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ABSTRACT 
 

Title：A Power Conversion Efficiency Improved L-Band Erbium-Doped Fiber Laser 
with Coupling-Ratio Controlled Wavelength Tunability  
Pages：1 Page 
School：National Chiao Tung University  
Department：Institute of Electro-Optical Engineering 
Time：June, 2006                      Degree：Master  
Researcher：Jun-Yuan Chang             Advisor：Prof. Gong-Ru Lin 
 
Keywords ： Erbium-Doped Fiber Amplifier, Power Conversion Efficiency, 

Erbium-Doped Fiber Laser, Mode-Locked Fiber Laser, dispersion 
compensation. 

 
In this thesis, we study the L-band erbium-doped fiber amplifier (EDFA) and 

wavelength-tunable erbium-doped fiber laser (EDFL), and further accomplish 
mode-locked EDFL.  An extremely high power conversion efficiency (PCE) of 37% 
(10% improvement as compared to that reported using conventional L-band EDFA 
configuration) in the optimized configuration of EDFA is obtained.  In 
wavelength-tunable EDFL, the wavelength shifting phenomenon results from the 
different intracavity loss by adjusting the output coupling ratio with a tunable-ratio 
optical coupler (TROC).  In the tuning range, covering the whole L-band, the 
EDFL has extremely high output power and quantum efficiency.  Besides, the 
lasing linewidth of the EDFL output becomes narrower 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.  Then the 
wavelength tuning of mode-locked EDFL is achieved by adjusting the output coupling 
ratio with a TROC which introduces wavelength-dependent cavity loss as well as 
changing the peak of the gain profile.  And we also add tunable band-pass filter in the 
cavity to attain wavelength-tuning.  Finally, according to the dispersion compensation 
theory, we use single mode fiber with negative group velocity dispersion (GVD) to 
compress the mode-locked EDFL output with positively chirped pulse. 
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Chapter 1 

Introduction 

 

1.1 L-band EDFA 
Long-wavelength-band erbium-doped fiber amplifiers (L-band EDFAs) 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 [1], [2].  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 

[3], [4].  

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 

conventional C-band EDFA as in-line repeaters [5]. 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 [6], [7]. Moreover, the EDFA without 

gain-flattening filters can achieve flat gain easier than the C-band EDFA [8], [9].   

The relatively low efficiency of the EDFA operating at wavelengths far from the 

emission peak around 1530 nm has led various efforts to improve the amplification 

characteristics of the L-band EDFA. The selection of a proper pump wavelength or a 
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suitable pumping configuration has been one of the main issues [4], [10], [11]. The 

pump wavelength dependence of the amplification characteristics of the EDFA has 

been reported mainly in 800-, 980-, and 1480-nm bands, and now the 980- and 

1480-nm bands, are mostly used for the L-band EDFA [12]–[14]. On the other hand, 

the 1555-nm wavelength had been examined as a pump wavelength but it was reported 

that noise figures were detrimental and gains did not have merits [15], [16]. Lately, the 

1555-nm distributed feedback LD was also investigated as a subsidiary pump with a 

980- or a 1480-nm band pump and there was a 20% improvement of gain coefficient 

for a single channel input [17]. Besides, amplified spontaneous emission (ASE) from a 

pumped EDF was reused as a subsidiary pump employing reflectors or additional 

EDFs [18], [19], and also the ASE from the pre-amplifier of a 980-nm-pumped EDFA 

was used with a 1480-nm main pump [20]. 

 

1.2 Tunable L-band EDFL 
The popularity of wavelength-division multiplexed systems in long-haul optical 

communications has stimulated a large demand for an enormous number of practical 

applications for optical components and WDM devices.  In recent years, the long 

wavelength band (L-band) erbium-doped fiber amplifiers have been widely used in 

WDM systems [21].  That doubled the available bandwidth of optical fiber 

communications.  Testing of such WDM systems and a large number of optical 

devices requires wavelength-tunable laser sources with spectral range covering the (C 

+L)-band.  Another important application of tunable lasers is in inventory management, 

where a large number of lasers with different fixed wavelengths are used as transmitter 

backup for WDM systems. The availability of low-cost and tunable single-wavelength 

lasers would help to reduce the inventory substantially.  Erbium-doped fiber lasers 
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(EDFLs) have been studied extensively as a very promising solution because they offer 

several advantages over semiconductor lasers, which include inherent compatibility 

with optical fiber networks (and hence low insertion loss), high conversion efficiency, 

ease of construction, and low cost.  Fiber lasers based on nonlinear effects are also 

possible, but they need a much higher input pump power due to the poor conversion 

efficiency.  This problem can be solved by using highly doped EDF to reduce fiber 

length and decrease pumping power.  

