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ABSTRACT

A coupling-ratio controlled wavelength tunable L-band erbium-doped fiber laser with tuning range of 45nm (1567 -
1612 nm), quantum efficiency of 42%, power conversion efficiency of 37%, tuning resolution of 0.3 nm is reported.
The wavelength-tuning is achieved by a tunable band-pass filter (TBPF) or by adjusting the tunable-ratio optical
coupler (TROC) without TBPF because of the difference of intracavity loss. The output wavelength can be tunable in
the full L-band with TBPF, from 1567 to 1612 nm, and the pulse-width is <14.2 ps. Specially, during the
wavelength-tunable process without TBPF, the modulation frequency of about 1 GHz remains unchanged and
near-transform-limited pulses are generated by linear compression with 32.5 m single mode fiber (SMF) under 10%

output coupling ratio.
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1. INTRODUCTION

Long-wavelength-band erbium-doped fiber amplifiers (L-band EDFAs) [1] have been developed rapidly following the
conventional 1550-nm-band (C-band) EDFA as a key component for wavelength division multiplexing (WDM)
transmission systems, which made it possible to transmit several terabit per second. Though the gain region of
EDFAs is wider than 100 nm, EDFAs using only about 30-nm bandwidth in the C-band were developed in the first few
years. With the enhancement of the erbium-doped fiber (EDF) and pump laser diode (LD) manufacturing technology,
and also the need for more optical bandwidth in optical communications, the EDFA for the L-band with another optical
bandwidth between 1570 and 1600 nm has been developed. The application of the L-band EDFA to WDM

transmission systems is very attractive because the system capacity can be doubled when used in conjunction with the
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conventional C-band EDFA as in-line repeaters. Using dispersion-shifted fibers, it is also possible to construct
effective WDM systems with narrow channel spacing of less than 100 GHz without the degradation caused by
nonlinear effects, such as four-wave mixing and cross-phase modulation. Moreover, the EDFA without gain-flattening
filters can achieve flat gain easier than the C-band EDFA.

Owing to the insufficient channel capacity of the current dense wavelength division multiplexed (DWDM)
systems, long-wavelength band erbium-doped fiber amplifier (EDFA) with wavelength ranging from 1570 nm to 1610
nm have been investigated in order to widen the transmission capacity. In addition, L-band tunable fiber lasers are
essential for testing the L-band devices used in WDM transmission systems. Therefore, the realization of economical
and efficient L-band fiber laser architecture becomes necessary for its commercialization. Previously, the gain
medium for L-band fiber laser includes dense erbium-doped fiber, erbium-ytterbium co-doped double clad fiber [2],
and brillouin-erbium fiber [3], etc. Typically, the L-band erbium-doped fiber laser (EDFL) can be configured with
such as dual resonant cavity [4], linear overlapping cavity [5], and single ring cavity [6]. The wavelength-tuning are
mainly based on the intra-cavity Fabry—Perot filters [7], fiber Bragg gratings (FBGs) [8], and cavity loss [9] adjustment.
In particular, the wavelength tunability of L-band EDFL via cavity loss control was simply demonstrated by
optomechanically bending the single-mode fiber in the EDFL cavity [9, 10]. To meet the cost-effective demand, we
present a coupling-ratio controlled wavelength tunable, full L-band erbium-doped fiber ring laser (EDFRL) with a
tunable range over 45nm and low variation (<1.2dB) of the output laser power over all the tuning range. In addition,
the quantum efficiency of the EDFRL which simultaneously reaches an extremely high value is 42%. In the aspect of
EDFA, by using highly doped EDF and adjusting fiber length, an optimized bi-directional pumped L-band EDFA of the
EDFL which possesses extremely high power conversion efficiency (PCE) about 37% provides gain to the loop. The
high PCE shows more than 10% improvement compared with that reported using conventional L-band EDFA [11]

configuration.

2. EXPERIMENTAL SETUP

The experimental setup of the coupling-ratio controlled wavelength-tunable EDFL is shown in Fig. 1. It consists of
an optimized L-band EDFA with a bi-directionally 980/1480 pumping scheme. In optimized operation, a 17.5mW
forward pumping at 980 nm and a 200mW backward pumping at 1480 nm is employed. This EDFA further takes the
advantage of high erbium (Er’") concentration in a specially designed L-band fiber, which offers an ultra-wide
amplified spontaneous emission spectrum ranged between 1538 nm and 1628 nm [12] (see Fig. 2(a)) with comparable
gain (see Fig. 2(b)) at a reduced fiber length and suppressed noise power. The forward and backward pumping

powers are launched into the EDF by a 980nm/1550nm and a 1480nm/1550nm WDM couplers, respectively.
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Fig. 1. A coupling-ratio controlled wavelength tunable L-band EDFL with a tunable-ratio optical coupler (TROC)
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Two optical isolators are used to ensure the unidirectional propagation of the light, thus preventing spatial hole burning
in the EDFA caused by bi-directional operation and simultaneously allowing a stable single-frequency operation. In
particular, a 1x2 tunable-ratio optical coupler (TROC) with variable output coupling ratio is inserted into the
close-loop EDFA ring-cavity. The coupling ratio can be manually detuned from 0.5% to 99.5%. Initially, the output

coupling ratio is set at 90% to obtain maximum output power.
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Fig. 2 Basic properties of the EDFA. (a) ASE spectrum of the EDFA. (b) Small-signal gain of the EDFA at input
power of -20 dBm.

