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Actively Gain-Flattened Erbium-Doped
Fiber Amplifier Over 35 nm by Using
All-Fiber Acoustooptic Tunable Filters

Hyo Sang Kim, Seok Hyun Yun, Hyang Kyun Kim, Namkyoo Park, and Byoung Yoon Kim

Abstract—We demonstrate an actively gain-flattened erbium- gain flattening element. A good gain flathes®(7 dB) over a
doped fiber amplifier (EDFA) using an all-fiber gain-flattening proad wavelength span (>35 nm) is achieved for a wide range

filter with electronically controllable spectral profiles. A good ; ; : ;
gain flatness (<0.7 dB) over a broad wavelength span (>35 nm) of operational gain levels as well as for a variety of input

is achieved for a wide range of operational gain levels as well as Signal and pump powers. .
input signal and pump powers. A complex filter profile is required to flatten an uneven

Index Terms—Erbium materials/devices, optical fiber ampli- EDFA gain, which exhibits large peaks with different widths
fiers, optical fiber communication, optical fiber filters, tunable around 1530 and 1560 nm. It was demonstrated that the
filters, wavelength-division multiplexing. combination of three Gaussian shaped passive filters can

produce a flat gain over a 30-nm wavelength range [8]. In this

ONSIDERABLE efforts have been devored to the refl % 51 BEVE S S B0 B ee O velengths
alization of gain-flattened erbium-doped fiber ampli- n-yp ch p . : gt

d rejection ratios was used as a midstage gain-flattening

fiers (EDFA’s) over a wide spectral range for large-capacity ~. ™~ . 2 2 .
wavelength-division-multiplexed (WDM), optical communica’ evice in a dual-stage EDFA. The gain flattening filter consists

tion systems. As a result, the usable gain bandwidth of EDFASS tWo all-fiber acoustooptic tunable filters (AOTF’s) [7], [9]
has been increased significantly over the past few years withS€"€s, as shown in Fig. 1(a). Each AOTF was driven by
the help of new glass compositions [1] and/or gain flattenirigr€€ radio frequency (RF) signals at different frequencies
filters [2]. Furthermore, an active control to maintain a fixed"d @mplitudes that produce acoustooptic mode conversion
population inversion level utilizing an optoelectronic feedbadkom the fundamental mode to different cladding modes. This
loop [3] or an all-optical feedback loop [4] made it possiblé‘pproaCh eliminates the detrimental coherent crosste_llk present
to maintain the gain flatness even when the input signal g-LiNbOz-based AOTF’s [10], [11]. The 3-dB bandwidths of
rameters change. However, most of the gain flattened EDFAQTF1 were 3.3, 4.1, and 4.9 nm for the couplings to the
demonstrated so far produce the flat gain characteristics oflgdding modes LE, LP{’, and LR, respectively. For
for a predetermined gain level, and show undesirable gain #0TF2, they were 8, 8.6, and 14.5 nm for the couplings to
when the gain level changes. Efforts were made to expand the cladding modes L, LP{S’, and LR}, respectively.
gain dynamic range [5], [6], but with only a limited opticalThe minimum separations of notches produced by single RF
bandwidth of 10 nm. An adaptive EDFA which can maintaidriving frequency were-50 nm for AOTF1 and~150 nm for
the optimum gain flatness over a broad optical bandwid&OTF2, respectively, so that only one notch for each driving
and a wide range of gain levels, is highly desirable in WDNrequency falls into the gain-flattening range (35 nm). The
systems to cope with the changes in operating conditions daege difference between the two AOTF's were due to the
to, for example, link loss change, pump deterioration, chanrdifference in fiber outer diameters. The polarization splitting
add/drop, and network reconfigurations. in the center wavelength of the notches @§.2 nm for

In this letter, we demonstrate a very flexible dynamic gaithe AOTF1 and~1.5 nm for the AOTF2. The relatively
equalization of an EDFA based on an all-fiber active filter witlarge polarization dependence in AOTF2 is mainly due to the
electronically controllable spectral profiles [7] as a mid-stagghwanted core ellipticity and residual thermal stress in the

fiber, that can be reduced to a negligible level by using a
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Fig. 2. (a) Gain profiles before (filled) and after (open) equalization at two
(b) different saturating signal powers. Circles and triangles are the EDFA gains
. . . . . . _for the saturating tone of13 and—7 dBm, respectively. (b) Filter profiles
Fig. 1. (a) Allfiber acoustooptic gain flattening filter. (b) Schematigprofile 1 and Profile 2) needed for the gain equalizations for different powers
of experimental setup. A dual stage EDFA (inside the dotted box) aif the saturating signalPsa:: saturating signal power. (c) Filter profiles

the measurement setup are shown. RF1-RF6: RF signal sources, ffguced by AOTF1, AOTF2, and combined to form Profile 1. The arrows
ampl-RF amp2: RF power amplifiers, EDF: erbium-doped fiber, WDMpdicate the center wavelengths of the notches.

wavelength-division-multiplexing coupler, I1SO: isolator, ATT: 10-dB
attenuator.

