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Abstract

A new ar chitecture of low-noise 1,480 nm-pumped long-wavelength band Er bium-doped fibreamplifier
was persented. The enabling device was the isolator embedded between fir st-stage and second-stage
amplifiers. The signal and pump lights could pass through the isolator that significantly reduced the
insertion loss compared to the traditional approach. The isolator also suppressed the propagation of
backward amplified spontaneous emission from the second-stage amplifier to the fir st-stage amplifier.
Thus, gain improvement between 0.6 and 3 dB was obtained from 1,569.6 to 1,604.2 nm for -7 dBm
input power. Consequently, the noise figure improvement up to 0.5 dB was observed at short
wavelengths.
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Introduction

Low-noise optical amplifiers are essentiahround the 1,530 nm band while allowing
devices for long-haul transmission systemgropagation of the 980 nm pump light (Cordina
where they incorporate other vital elements sueh al., 1999). The best noise figure value ever
as dispersion compensating module and gaiibtained and published was 3.3 dB using the
flattening filters. Low-noise and high-gainbackward-pumped 980 nm laser (Chuwbgl.,
amplifier designs for long-wavelength band 999). However, both recorded noise figures are
(L-band) have been reported for the past femeasured without any input isolator and coupler.
years (Onoet al., 1997; Park and Kim, 1999; It is impractical to use the proposed amplifier
Cordinaet al., 1999; Chunget al., 1999). designs because of the presence of the multipath
The most renowned architecture for low-noismterference in the transmission fibre (Gimlett
amplifiers is the dual-stage structure witlet al., 1990).

a midway isolator and 980 nm pump lasers are  In this paper, a low-noise L-band EDFA
utilized in the first-stage amplifier. A low noiseutilizing 1,480 nm pump laser as the pre-
figure of 3.6 dB was achieved using a tapereaplifier is reported. The unique solution for this
fibre filter technology that suppresses the strorigss favourable pump laser is to incorporate an
Amplified Spontaneous Emission (ASE) peakmbedded isolator between the first-stage and
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second-stage amplifiers. The pump and signal N _¢.» - pg, - N.(1,2), (2)
lights can pass through it with minimal losses. 2 !

Gain and noise figure improvements argherep_ is the erbium concentration and
observed due to the effectiveness of thg = 14, is the spontaneous emission rate,

embedded isolator suppressing the backwafgbeing the lifetime. W and W, represent the

ASE. signal emission and absorption rates,
respectively, whereas,Rand R, represent the
Theory pump emission and absorption rates. With the

o ) ) transition rates and population distribution, the
The erbium ion is described with the energy 'eV@rdinary differential equations for signal(P

diagram shown in Figure 1. When pumping Pump (R), forward ASE ($.) and backward
1,480 nm, the EDFA acts as a quasi-2-level lasgg e (Sasd propagation are given as:

system (Desurvire, 1994). The’Hpn is excited
from the ground state levél,, to the upper
level,*l 5, The quasi-2-level system is possible
where a crystal or ligand field induces a Stark dR (2)
effect, which results in the splitting of the energy dz
levels. The population distribution between sub-

levels is attributed to the Boltzmann’s
distribution that eventually makes it possibleto R (z) _

=[n62ne 2 RG. @

760760 RO, @

consider each of them as a single energy level. d
a2 [ dS;Se(v,z) _
Amplification of | Absorption of d— -
signal, pump and signal and Z
1480 nm spontaneous spontaneous

absorption emission emission

2097 6) - [ 7 6002) - 60,9)] Sl
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Figure 1. Erbium ions energy level laser d
systems. #2hv7,62) + [ 1 6n2) -7 6009)] Se.2)
The state where the ions are inverted to (6)

the upper level by the pump photons is termed o _

as population inversion. The EDFA s describeinere the emissiory. (v, z) and absorption,

in a (r,¢, z)-cylindrical coordinate system withYa (v, 2), facto_rs are determ|_ned from the emission
the z-axis as the fiber axis. Considering onf@nd absorption cross-sections, respectively, and
LP,,-modes and circular symmetry for the'n is the energy of a single photon.

