 EDF, the progressive emission of single-passdautble-
pass amplifiers have been affected. Therefore,hiber
peak gain is induced at 1530 nm.

The EDFA gain spectrum as shown in Figure 5 islpced

by two-level system of amplification. Thus, the gentional
wavelength spectrum approximately at 1565 nm amg lo
wavelength spectrum from 1610 nm onwards have small
ground level absorption corresponding to this lagetem.
Indeed, as population inversion is decreased, wloelgvel
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system becomes progressively
wavelengths.
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Fig -5: Comparison of measured gain (solid symbol) and
noise figure (hollow symbol) performances betwdan t
single-pass and double-pass configurations for ERFA
input signal power of (a) -30 dBm and (b) 0 dBm.

Preliminary design and analysis are done by using
commercially available GainMaster Version 1.1. Fagu6

(a) and (b) compare the gain and noise figure chariatics

of single-pass amplifier between the experiment and
simulation. All required components are dragged and
dropped on the blank worksheet interface. Thosepoment
parameters are accordingly set as the experim&mn&A
single-pass configuration. However, this simulattool is

not compatible to the double-pass configuration.

Figure 4.5 (a) shows that the gain is lower in the
experimental amplifier compared to the simulategléiar
with similar plotting pattern. As shown in the figy the
input signal power of -30 dBm demonstrates the
experimental average gain decreases as 8 dB ifegiags
amplifier due to the losses in the experimentalipelhe
noise figure is slightly higher in the experimeraahplifier
compared to the simulated amplifier with similaotthg
pattern. The experimental noise figure increasd a8 in
single-pass amplifier.

those Figure 4.5 (b) shows the gain is slightly highed anore

flatness in the experimental amplifier compared the
simulated amplifier. As shown in the figure, theun signal
power of 0 dBm demonstrates the experimental aeegain
enhances as 3 dB in serial single-pass amplifidre T
simulated amplifier also shows the simulated gsistarting
to flat at 1575 nm in single-pass amplifier. Thésedigure

is slightly lower in the experimental amplifier cpared to
the simulated amplifier. The experimental noiseurfg
enhances as 1 dB in single-pass amplifier withie th
wavelength region of flat gain.
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Fig -6: Comparison of simulated gain (solid symbol) and
noise figure (hollow symbol) performances in singéss
configuration for EDFA at input signal power of (80
dBm and (b) 0 dBm.

CONCLUSION

The performances of the serial dual stage EDFAirigle-
pass and double-pass configurations are demortstvéatk
EDF length of 1.5 m and 9 m for C-band and L-band
operation, respectively. A CFBG is used in bothaddand
L-band stages to allow a double pass operationradase
the attainable gain. At input signal power of <#8m, the
average flat-gain of 22 dB with variation of +3 dB
achieved within wavelength region from 1530 nm &9Q
nm (C- and L-band). The corresponding noise figtages
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from 4 to 8 dB over this wavelength region. Theaied
results for single-pass configuration reveal thaaegimental
and simulated results are in close agreement. Catpa a
single-pass amplifier, the flat gain and bandwiashwell as
noise figure of the double-pass amplifier are bette
However, the optimum flat gain of 0 dBm signal ihpu
power requires a higher pump powers which is natlable

in our laboratory during the experiment.
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