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Abstract. A hybrid C- plus L-band fiber amplifier module with three am-
plifier stages, which provides an operation range of 1540 to 1600 nm, is
proposed and experimentally demonstrated. The proposed amplifier
consists of two erbium-doped fiber amplifier (EDFAs) and a semiconduc-
tor optical amplifier (SOA) in cascade. Compared with a traditional
L-band EDFA having longer EDF length, this amplifier can reduce the
total EDF length to 44 m. As a result, 41.5 dB gain and a 3.7-dB noise
figure are achieved at 1562 nm over the bandwidth of 1540 to 1600 nm,
while the input signal power is —30 dBm. In addition, the behavior and
performance of the proposed gain-clamping amplifier module over the C-
plus L-band is investigated experimentally under different operation con-
ditions. © 2005 Society of Photo-Optical Instrumentation Engineers.
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1 Introduction

Erbium-doped fiber amplifiers (EDFAs) have strongly con-
tributed to recent advances in dense-wavelength-division-
multiplexing (DWDM) networks due to their high trans-
mission capacities and optical gain. Usually, EDFAs (C-
band) are used in the C-band (1530 to 1560 nm). Recently,
L-band (1560 to 1610-nm) fiber amplifier techniques have
been achieved using a longer EDF than those of C-band
EDFAs (Ref. 1), fiber Raman ampliﬁers,2 and different hy-
brid amplifiers.” In addition, a wideband EDFA from the C-
to the L-band in parallel structure was also studied. Be-
cause the gain profile of EDFA exhibits nonflat and input-
dependent behaviors, the stabilized gain versus the varia-
tion of input signal power is one of the key issues for
DWDM systems. Several gain-clamping techniques have
been studied, such as the all-optical gain-clamped method®
or various optical filters.®” In addition, the gain-stabilizing
methods that employ optical feedback were also
reported.>'” In this paper, we propose and experimentally
investigate a hybrid three-stage C- plus L-band fiber ampli-
fier module that is composed of two EDFAs and a semicon-
ductor optical amplifier (SOA), over the operation range
from 1540 to 1600 nm. Moreover, we propose a gain-
clamping technique in the configuration. Therefore, the be-
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havior and performance of gain clamping for this proposed
amplifier are also studied under different operation condi-
tions.

2 Experiments and Discussion

Figure 1 shows the proposed hybrid C- plus L-band fiber
amplifier module. The configuration is constructed of three
amplifier stages. The first stage is an EDFA module with a
10-m-long EDF and a 980-nm pump laser of 60 mW, the
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SOA H = Output

1480 nm
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W, : 980/1550 nm WDM Coupler

W, : 1480/1550 nm WDM Coupler
SOA : Semiconductor Optical Amplifier
OIS : Optical Isolator

EDF : Erbium-Doped Fiber

Fig. 1 Experimental setup of the proposed hybrid amplifier module.
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Fig. 2 (a) Gain and noise figure spectra of an SOA in the operating
range from 1530 to 1630 nm, (b) the gain spectra of the two EDFAs,
and (c) the gain and noise figure spectra of the proposed hybrid
amplifier. The probe input signal powers are P,,=0 and —30 dBm,
respectively.

second stage is an SOA with 250 mA of bias current, and
third stage is an EDFA module with a 34-m-long EDF and
a 1480-nm pump laser of 100 mW, as shown in Fig. 1. To
realize the performance of this proposed amplifier module,
a tunable laser source (TLS) and an optical spectrum ana-
lyzer (OSA) are used to measure the gain and noise figure
spectra.