2. THEORICAL MODELING

The active medium is an Er’*-doped fiber amplifier (EDFA) of length L described by the three-level system rate

equations [13]:

dP,(z)

;Z =-0,4,mP,(2), 0
dP.
% = A plog(A)ny, —o (A)n 1P (2), 2
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where

hv, 4 hv, 4

Psat ’ Ssat — '
o,7 4, OpT A,

(4)

The quantities appearing in the above formulas are defined as follows: P,(z) is the pump power at the longitudinal
coordinate z inside the active fiber, Py(z) the forward signal power, o, the pump absorption cross section, og, (L) are
the emission and the absorption cross sections, p is the dopant concentration, 4,,; is the pump and the signal overlap
integrals, n;, is the lower and the upper laser level population fractions, t is the upper laser level lifetime, and 4 is the
fiber core area. Because the laser operates unidirectionally, the backward signal power has been neglected.
The laser cavity has a loss

Uror =R/ P, (5)
which can be conveniently attributed to two different contributions. The first contribution is the output coupler loss 7.

If the coupler extracts a fraction T of the power, we have

P, =T1R, 0<7<1,
(6)
and hence
P, 1
=—=—, >1. 7
7= 5, T v @)

The second loss contribution comes from the intrinsic cavity loss defined as

r=pr/p, r>1, (®)
so that the total cavity loss FTOT can be expressed as

Tror =R /P =1 ©)
As is well known, for laser emission to occur it is necessary that the amplifier gain G satisfy the threshold condition
G(A) = Tror (A),  G(A# 20) < Tyor (), (10)

where A is the emission wavelength. Note that including a wavelength dependence inl" ot also accounts for any
cavity element that may spectrally modulate the transmission (etalons, Lyot filters, etc.).

In the case of an EDFA the gain is [14]
L
G(A,L) = expid, p L (65 (D, —0 ,(A)n, 1z}, (11)

and hence, from Eq. (1) and the second of Eq. (3),

g)+a), P L)

G(A,L) =exp{g(A)L + P,(0)

1}, (12)

P

where g(d)=og4,p, a(d)=0,(D4,p,and a,=0,4,p are the gain, the attenuation, and the pump absorption

coefficients, respectively. Introducing conditions (10), we find that the laser operates at the wavelength that satisfies
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the following relation:
P (L
max , {g(A)L + EAD TN » (L)
a, P,(0)
Equivalently, the minimization with respect to A of

Py(L). gAML -In[Tror (D] _
PO T eratd) e :

1=1n[T7o7 ()]} = 0. (13)

In[

determines the emission wavelength of the laser.
Note that when the cold-cavity loss ' tor is changed the emission wavelength A changes, too. Because the
derivative of Eq. (14) is an implicit expression containing the dependence of the emission wavelength on cavity loss,

gain, and the attenuation coefficient, the minimum of Eq. (14) can be found numerically.

4. RESULTS AND DISCUSSIONS

Several pumping schemes have been investigated in order to construct low-noise and high-gain L-band EDFA as the
gain medium, and a 980nm (forward)/1480nm (backward) cascaded pumping geometry is selected. The forward
pumping at 980nm is effective for improving the noise characteristics, while the backward pumping at 1480nm
benefits from a better quantum conversion efficiency and gain coefficient [14]. With such a simplified EDFA, a
extremely high PCE of 37% with a wavelength dependent gain deviation of 7 dB is achieved. The power conversion
ratio (PCE) is defined as PCE = (Psigout — Psigin)/Ppump, where Psigout, Psigin and Ppump denote the signal output

power, signal input power, and pump power, respectively. The measured results of EDFA that is shown in table 1.

Pumpin Length Gain(max
Wavel[e)nggth (mg) PCE (%) (d(B) :
980/1480 15 24.7 30.9
1480/1480 15 21.2 35.7
980/1480 30 36.55 33.5
1480/1480 30 33.08 37.2
980/1480 45 30.6 31.1
1480/1480 45 37 34.8
980/1480 60 20 35.2
1480/1480 60 23.6 38.5

Table 1 The PCE and maximum of the EDFA constructed
with different pumping schemes (Forward/Backward).