Such lasers have been built in the C-band (1529-1565 nm) with erbium-doped fibers 

by inserting various intracavity comb filters into both linear and ring cavities [22-29].  

Previous results have shown that stable C-band multiwavelength oscillation can be 

achieved by cooling an EDF to the liquid nitrogen temperature [26], by using 

multiple-core EDF [27], by inserting a frequency shifter [28], or by combining the 

Brillouin gain and EDF gain [29].  Recent advances have also shown that EDFs can 

offer L-band gain in the wavelength range between 1568 and 1610 nm [19, 30].  Thus, 

tunable EDFLs pumped with a 980/1480 nm semiconductor laser diode have been 

demonstrated with continuously tuning range of over 100 nm [3]–[33], which covers the 

entire (C + L)-band, and caters for the increased bandwidth requirement in WDM 

systems, where the C-band and L-band EDFAs are used simultaneously.  These lasers 

may also provide other advantages such as low threshold, high optical signal-tonoise 

ratio (OSNR), and narrow linewidth. 

  Several techniques exist to widely tunable fiber lasers, and many of them are based 

on bulky and expansive optical elements such as C+L band (1520-1600 nm) tunable 

optical band-pass filters (OBPFs) or wavelength-selective gratings [34].  Typically, 

three different types of OBPFs including dielectric, grating, and fiber Fabry-Perot (FFP) 

filters were extensively employed.  The dielectric filter is the most common one with a 
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tunable range limited to 40 nm.  The grating filter was comprehensively used in 

tunable external-cavity laser diode systems with a widely tunable range over 100 nm, 

however, it has a large polarization dependency and a large splicing loss of >5 dB) 

during fiber coupling.  Among these conventional OBPFs, the FFP filter is an all-fiber 

based device having a most wide tuning range of >100 nm, a relatively low loss of <2 

dB and a extremely low polarization dependence of 0.1 dB [35].  It is preferable to 

have an all-fiber laser cavity architecture since which exhibits the advantages air-gap 

free, robust and easily connectable, reliable and potentially cost-effective.  Previously, 

the vintage L-band EDFLs with the wavelength tunability have been shown via the use 

of fiber Bragg gratings (FBGs), tunable from 1571-1604 nm) [8] or the adjustment on 

cavity loss (tunable from 1587 to 1606 nm) [9].  Oppositely, our proposed scheme 

manipulates the coupling ratio to change cavity loss and to cover the full L-band 

wavelength tunability (from 1567 to 1612 nm). 

 

1.3 Motivation and Chapter Description 
  The broadband optical communication is becoming one of the most promising 

technologies in the data transmission.  The bandwidth is gradually and strongly 

requested while the triple-play service is delivered to people’s daily life.  To increase 

transmission capacity and meet this request for the broadband communication 

networks, the technologies of the WDM and the optical amplifier are two most 

attractive technologies.  Meanwhile, the Erbium-doped fiber amplifier is the potential 

optical amplifier today.  However, as mentioned previously, the nature, 

input-dependent gain, of the EDFA will limit the applications in the WDM optical 

networks.  Therefore, how to establish a cost-efficient and high efficient 

long-wavelength band (L-band) EDFA is an important and valuable research.  In 
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addition, wideband tunable erbium-doped fiber lasers (EDFL) have attracted 

significant interest for loss measurements of optical components, optical sensing 

systems, and tunable transmitters in dense wavelength division multiplexing (DWDM) 

systems.  Due to the complicated configurations of wideband tunable EDFL and 

inspiring of M. Melo et al.’s special method which is depend on cavity loss by fiber 

taper [36], we have proposed and demonstrated a L-band (1565-1610 nm) fiber laser 

by using cost-effective methods for the experimental operation.  In addition, we also 

accomplish wideband mode-locked EDFL at repetition of 1GHz and obtain ultrashort 

pulses by linear compression.   