Figure 2(a) shows the gain (G) and noise figure (NF)
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Fig. 3 Gain and noise figure spectra of conventional L-band EDFA
with a 92-m-long EDF and a 1480-nm pump laser of 140 mW.

spectra of the SOA over the operation range from 1530 to
1610 nm, when the input signal powers are 0 and —30
dBm, respectively. From Fig. 2(a), the maximum gain of
13.2 dB appears near 1578 nm as the input power is —30
dBm. In this proposed three-stage amplifier, the second
SOA stage can be used to pump the third EDFA stage to
extend the gain bandwidth to the L-band. However, the bias
current of SOA is operated at maximum value (250 mA).
Using the smaller operating current affects the extending of
the gain bandwidth. The SOA has a worse noise figure
spectra in Fig. 2(a). Therefore, the SOA will influence and
degrade the noise figure spectra module when the first stage
is neglected in this proposed hybrid amplifier. To improve
this drawback, we usually can employ a shorter length of
EDF in front of the multistage amplifier. Thus, the first
EDFA stage is used to provide the gain medium with a low
noise figure in the proposed amplifier. Figure 2(b) shows
the gain and noise figure spectra of first and third amplifier
stages when the input signal powers are P;,=0 and —30
dBm, respectively. From Fig. 2(b), the gain spectra of first
EDFA stage are distributed at the C-band (1520 to 1570
nm). The third stage presents the gain spectrum slightly
shifted to the longer wavelength, and the maximum peak
gain of 32.5 dB (a 6.4-dB noise figure) at 1556 nm. Figure
2(c) describes the gain and noise figure spectra of the pro-
posed hybrid amplifier module when the input powers are
P,=0 and —30 dBm, respectively. Furthermore, the
41.5-dB gain and 3.7-dB noise figure are achieved at 1562
nm in the bandwidth range of 1540 to 1600 nm, while the
input signal power is —30 dBm, as shown in Fig. 2(c).
Conventionally, C- plus L-band EDFA with a longer
EDF than that of the C-band EDFA can be easily achieved.'
Therefore, we reconstruct a L-band EDFA having 92-m-
long EDF and a 1480-nm pump laser of 160 mW to com-
pare with the proposed amplifier. Figure 3 shows the gain
and noise figure spectra of the L-band EDFA from 1540 to
1600 nm when the P,,=0 and —30 dBm, respectively.
From Figs. 2(b) and 3, we can see that the two amplifiers
have similar gain spectra. Therefore, the proposed hybrid
amplifier can reduce the total length of the EDF to 44 m.
In a homogeneously broadened medium, lasing action at
a particular wavelength fixes the total population inversion,
therefore, the gain for all wavelengths are dependent only
on their absorption and emission cross sections and the
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Fig. 4 Experimental setup of the gain-clamped hybrid amplifier module.
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Fig. 6 Gain and noise figure versus the different power level of
input signal at (a) 1566 and (b) 1550 nm while the lasing wavelength
is at 1570 nm, and the input ratios of C are 95, 90, 70, and 50%,
respectively.

dBm and the gain of >34.3 and 27.4 dB is retrieved for the
optical feedback scheme when the input signal wavelengths
are 1566 and 1550 nm, respectively. As a result, Figs. 5 and
6 show the gain and noise figure variation of the proposed
amplifier module with different input signal powers applied
when the testing signal (1550 and 1566 nm) and saturated
tone (1559 and 1570 nm) are placed at the C- and L-band,
respectively.

Figure 7 indicates the gain and noise figure spectra of
the gain-clamped amplifier module with a C of 90% input
ratio, when the saturated tone is 1559 nm, at the input sig-
nal powers of P;,=—25 and —45 dBm, respectively, over
the operation range from 1540 to 1600 nm. The maximum
gain at 1562 nm is 41.7 dB (5.6 dB noise figure) with the
input power of —45 dBm, and the maximum gain varia-
tions are less then 2.4 dB over the operating wavelength
range and 20-dB (—45 to —25 dBm) input dynamic range.