EDFA, the steady-state population concentrations

N,(r, z) and N(r, z) in the ground and excitedM aterials and M ethods

state respectively, are evaluated from the ) ) o )
transition rates of pump, signal and spontaneoli§€ €xperimental configuration is shown in

emission (Pederseal., 1991): Figure 2. The amplifier_ archit.ecture consists
of a two-stage design with a single pump laser
N, (, 2) = in foryvard—pumped cpnfiguration. In this
experiment, the maximum pump power of
Pe (r)‘ Rpe (12) + Wee (1, ) + A, 180 mW from the pump laser is used at two
r

Rea (12) + W (1, 9 + We, (1, 2+ A (1) pump wavelengths; 980 and 1,480 nm. Erbium-
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doped fibre (EDF) used is characterized biptal signal powers are varied from -7 to 7 dBm.
960 ppm of EY* ion concentration, a peakThe specified signal power range is based on
absorption of 13.3 dB/m at 1,530 nm, a cut-othe average input signal powers into in-line
wavelength of 920 nm and a numerical apertueemplifiers for transmission systems with or
of 0.22. The EDF lengths in the first and secondvithout distributed Raman amplifiers.

stage amplifiers are 3 and 20 m respectively.

An isolator.is embedded in between these WReg|ts and Discussions

EDFs. The isolator can allow the 1,480 nm pump

light to pass through with a minimal insertionrhe first experimental work is carried out to
loss of 0.8 dB in this work. The input and outpudentify the effectiveness of the embedded
couplers are deployed to tap only 5% of thisolator for the 1,480 nm pumping scheme.
signal powers. These tapped powers are usedr this case, the signal power is varied
in the gain and noise figure measuremenfeom -7 to 7 dBm with a 2 dB step and the pump
through the automated test bed. Moreover, thp@wer is fixed at 180 mW. The length of EDF in
deployment of these couplers is also intenddbe first and second-stage amplifiers are 3
to imitate the real architecture in the fieldand 20 m respectively. Gain and noise figure for
where the input and output signal conditionsignal powers of -7 dBm are shown in
must be measured beforehand for automatiigure 3.