  The Thesis is separated five chapters.  Chapter 1 is historical review of L-band 

erbium-doped amplifiers (EDFA) and tunable L-band erbium-doped fiber lasers 

(EDFL), and motivation.  Chapter 2 describes the optimized pumping scheme to 

obtain high power conversion efficiency for L-band EDFA.  Chapter 3 discusses the 

influence of cavity loss by adjusting output coupling ratio in L-band EDFL.  By using 

this method, we can demonstrate wideband tuning L-band EDFL.  Chapter 4 

introduces 1 GHz wideband-tuning mode-locked erbium-doped fiber laser.  At last, 

Chapter 5 concludes the experimental results.  
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Chapter 2 

A power conversion efficiency improved L-band 

erbium-doped fiber amplifier  
 
2.1 Introduction 
The Er3+-doped fiber amplifier (EDFA) with a flattened gain is a key device for 

wavelength division multiplexing (WDM) transmission systems and has been used in 

WDM transmission experiments at over 1 Tb/s [1]–[4].  An Er3+-doped fiber has a 

1580 nm amplification band in addition to the conventional 1550 nm amplification band.  

Using the 1580 nm amplification band has two advantages: The first is that it allows a 

conventional 1550 nm-band (C-band) EDFA to be combined with a 1580 nm-band 

(L-band) EDFA in a parallel configuration [5]–[7].  This realizes a broad amplification 

bandwidth EDFA that can expand the transmission capacity of WDM transmission 

systems [8]–[10].  The other is that by using the 1580 nm amplification band, we can 

construct an effective WDM system using dispersion-shifted fiber (DSF) to avoid the 

degradation caused by four-wave mixing (FWM) because the zero-dispersion 

wavelength of DSF is not in the 1580 nm band [11], [12]. 

The first study on 1580 nm band amplification reported that a 25 dB gain was 

obtained from 1570 to 1610 nm by using a silica-based Er3+-doped fiber with a 1550 nm 

light as a pump [13], [14].  1580 nm band amplification with 980 and 1480 nm band 

LD’s and the investigation of WDM signal amplification characteristics are important if 

EDFA’s are to be used in advanced systems [15]–[17].  1580 nm band amplification by 

using an EDF with another glass as the Er3+ ion host [18] is interesting because it is 

expected that changing the host glass would yield different amplification characteristics.  
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An example is broadening and flattening the amplification band in the 1550 nm band by 

changing the host glass from silica-based glass to a fluoride glass [19, 20] 

 

2.2 Experimental setup 
Fig. 2.1 shows a L-band EDFA configuration used for the experiment.  Because of 

ultra-wide amplified spontaneous emission spectrum [21] with comparable gain at a 

reduced fiber length and suppressed noise power, the high erbium (Er3+) concentration in 

a specially designed L-band fiber is adopted.  The highly doped EDF is characterized 

by numerical aperture of 0.22, a cutoff wavelength of 954 nm, the attenuation of 5.9 

dB/m at 1200 nm and the peak absorption of 11.7 dB/m at 980nm and 17 dB/m at 1531 

nm.  To generate optimal pumping scheme, the optional length of EDF used is 15 m, 

30 m, 45 m, or 60 m.  Besides, the EDF is forwardly pumped by a 980-nm or 1480-nm 

laser diode through a 980/1550-nm or 1480/1550 WDM fiber coupler and backwardly 

pumped by a 1480-nm laser diode through a 1480/1550-nm WDM fiber coupler.  The 

wavelength of L-band signal from 1552 to 1590 nm is used for the experiments by 

tunable laser source.  The power level used for the L-band signals is -20 dBm.  Two 

optical isolators are used to ensure the unidirectional propagation of the light, thus 

preventing a spatial hole burning in the EDFA caused by bi-directional operation and 

simultaneously allowing a stable single-frequency operation.  