3 Conclusions

We proposed and experimentally demonstrated a hybrid
three-stage C- plus L-band fiber amplifier module over the
operation range from 1540 to 1600 nm. The proposed am-
plifier consists of two EDFA and one SOA in cascade con-
figuration. Compared with a traditional L-band EDFA hav-
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Fig. 7 Gain spectra of the gain-clamped amplifier module with C of
90% input ratio at the input signal powers P,,=—25 and —45 dBm,
when the saturated tone is at 1559 nm.

ing a longer EDF length, this amplifier can reduce the total
EDF length to 44 m. Therefore, a 41.5-dB gain and a
3.7-dB noise figure are achieved at 1562 nm over the band-
width of 1540 to 1600 nm, while the input signal power is
—30 dBm. Moreover, the behavior and performance of the
proposed gain-clamping amplifier module over the C- plus
L-band were investigated experimentally under different
operation conditions. This proposed amplifier module is
useful for applications of DWDM networks.

Acknowledgments

This work was supported in part by the National Science
Council (NSC) of Taiwan under grants NSC 93-2752-
E009-009-PAE, (NSC 93-2215-E-115-005) and NSC 93-
2215-E-115-004. Authors would like to thank Mr. C. Y.
Chen and Y. J. Huang for help with the experiments.

References

1. Y. Sun, J. W. Sulhoff, A. K. Srivasta, J. L. Zyskind, T. A. Strasser, J.

R. Pedrazzani, C. Wolf, J. Zhou, J. B. Judkins, R. P. Espindola, and A.

M. Vengsarkar, “‘80 nm ultra-wideband erbium-doped silica fiber am-

plifier,”” Electron. Lert. 33(23), 1965-1967 (1997).

S. Namiki and Y. Emori, ““Ultra-band Raman amplifiers pumped and

gain-equalized by wavelength-division-multiplexed high-power laser

diodes,” IEEE J. Sel. Top. Quantum Electron. 7(1), 3—16 (2001).

3. H. Masuda and S. Kawai, ““Wide-band and gain-flattened hybrid fiber
amplifier consisting of an EDFA and a multiwavelength pumped and
Raman amplifier,” [EEE Photonics Technol. Lert. 11(3), 647-649
(1999).

4. B. Min, H. Yoon, W. J. Lee, and N. Park, “Coupled structure for
wide-band EDFA with gain and noise figure improvement from C to
L-band ASE Injection,” IEEE Photonics Technol. Lett. 12(3), 480-
482 (2000).

5. Y. Takushima and K. Kikuchi, “Gain spectrum equalization of all-
optical gain-clamped erbium-doped fiber amplifier.” IEEE Photonics
Technol. Letr. 11(2), 1999-2001 (1999).

6. PE Wyso«:ki. J. B. Judkins, R. P. Espindola, M. Andrejco, and A. M.
Vengsarjar, “*Broad-band erbium-doped fiber amplifier flattened be-
yond 40 nm using long-period grating filter,” /EEE Photonics Tech-
nol. Lett. 9(10), 13431345 (1997).

7. S. K. Liaw. K. P. Ho, and S. Chi. “Dynamic power-equalized EDFA
module based on strain tuneable fiber Bragg gratings,” /EEE Photo-
nics Technol. Lett. 11(7), 797-799 (1999).

8. S. K. Yun, B. W. Lee, H. K. Kim, and B. Y. Kim. “Dynamic erbium-
doped fiber amplifier based on active gain flattening with fiber acous-
tooptic tunable filter,” IEEE Photonics Technol. Lerr. 11(10), 1229—
1231 (1999).

9. C. H. Yeh, K. H. Lai, C. C. Lee, and S. Chi, “Simultaneously gain-
flattening and gain-clamping technique for erbium- duped fiber ampli-
fiers by backward injection of a Fabry-Perot laser light,” Jpn. J. Appl.
Phys., Part 1 TA(43), 4238-4239 (2004).

10. M. Zirngibl, “Gain control in erbium-doped fiber amplifiers by an

(]

May 2005/Vol. 44(5)



Yeh et al.: Hybrid three-stage C- plus L-band optical fiber . . .

all-optical feedback loop,” Electron. Lett. 27(12), 1110—1116 (1992).
11. C. R. Giles and E. Desurvire, ‘‘Modeling erbium-doped fiber amplifi-
ers,” J. Lightwave Technol. 2(9), 271-283 (1991).