Fig. 2(a) shows gain profiles before and after the gain

Fig. 1(b) shows a schematic of a dual-stage EDFA emploffattening for two different saturating signal powers .3
ing the active gain flattening filter, along with a test setugnd—7 dBm when the second-stage pump power was 42 mW.
A 10-m-long EDF pumped by a 980-nm laser diode and Ehe gain excursions before flattening were larger than 5 dB.
24-m-long EDF pumped by a 1480-nm laser diode were usBy adjusting the filter profile, flat gain profiles within 0.7 dB
as the first and the second stage amplifiers, respectively. Tere obtained over 35 nm for both cases. The flat gain region
peak absorption coefficients of both EDF’'s we@.5 dB/m is shifted slightly toward the shorter wavelength for higher
at 1530 nm. The gain flattening filter described earlier wagsin level, which is due to the intrinsic gain characteristics of
inserted between the two stages along with an isolator. Totae EDF. Fig. 2(b) shows filter profiles that produced the flat
insertion loss of the filter and the isolator was less than 0.9 d@ain profiles shown in Fig. 2(a), where Profile 1 and Profile
Six synthesizers and two RF power amplifiers were used 2oare for the cases of saturating tones—df3 and—7 dBm,
drive the filter. respectively. For the measurements, EDF1 was used as an

Gain profiles of the EDFA were measured using a saturatidgE source, while the second pump diode (1480 nm) was
signal at the wavelength of 1547.4 nm and a broad-batutned off. The ASE signal leaked out of the second WDM
light-emitting diode (LED) probing signal [12]. The saturatingoupler was monitored and the signals obtained when the filter
signal from a distributed feedback (DFB) laser diode wasas on and off were compared to yield the filter response.
launched into the EDFA after passing through a Fabry—Peildte attenuation coefficients for Profile 1 and Profile 2 at the
filter (optical bandwidth: 3 GHz, extinction ratio: 27 dB) tosaturating signal wavelength were 5.0 and 4.9 dB, respectively,
suppress the sidelobes of the laser diode. The total povesd the average attenuation over the 35-nm range (1528-1563
of the probe signal in 1520-1570-nm range wa27 dBm, nm) was~5 dB in both cases. The total RF electrical power
which is much smaller than that of the input saturating signebnsumption of the filter was less than 500 mW. Profile 2 could
ranging from—13 to—7 dBm used in this letter. Noise figuresbe obtained from Profile 1 by adjusting mainly the depths
were obtained from the gain and power spectrum of amplified notches, although fine adjustments of center wavelengths
spontaneous emission (ASE). No attempt was made to excludenotches within 0.5-nm range slightly improved the gain
spectral-hole burning (SHB) effects due to the saturating sigridtness. Fig. 2(c) shows the filter profiles of AOTF1 and
around 1547.4 nm. The pump power in the first stage was fix8@TF2 used to form Profile 1, and also the locations of center
to be 20 mW, that produced a10-dB gain in the first stage wavelengths of six notches.
at 1547.4 nm for the input saturating signal-e£0 dBm. The  Since the filter is driven by multiple acoustic frequencies,
pump power for the second stage of the EDFA was varied $mall amount of coherent crosstalk may be produced as
tune the gain level of the amplifier. described in [7]. In order to measure the level of coherent
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filter, as shown in Fig. 3(b). The noise figures were less than
5 dB at both gain levels. The experimental results clearly show
that the gain flatness of the actively controlled EDFA can be
maintained over a wide-wavelength range for varying gain
R levels. Although the gain flattening filter was used as a mid-
Psat = -10dBm A stage filter in a dual-stage EDFA in this letter, it can also be
Pump power(stage 2) employed for the equalization of EDFA chains. When used in
o combination with proper passive filters, such as long period
——21mW grating filters, the number of notches and control parameters
& as well as the electrical power consumption may be reduced
further to produce similar results.
0+ , T i . We have demonstrated a dynamic gain equalization of
1520 1530 1540 1550 1560 1570 EDFA’s by using all-fiber AOTF's driven at multiple RF
Wavelength (nm) frequencies. By adjusting the filters’ spectral profiles electroni-
@ cally, we have obtained a gain flatnessi.7 dB over 35-nm
25 i i . . wavelength range at various levels of gain as well as input
signal and pump power.

Gain and Noise figure (dB)

Noise figure

N
<

......