Figure 3 illustrates the output laser wavelength, power, and corresponding quantum efficiency as a function of the
output coupling ratio detuned by the TROC. As a result, the wavelength of the EDFL with maximum output power
can be linearly tunable from 1567 nm to 1612 nm as the output coupling ratio of the TROC detunes from 95% to 5 %,
while the output power of the EDFL is monotonically decreasing from 90 mW to 7 mW, as shown in Fig. 3. It is seen
that higher output coupling ratios as well as intra-cavity losses result in the EDFL lasing at shorter wavelengths. The

lasing spectra of the EDFL at wavelengths corresponding to maximum output power also corroborates the maximum
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tuning range up to 45 nm (see Fig. 4). Previously, a similar simulating result concerning with the cavity-loss
dependent tuning range of L-band EDFL system was proposed, which described a increasing sensitivity of the EDFL
output power and bandwidth at lower intra-cavity losses. As the cavity-loss increases, the maximum output power
and the wavelength tuning range are concurrently reduced [15]. By using the TROC based coupling ratio detuning
technique, our experimental results not only correlate well with the theoretical observation, but also demonstrate the

coupling-ratio dependent peak EDFL wavelength shifting phenomenon.
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Fig. 3 The trend of lasing wavelength, output power, and quantum efficiency
with detuning output coupling ratio.

These results sophisticate the operation of a widely tunable L-band EDFL since the minimizing in intra-cavity loss may
achieve an extremely large tuning range at a scarification on output power of the EDFL, as shown in Fig. 4.
Nonetheless, an accurate and repeatable wavelength selection is easily achieved with precise control on the output
coupling ratio. In experiment, a minimum wavelength tuning resolution of 0.3 nm can be obtained under a change in
coupling ratio of 0.6%, corresponding to tuning slope of 0.5 nm/%. On the other hand, the theoretical simulation also
interpreted that the maximum tuning range of the L-band EDFL is greatly reduced when increasing output coupling
ratio from 0.1 to 0.99. A maximum and stable output power associated with a maximum quantum efficiency of up to

42% is obtained at an output coupling ratio of 0.9, as shown in Fig. 3.
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Fig. 4 The lasing spectra of EDFL with detuning output coupling ratio.

Even at a low-output and wide-band tunable condition with coupling ratio of only 10 %, the corresponding quantum
efficiency of 8% can be still comparable with previous results [15, 16]. Under a pumping power of 217.5 mW, each
output channel exhibits power of greater than 18.4 dBm and a maximum of 19.6 dBm in observed, as shown in Fig. 5.
Such a deviation of 1.2 dB is already smaller than best value of 1.5 dB reported previously [10]. Note that the lasing
linewidth of the EDFL output can be further narrowing from 0.05 nm to 0.02 nm by simply inserting an tiny air-gap
between the FC/PC connectors of fiber patch cord, which functions as a intra-cavity Fabry-Perot filter in the

cost-effective L-band EDFL system.
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Fig. 5 Variation of wavelength dependent output power. Inset:
linewidth narrowing via an air-gap inserted between FC/APC fiber
connectors.

Moreover, a highly stable output with power variation of 0.036mW (0.04%) is obtained during a monitoring interval
over 10 min, as shown in Fig. 6. The tuning range and resolution of lasing wavelength was mainly determined by the
gain profile of the EDF since dynamic range on the coupling ratio of the TROC is nearly 100% in our case. The
EDFL is unable to operate in the C-band with insufficient gain as the design of the specific EDF which benefits from a

better transition of the power from C-band to L-band.
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Fig. 6 Power stability of the L-band EDFL measured within 10
minutes.

4. CONCLUSION

We have experimentally investigated and demonstrated an output-coupling-ratio controlled, full
long-wavelength-band erbium-doped fiber ring laser by using a bi-directionally dual-wavelength pumped EDFA in
close-loop with a tunable ratio optical coupler. The L-band EDFL is wavelength-tunable from 1567 nm to 1612 nm at
a maximum quantum efficiency of 42%, respectively with ultra-high power conversion efficiency of 37%, comparable
gain of 34 dB, and maximum output power of up to 9ImW. The minimum wavelength tuning resolution of 0.3 nm is
achieved under the maximum wavelength tuning range of up to 45 nm covering whole L-band, while a low channel

power variation of <1.2dB and a stable output with 0.04% power fluctuation is observed.

ACKNOWLEDGEMENT

The work was support in part by National Science Council, Taiwan Republic of China under grants No.

NSC94-2215-E-009-040 and No. NSC95-2215-E-002-0XX.

REFERENCE

1. Y. Sun, J. W. Shlhoff, A. K. Srivastava, J. L. Zyskind, T. A. Strasser, J. R.  Pedrazzani, C. Wolf, J. Zhou, J.
B.Judkins, R. P. Espindola, and A. M. Vengasarkar, “80nm ultra-wideband erbium-doped silica fibre amplifier,”
Electron. Lett., 33, 1965-1967 (1997).