  

WDM
OSA

Op tical
isolator

WDM

Er-dpoed
Fiber

 (15m , 30m ,
45m , or 60m )

Tunable
Laser

Op tical
isolator

1480 nm
pum p

Optional pum p
(980 nm  or 1480 nm )

 
Fig. 2.1 The schematic diagram of the L-band EDFA.  
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2.3 Principle of 1580-nm Band Amplification  
Fig. 2.2 shows the energy level diagram of Er3+ ion. 1580-nm band amplification, 

whose pump band is the 980- or 1480-nm is due to the 4I13/2 → 4I15/2 stimulated emission 

[22], which is the same as 1550-nm band amplification, and is caused by the low energy 

transitions between the Stark components of the 4I13/2 and 4I15/2 manifolds. 

 
Fig. 2.2 Energy level diagram of the Er3+ ion. (After Ref. [22]) 

  

Fig. 2.3 shows a schematic diagram of 1580-nm band amplification.  1550-nm 

band amplified spontaneous emission (ASE) is generated by 980- or 1480-nm band 

pump light at the input portion of the fiber.  The ASE is absorbed at the output portion, 

so 1580-nm band amplification is realized.   

 

Fig. 2.3 Schematic diagram of 1580-nm band amplification. (After Ref. [22]) 
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In general, the fiber length of Er3+-doped fiber in L-band EDFA is longer than in 

C-band EDFA because the need of lower population inversion in L-band EDFA and the 

gain coefficient in the L-band is smaller than that in the C-band in lower population 

inversion situation, as shown in Fig. 2.4.  The configuration of a 1580-nm band EDFA 

is the same as that of a 1550-nm band EDFA.  Therefore, we can use the optical 

components used in the 1550-nm band EDFA such as the WDM coupler and isolator 

when constructing a 1580-nm band EDFA. 

 

Fig. 2.4 Gain and loss coefficient and ESA cross section of Er3+-doped fiber.  (After Ref. [22]) 

 

2.4 Results and Discussion 

2.4.1 Characteristics of optimized configuration  

Several pumping schemes have been investigated in order to construct high-gain and 

high power conversion efficiency (PCE) L-band EDFA, as shown in Table 2.1.   
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Pumping Wavelength Length (m) PCE (%) Gain(max) (dB) 

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 2.1 Power conversion efficiency (PCE) and the maximum gain of the EDFA pumped at different 

forward/backward schemes. 

 

Each pumping scheme of the measured results is optimized by adjusting the length of 

EDF and pumping power (forward and backward).  Because of economic benefits, the 

fiber length of 30 m 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 [23].  With such a simplified 

EDFA, an extremely high power conversion efficiency (PCE) of 37% is achieved.  

The high PCE shows more than 10% improvement as compared to that reported using 

conventional L-band EDFA configuration [24].  The PCE is giving by the following 

equation: 

pump

siginsigout

P
PP

PCE
)( −

=       (2.4.1-1) 

where Psigout, Psigin, and Ppump denote the signal output power, signal input power, and 

pump power, respectively.  Simply speaking, the PCE is the amplification of input 

signal power resulted from every unit pumping power. 

Fig. 2.5 shows the typical output ASE spectrum of the optimized L-band EDFA ranged 

between 1525 nm and 1612 nm.  From the shape of the spectrum, the gain coefficient 

in L-band is clearly larger than theoretical value due to the specially designed L-band 
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Fig. 2.5 Output ASE spectrum of the L-band EDFA 

 

Fig. 2.6 shows the small-signal gain profile of the L-band EDFA from 1552 nm to 

1590 nm at input signal power of -20 dBm.  The wavelength dependent gain 

deviation of 6 dB in L-band is obtained.  
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Fig. 2.6 Small-signal gain of the EDFL at input signal power of -20 dBm. 