Chien-Hung Yeh received his BS and MS
degrees from the Physical Department, Fu
Jen Catholic University, Taiwan, in 1998
and 2000, respectively, and his PhD de-
gree from the Department of Photonics &
Institute Electro-Optical Engineering, Na-
tional Chiao Tung University, Taiwan, in
2004. His studies concerned optical Bril-
louin (or Raman) scattering, dielectric con-
stant measurement, ferroelectrics material,
and photonics crystals. His current re-
search interests include the fiber lasers, optical switching technolo-
gies, optical fiber communications, Raman amplifiers, and erbium-
doped fiber amplifiers (EDFAs). In 2004 he joined the NZ200,
Computer & Communications Research Laboratories, Industrial
Technology Research Institute, Taiwan. His major research now
concerns transmission systems and gigabit Ethernet networking.

Kuo-Hsiang Lai received his BS degree
from the Electrical Engineering Depart-
ment, National Cheng Kung University, and
his MSc degree from Institute of Optical
Science, National Central University, Tai-
wan, in 1987 and 1989, respectively. He is
currently studying in the Department of
Photonics & Institute of Electro-Optical En-
gineering, National Chiao Tung University,
Taiwan. He was with Broadband Transport
& Access Tech. Laboratories of the Tele-
commumcatlon Laboratories, Chunghwa Telecom Co., Ltd., in Tai-
wan from 1990 to 2001. His current research interests are optical
fiber communications, fiber laser and erbium-doped fiber amplifier
(EDFA) technologies for optical networks, and the technologies and
application of the dense wavelength-division multiplexing (DWDM)
in broadband access network.

Chien-Chung Lee received his MSc de-
gree in electro-optical engineering in 1991
from the National Central University, Tai-
wan, and his PhD degree in 2001 from the
Institute of Electro-Optical Engineering,
National Chiao Tung University, Taiwan. In
1991, he joined the Telecommunication
Laboratories, Ministry of Transportation
and Communications, in Taiwan (now re-
named the Chunghwa Telecomm Labs).
Since 1991 he has been working on fiber-
in-the-loop technologies, including fiber measurement and optical

Optical Engineering

054201-5

cable television (CATV) transmission. His current research interests
include in-service surveillance technologies for optical networks,
and applications of erbium-doped fiber amplifiers (EDFAs) for
wavelength-division multiplexing (WDM) transmission and analog
video hybrid fiber coax (HFC) networks.

Sien Chi received his BSEE degree from
the National Taiwan University and his
MSEE degree from the National Chiao
Tung University, Taiwan, in 1959 and 1961,
respectively, and his PhD degree in elec-
trophysics from the Polytechnic Institute of
Brooklyn, New York, in 1971. In 1971 he
joined the faculty of National Chiao Tung
University, where he is currently a profes-
sor of electro-optical engineering and vice
president of the university. From 1972 to
1973 he chaired the Department of Electrophysics; from 1973 to
1977 he directed the Institute of Electronics; from 1977 to 1978 he
was a resident visitor at Bell Laboratories, Holmdel, New Jersey;
from 1985 to 1988 he was the principal advisor with the Hua-Eng
Wires and Cables Company, the first manufacturer of fibers and
fiber cables in Taiwan, developing fiber making and cabling technol-
ogy; and from 1988 to 1990 he directed the Institute of Electro-
Optical Engineering. He was the symposium chair of the Interna-
tional Symposium of  Optoelectronics in  Computers,
Communications, and Control in 1992, which was co-organized by
National Chiao Tung University and SPIE. From 1993 to 1996 he
received the Distinguished Research Award sponsored by the Na-
tional Science Council, Taiwan. Since 1996 he has been the chair
professor of the Foundation for the Advancement of Outstanding
Scholarship. His research interests are optical fiber communica-
tions, optical solitons, and optical fiber amplifiers. He is a fellow of
the Optical Society of America and the Photonics Society of
Chinese-Americans. He is now a researcher with the Institute of
Electro-Optical Engineering, Yuan Ze University, Taiwan.

May 2005/Vol. 44(5)