gain control and transient suppression Referring to Figure 3, gain is improved
approaches. The light sources used in thetween 0.6 and 3 dB in the signal wavelength
experiment are 42 WDM channels from 1,569.6ange when the embedded isolator is
to 1,604.2 nm with 100 GHz spacing where thigplemented. As a result, the noise figure is also
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Figure2. Experimental configuration of a dual-stage amplifier incorporating the
embedded isolator.
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Figure 3. Gain and noise figure at -7 dBm total signal power with and without embedded
isolators, pumped by 180 mW of 1,480 nm pump laser.
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improved where the noise figure levels are lowdimited number of excited ions at the energy
as compared to the case without the embeddedel, 41,5, Thus, the signal amplification is
isolator. The noise figure of -7 dBm input signatlegraded at the input end of EDF. Hence,
power is around 4.8 to 5.8 dB including the inputeducing the intensity of the backward ASE can
components insertion loss of 1.2 dB (the splicingnprove the signal amplification at the input end
loss between the single mode fibre and the EQff EDF that leads to better noise figures.
is estimated around 0.2 dB). Therefore, the  The analysis of gain and noise figure
proposed amplifier produces the internal noisenprovement over the signal power range as
figures between 3.6 and 4.6 dB from the 1,56%rformed is depicted in Figure 5. In general,
to 1,604 nm wavelength range (35 nngainimprovementis observed from -7 to -3 dBm
bandwidth). These values are reasonably gostgnal power across the wavelength range.
compared to the values obtained using the 98®wever, the benefit of implementing the
nm pump laser (Cordinat al., 1999). The embedded isolator is gradually diminished for
improvement of gain and noise figure isignal power greater than -1 dBm. The signal
attributed to the reduction of backward ASE frongain is saturated in this power range and the
the second-stage amplifier into the first-stageemnant of pump light is low at the end of EDF1.
amplifier. This phenomenon can be explainefiherefore, lesser pump lights can be used for
by showing the evolution of ASE power alongsignal amplification in EDF2. Furthermore, the
the EDF as shown in Figure 4. inclusion of the isolator incurs a certain amount
The embedded isolator is used to reduas loss to the pump light. Therefore, the signal
the intensity of the backward ASE from theamplification is deteriorated in the second-stage
second-stage amplifier. Normally, the isolatoamplifier as compared to the case of the amplifier
has isolation of better than 30 dB in which thwithout the embedded isolator. A gain penalty
intensity of the backward ASE can be reduceaf around 0.5 dB is obtained for signal power of
by 1,000 times compared to the case of ttfRdBm. On the other hand, more than 75% of
conventional architecture (without the embeddedthe channels experience noise figure
isolator). The stronger the backward ASE is, thenprovement from -7 to -3 dBm signal powers.
stronger its effect on energy extraction from th&he value of noise figure improvement gradually
excited ions at the energy levélys,. This reduces from short to long wavelengths. The
situation creates a competition between theaximum noise figure improvement of 0.5 dB
backward ASE and the signal photons over thg measured at -7 dBm signal power.
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Figure 4. ASE power evolution in EDFA (a) without and (b) with the embedded isolator.
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Figure5. (a) Gain and (b) noise figure improvements against wavelengths at different
signal powers, the pump power of 1,480 nm isfixed at 180 mW.
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Based on the findings, it shows that thembedded isolator for 1,480 nm pumping
embedded isolator effectively suppresses tiseheme is successfully demonstrated. The
backward ASE from the second EDF coil anédmbedded isolator acts as the blocking device
hence reduces its saturation effect on the signdie. the backward propagating amplified
The proposed amplifier configuration still showspontaneous emission, and at the same time
some benefits for signal powers less than or equlows the 1,480 nm pump light to travel pass
to 1 dBm. The noise figure is improved for signahrough. The noise figure obtained from this new
wavelength less than 1,589 nm and, for the rezmplifier architecture is lower compared to the
of the signals, the noise figure penalty is vergtandard approach without the embedded
minimal with the maximum value of less tharisolator. Low noise figure values of 5 to to 5.8
0.1 dB. However, as the signal power increasé8 have been achieved over 35 nm bandwidth
the remnant pump power is inadequate fior -7 dBm signal power. This new approach
maintain high population inversion in the seconteduces the necessity of decoupled/coupled light
EDF coil. In addition, the insertion loss of thaising wavelength selective couplers that
embedded isolator becomes tangible aridcreases the complexity of the amplifier design
decreases the efficiency of the overall amplifign terms of assembly time and reduces the
system. Therefore, the noise figure penalty igsertion loss of the signals from the first-stage
quite significant in this range of signal powersimplifier to the second-stage amplifier.

(> 1 dBm).

The best way to describe the behaviour @ efer ences
gain and noise figure is to calculate the gain
improvement and noise figure improvemen€hung, H.S., Lee, M.S., Lee, D., Park, N., and
from the 1,480 nm pumping scheme. Then,  DiGiovanni, D.J. (1999). Low noise, high
a new parameter of Figure of Merit is defined in efficiency L-band EDFA with 980 nm

dB as; pumping. Electron. Lett., 35(13):1,099-
1,100.
Figure of Merit = Gain improvement + NoiseCordina, K.J., Jolley, N.E., and Mun, J. (1999).
figure improvement @) Ultra low noise long wavelength EDFA

with 3.6 dB external noise figure.
to show the effectiveness of the 1,480 nm Proceedings of the Optical Fiber
embedded isolator as shown in Figure 6. Communication Conference; February

Multi-stage amplifier noise is heavily 21-26, 1999; San Diego, USA, p. 13-15.

influenced by the first-stage amplifier. In thisDesurvire, E. (1994). Erbium-doped fiber
case, the noise figure of the first-stage amplifier ~ amplifiers. In: Principles and Applications.
must be minimized and at the same time, gain ~ John Wiley & Sons, Inc., New York,
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must be taken into account to design low-noise  Righetti, A., Fontana, F., and Grasso, G.
optical amplifiers. Referring to Figure 6, the (1990). Observation of equivalent
figure of merit shows that the gain improvement Rayleigh scattering mirrors in lightwave
is dominant over the noise figure penalty. Inthis ~ systems with optical amplifiers. IEEE
case, the noise figure penalty of having the 1,480  Photon. Technol. Lett., 2(3):211-214.
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