 

2.5 Conclusions 
We have demonstrated the use of highly Er3+-doped silica fiber as a L-band amplifier, 

obtaining in excess of 24.5 dB of small signal gain between 1560 nm and 1590 nm by 
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forward pumping at 980 nm with power of 17.5 mW and backward pumping at 1480 

nm with power of 200mW when the EDF length is 30 m.  With such a simplified 

EDFA, an extremely high power conversion efficiency (PCE) of 37% with a 

wavelength dependent gain deviation of 6 dB is achieved.   The high PCE shows 

more than 10% improvement as compared to that reported using conventional L-band 

EDFA configuration.  
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Chapter 3 

A coupler and air-gap etalon controlled 

high-efficiency L-band erbium-doped fiber laser 

 

3.1 Introduction 
    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 [1] 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 optomachanically bending the single-mode fiber in the EDFL cavity 

[9].  To meet the cost-effective demand, we present a coupling-ratio controlled 

wavelength-tuning, 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 
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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 

[10] configuration. 

 

3.2 Theory of wavelength shifting phenomenon 
The theoretical model is based on the scheme depicted in Fig. 3.1 [11].  The active 

medium is an Er3+-doped fiber amplifier (EDFA) of length L described by the 

three-level system rate equations [12]: 
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Fig. 3.1 Scheme of the unidirectional EDFL (after Ref. [12]) 

 

The quantities appearing in the above formulas are defined as follows: Pp(z) is the pump 
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power at the longitudinal coordinate z inside the active fiber, Ps(z) the forward signal 

power, σp the pump absorption cross section, σE,A(λ) the emission and the absorption 

cross sections, ρ the dopant concentration, Ap,s the pump and the signal overlap integrals, 

nl,2 the lower and the upper laser level population fractions, τ the upper laser level 

lifetime, and A the fiber core area.  Because the laser operates unidirectionally, the 

backward signal power has been neglected. 

The laser cavity has a loss (see Fig. 3.1) 

,/ 31 PPTOT ≡Γ              (5) 

which can be conveniently attributed to two different contributions. 

The first contribution is the output coupler loss γ.  If the coupler extracts a fraction T 

of the power, we have 

,1TPPout =      0＜T＜1 ,            (6) 

and hence 

,
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=≡γ     γ＞1.             (7) 

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

,/ 32 PP≡Γ        Γ＞1 ,            (8) 

so that the total cavity loss ΓTOT can be expressed as 

./ 31 Γ=≡Γ γPPTOT              (9) 

As is well known [13], for laser emission to occur it is necessary that the amplifier gain 

G satisfy the threshold condition 

),()( 00 λλ TOTG Γ=   )( 0λλ ≠G ＜ ),(λTOTΓ             (10) 

where λ0 is the emission wavelength.  Note that including a wavelength dependence in 

ΓTOT 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] 
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and hence, from Eq. (1) and the second of Eq. (3), 
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where ,)( ρσλ sE Ag =  ,)()( ρλσλ sA Aa = and ρσα ppp A=  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 the following relation: 
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determines the emission wavelength of the laser.  

Note that when the cold-cavity loss ΓTOT is changed the emission wavelength λ 

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.   

 

3.3 Experimental Setup 
The experimental setup of the coupling-ratio controlled wavelength-tunable EDFL is 

shown in Fig. 3.2.  It consists of an optimized L-band EDFA with a bi-directionally 

980/1480 pumping scheme.  According to chapter 2, the optimized operation, a 

17.5mW forward pumping at 980 nm and a 200mW backward pumping at 1480 nm is 

employed. 

 



 25

  980 nm

WDM
Optical
Isolator

WDM

Er-doped
fiber

1480 nm
pumppump

Optical
Isolator

TROCOutput  
Fig. 3.2 The schematic diagram of the L-band EDFL. A coupling-ratio controlled wavelength 

tunable L-band EDFL with a tunable-ratio optical coupler (TROC). 

 

This EDFA further takes the advantage of high erbium (Er3+) concentration in a 

specially designed L-band fiber, which offers an ultra-wide amplified spontaneous 

emission spectrum ranged between 1525 nm and 1612 nm (see Fig. 2.5) with 

comparable gain (see Fig. 2.6) 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.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 1×2 

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. 

 

3.4 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 
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is effective for improving the noise characteristics, while the backward pumping at 

1480nm benefits from a better quantum conversion efficiency and gain coefficient [15].  

With such a simplified EDFA, a extremely high PCE of 37% with a wavelength 

dependent gain deviation of 6 dB is achieved according to chapter 2.   