2. S. M. Zhang, Y. F. Lu, X. F. Yang, F. J. Dong, H. J. Wang, and X. Dong, “Wavelength tunable linear cavity
cladding pump Er3+/Yb3+ co-doped fiber laser operating in L-band,” Opt. and Quantum Electron., 37, 417-424
(2005).

3. T. A. Haddud, M. H. Al-Mansoori, A. K. Zamzuri, S. Shaharudin, M. K. Abdullah, and M. A. Mahdi, ‘“24-Line of
Brillouin-Erbium Fiber Laser Utilizng Fabry-Perot Cavity in L-band,” Microwave Opt. Techno. Lett., 45, 165-167

Proc. of SPIE Vol. 6351 63511W-8

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 06/16/2016 Terms of Use: http://spiedigitallibrary.or g/ss/'TermsOfUse.aspx



10.

11.

12.

13.

14.

15.

16.

(2005).

S. W. Harun, and H. Ahmad, “Multiwavelength Laser Comb in L-band Region with Dual-Cavity Brillouin/Erbium
Fiber Laser,” Jpn. J. Appl. Phy., 41, 1.1234-1.1236, (2002).

Q. H. Mao, and W. Y. Lit, “Optical Bistability in an L-Band Dual-Wavelength Erbium-Doped Fiber Laser with
Overlapping cavities,” IEEE Photon. Technol. Lett., 14, 1252-1254 (2002).

S. Q. Yang, C. L. Zhao, H. Y. Meng, L. Ding, X. O. Dong, S. H. Yuan, G Y. Kai, and Q. D. Zhao, “Wavelength
tunable erbium-doped fiber ring laser operating in L-band,” Opt. and Quantum Electron., 35, 69-73 (2003).

S. Yamashita, and M. Nishihara, “Widely Tunable Erbium-Doped Fiber Ring Laser Covering Both C-band and
L-band,” IEEE J. Sel. Top. Quantum Electron., 7, 41-43, (2001).

X. H. Feng, Y. G. Liu, S. H. Yuan, G. Y. Kai, W. G. Zhang, and X. Y. Dong, “L-Band switchable dual-wavelength
erbium-doped fiber laser based on a multimode fiber Bragg grating,” Opt. Express, vol. 12, 3834-3839 (2004).

T. A. Haddud, M. H. Al-Mansoori, A. K. Zamzuri, S. Shaharudin, M. K. Abdullah, and M. A. Mahdi, “24-Line of
Brillouin-Erbium Fiber Laser Utilizng Fabry-Perot Cavity in L-band,” Microwave Opt. Techno. Lett., 45, 165-167
(2005).

M. Melo, O. Frazao, A. L. J. Teixeira, L. A. Gomes, J. R. Ferreira da rocha, and H. M. Salgado, “Tunable L-band
erbium-doped fibre ring laser by means of induced cavity loss using a fibre taper,” Appl. Phys. B, 77, 139-142
(2003).

J. Lee, U. C. Ryu, S. J. Ahn, and N. Park, “Enhancement of Power Conversion Efficency for an L-band EDFA
with a Secondary Pumping Effect in the Unpumped EDF Section,” IEEE Photon. Technol. Lett., 11, 42-44 (1999).
M. Melo, A. Teixeira, L.A. Gomes, C. Santos, D. Pereira, O. Fraz ao, P. Andr’e, M. Lima, F. Rocha, H.M.
Salgado: In: Proc. Portuguese Conf. F isica 2002, 556-557 (2002).

P. Franco, M. Midrio, and A. Tozzato, “Characterization and optimization criteria for filterless erbium-doped fiber
lasers,” J. Opt. Soc. Am. B, 11, 1090-1097 (1994).

H. Ono, M. Yamada, T. Kanamori, S. Sudo, and Y. Ohishi, ”’1.58-um Band Gain-Flattened Erbium-Doped Fiber
Amplifiers for WDM Transmission Systems,” Journal of Lightwave Techno., 17,490-496, (1999).

X. Y. Dong, P. Shum, N. Q. Ngo, H. Y. Tam, X. Y. Dong, “Output Power Characteristics of Tunable
Erbium-Doped Fiber Ring Lasers,” J. Lightwave Technol., 23, 1334-1341 (2005).

S. Q. Yang, C. L. Zhao, H. Y. Meng, L. Ding, X. O. Dong, S. H. Yuan, G Y. Kai, and Q. D. Zhao, “Wavelength
tunable erbium-doped fiber ring laser operating in L-band,” Opt. and Quantum Electron., 35, 69-73 (2003).

Proc. of SPIE Vol. 6351 63511W-9

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 06/16/2016 Terms of Use: http://spiedigitallibrary.or g/ss/'TermsOfUse.aspx