REFERENCES

=
w
1

[1] A. Mori, Y. Ohishi, M. Yamada, H. Ono, Y. Nishida, K. Oikawa, and
Psat = -10dBm S. Sudo, “1.5¢m broadband amplification by tellurite-based EDFA’s,”
Pump power(stage 2) in Proc. Optical Fiber Communication (OFC’'97),997, postdeadline
—o—75mwW T paper PD1.
_—::‘Z‘%mw [2] P. F. Wysocki, J. Judkins, R. Espindola, M. Andrejco, A. Vengsarkar,
and K. Walker, “Broad-band erbium-doped fiber amplifier flattened
beyond 40nm using long-period gratindBEE Photon. Technol. Lett.,
vol. 9, pp. 1343-1345, Oct. 1997.
[3] D. Bayart, B. Clesca, L. Hamon, and J. L. Beylat, “Experimental
' investigation of the gain flathess characteristics for 158 erbium-
1520 1530 1540 1550 1560 1570 doped fluoride fiber amplifiersJEEE Photon. Technol. Lettvol. 6, pp.
Wavelength (nm) 613-615, May 1994.
[4] J. F. Massicott, S. D. Willson, R. Wyatt, J. R. Armitage, R. Kashyap,
(b) D. Williams, and R. A. Lobbett, “1480nm pumped erbium doped fiber

Fig. 3. (a) Gain tilt due to pump power changes in a gain-flattened EDFA amplifier with all optical automatic gain controlElectron. Lett.,vol.
designed for a fixed gain level of 19 dB. (b) Flat gain profiles at various 30, no. 12, 1994.

A in level hich hi P h in fl - [5] J. Nilsson, W. H. Loh, S. T. Hwang, J. P. de Sandro, and S. J.
gﬁ)eerrfatlng gain levels, which were achieved by adjusting the gain attentS Kim, “Simple gain-flattened erbium-doped fiber amplifier with a wide

dynamic range,” ifProc. Optical Fiber Communication (OFC'97)997,
pp. 129-130. ) )
crosstalk, light from the DFB laser used for the saturating ton&] Y. W. Lee, J. Nilsson, S. T. Hwang, and S. J. Kim, “Experimental

N . . characterization of a dynamically gain-flattened erbium-doped fiber
()‘ = 1547.4 nm) was transmitted through the filter and the amplifier,” IEEE Photon. Technol. Lettyol. 8, pp. 1612-1614, Dec.

output was monitored by a photodetector and an RF spectrum 1996.
analyzer. The electrical power ratio of the ac to dc componerif] H- S. Kim, S. H. vun, . K. Hwang, and B. Y. Kim, “All-fiber
d th herent crosstalk [7] and was less than acousto-optic tunable notch filter with electronically controllable spectral
was measured as the cone . profile,” Opt. Lett.,vol. 22, no. 19, pp. 1476-1478, 1997.
—33 dB. Similar results were obtained at the wavelength of8] P. F. Wysocki, R. E. Tench, M. Andrejco, D. DiGiovanni, and I.
1530 nm Jayawarden, “Options for gain-flattened erbium-doped fiber amplifiers,”
’ . . . in Proc. Optical Fiber Communication (OFC'97)1997, pp. 127-129.
In order to demonstrate the gain flatness for different gaify s. H. yun, I. K. Hwang, and B. Y. Kim, “Al fiber tunable filter and laser
levels, the following experiments were carried out. First, we based on two mode fiberOpt. Lett.,vol. 21, no. 1, pp. 27-29, 1996.

: - : : 0] S. H. Huang, X. Y. Zou, A. E. Willner, Z. Bao, and D. A. Smith, “Ex-
flattened the gain profile for 19 dB of gain at a total inpu perimental demonstration of active equalization and ASE suppression of

signal power of—10 dBm as shown in Fig. 3(a). When we  three 2.5-Gb/s WDM-network channels over 2500 km using AOTF as
changed the pump power to increase or decrease the gain level transmission filters,1EEE Photon Technol. Lettyol. 9, pp. 389-391,

: : : Mar. 1997.
by 3 dB for the —10-dBm saturating signal, an undeswabI([all] M. Fukutoku, K. Oda, and H. Toba, “Optical beat-induced crosstalk

gain tilt of 3.5 dB in the 35-nm range was observed. The ~ of an acousto-optic tunable filter for WDM network applicatiod,”
results shows what is expected from a passively gain flatte ed] Lightwave Technolyol. 13, pp. 2224-2235, Nov. 1995.
EDEA’s. We could recover the gain flatness within 0.7 dB fo 12] D. M. Baney and J. Stimple, “WDM EDFA gain characterization with

: ) g aHis e ) a reduced set of saturating channel&EE Photon. Technol. Lettvol.
16 and 22.5 dB of gain levels by readjusting the gain flattening 8, pp. 1615-1617, Dec. 1996.

Py
o
1

Gain and Noise figure (dB)

Noise figure
T T T