Figure 3.3 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. 3.3. 
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Fig. 3.3 The trend of lasing wavelength, output power, and quantum efficiency with detuning 

output coupling ratio. 

 
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 tuning range 

up to 45 nm (see Fig. 3.4).   
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Fig.3.4 The lasing spectra of L-band EDFL with detuning output coupling ratio. 

 

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 [16].  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.  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. 3.4.  

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 



 28

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. 3.3.  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 

[16, 17].   

Each output channel exhibits the power of greater than 18.4 dBm and the 

maximum of 19.6 dBm at output coupling ratio of 90% is observed under the pumping 

power of 217.5 mW, as shown in Fig. 3.5.  Such a deviation of 1.2 dB is already 

smaller than the best value of 1.5 dB in previous reports [9]. 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 the right inset of Fig. 3.6.   

1570 1580 1590 1600 1610
18.0

18.5

19.0

19.5

20.0

Po
w

er
 (d

B
m

)

Wavelength (nm)

ΔP < 1.2 dB

 

Fig. 3.5 Wavelength dependent output power at 90% output coupling ratio. 
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Fig. 3.6 Power stability of the L-band EDFL measured within 10 minutes. 

 

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.  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, as shown in 

Fig. 3.7.  The measured linewidth maybe somewhat limited by the commercial optical 

spectrum analyzer (Ando AQ6317B).  Figure 3.8 shows the variation of 3-dB spectral 

linewidth when the spacing of air-gap is detuned, and the inset is the scheme of air-gap.  

Such a system benefits from not only the simplified wavelength tuning technique but 

also the cost-effective solution to the full L-band fiber laser systems. 
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3.5 Conclusions 
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 
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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 91mW.  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. 

 

3.6. APPENDIX A 
In this appendix we show the derivation of Eq. (14) from Eq. (13). Let us consider two 

positive functions y(λ) and w(λ) and let us suppose that we intend to solve 

max [ ( ) ( )] 0.y Awλ λ λ+ =            (A1) 

From Eq. (13), the quantities appearing in Eq. (Al) can be identified as 

[ ]( ) ( ) ln ( ) ,
( ) ( )( ) ,

( )
ln .
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p

p

p

y g L
g aw

P L
A

P

λ λ λ

λ λλ
α

= − Γ

+
=

⎡ ⎤
= ⎢ ⎥
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Since the laser can operate only if the gain at complete inversion exp[g(λ)L] is greater 

that the cavity loss ΓTOT(λ), then y(λ) is a positive function. 

Condition (Al) is equivalent to the following set of relations: 

( ) ( ) 0,y Awλ λ+ =             (A2) 

( ) ( ) 0,y Awλ λ′ ′+ =             (A3) 

( ) ( )y Awλ λ′′ ′′+ < 0,            (A4) 

where the primes indicate derivation with respect to λ. 

Equation (A2) indicates that, for a given wavelength λ, the laser reaches the 

oscillation threshold.  In fact, with y(λ) + Aw(λ) being the net gain coefficient, Eq. 
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(A2) has to be null. Equation (A3) and inequality (A4) serve to yield the wavelength A 

that maximizes the gain. 

From Eq. (A2) we get A = - y(λ)/w(λ) and hence, bymaking use of Eq. (A3),  

( ) ( ) ( ) ( ) 0,y w y wλ λ λ λ′ ′− =            (A5) 

i.e., 

( ) 0.
( )

d y
d w

λ
λ λ

⎡ ⎤
=⎢ ⎥

⎣ ⎦
            (A6) 

Moreover, we have 
2

2

( ) ( ) ( )
( ) ( )

d y y Aw
d w w

λ λ λ
λ λ λ

′′ ′′⎡ ⎤ +
=⎢ ⎥

⎣ ⎦
< 0,           (A7) 

where we used relations (A2), (A4), and (A5). 

This result proves that we can find the maximum in Eq. (Al), i.e., in Eq. (13), by 

maximizing y(λ)/w(λ), or, equivalently, by minimizing A = - y(λ)/w(λ) as in Eq. (14). 
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Chapter 4  

Wavelength-tuning mode-locked L-band 

erbium-doped fiber laser by controlled 

output-coupling-ratio 
 

4.1 Introduction  
Erbium-doped fibers (EDFs) covering optical gains in conventional and long 

wavelength bands have led to the realization of a broadband erbium-doped fiber 

amplifier (EDFA) for increasing the transmission capacity of a wavelength division 

multiplexing (WDM) communication system, and for developing and characterizing 

the fiber-optic devices with spectral bandwidth extended from C-band to L-band [1, 2].  

For the needs of the next-generation time division multiplexing (TDM) system, an 

pulsed erbium-doped fiber laser (EDFL) with a tuning capability over the whole 

L-band needs to be developed.  Various techniques have been proposed to realize tne 

wavelength tuning or switching in mode-locked EDFLs by tuning the dispersion [3-7], 

by electrically controlling the delay time [8, 9], by changing the temperature of the 

Fabry-Perot laser diode (FPLD) modulator [10], by using an all-fiber based tunable 

filter [11, 12], and by changing wavelength-dependent cavity loss [13].  In this paper, 

we propose a novel scheme for wideband wavelength-tuning a mode-locked 

erbium-doped fiber-ring laser operated in L-band.  Instead of changing polarization in 

the EDFL cavity, the wavelength-tuning is achieved by simply adjusting the output 

coupling ratio as well as the cavity loss of the EDFL.  A tuning range of about 27.2 

(1572.1 nm – 1599.3 nm) is obtained.  During the wavelength tuning process, the 
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modulation frequency remains unchanged and the pulsewidth is less than 5 ps for each 

wavelength.  Furthermore, nearly transform-limited EDFL pulses by linear 

compression with single mode fiber are generated.  

                                                                                   

4.2 Experimental setup  
The experimental setup of the wavelength-tunable mode-locked EDFL is shown in Fig. 

4.1.  The optimized gain of the fiber laser is provided by an EDFA which is composed 

of two isolators, and a 30 m of highly doped erbium-doped fiber forward pumped with 

a 17.5-mW  

 980

WDM

Optical
isolator

WDM

Er-doped
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1480 nm  pumpnm  pump

Optical
isolator
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Output

MZM

AmpRFS
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COMB

 
Fig. 4.1 Schematic diagram of the mode-locked EDFL with a TROC-based wavelength tuning 

configuration.  Amp :power amplifier; COMB: comb generator; RFS: RF synthesizer; TROC: tunable 

ratio optical coupler; PC: polarization controller; MZM: Mach-Zehnder intensity modeulator 

 

laser diode at 980 nm and backward pumped a 200-mW laser diode at 1480 nm.  A 

LiNbO3 Mach–Zehnder intensity modulator (MZM) with a bandwidth of 1GHz is 

inserted into the EDFL cavity, which is then modulated by an amplified RF driven 

comb generator signal at 1 GHz for active mode-locking.  Two optical isolators were 
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employed to ensure the unidirectional propagation and a polarization controller (PC) 

was need to optimize the polarization orientation of the circulating pulses.  The output 

ratio of the EDFL is detuned by inserting a 1×2 tunable-ratio optical coupler (TROC) 

with a variable coupling ratio ranging from 0.5% to 99.5%.  Note that there is no 

TBPF in the EDFL cavity for wavelength-tuning because the TROC adjusts different 

intracavity loss to detune the lasing wavelength.  Besides, the characteristics of the 

output pulses are monitored by a digital sampling oscilloscope (Agilent 86110A + 

86109A), an optical spectrum analyzer (OSA, Advantest Q8347) and a microwave 

spectrum analyzer (Agilent 8565E).  The pulse duration is measured by an optical 

autocorrelator (Femtochrome, Fx-103p).                                                   

 

4.3 Results and Discussions  
A. ML-EDFL with TBPF  

The total length of the L-band EDFL cavity is about 53 m, corresponding to a 

longitudinal mode spacing of 3.77 MHz.  The active mode-locking is achieved by 

driving the MZM with a 17.5 dBm RF signal at a repetition frequency of 1 GHz, which 

is approximately the 270th harmonic of the fundamental longitudinal frequency of the 

EDFL cavity.  The DC offset bias of the MZM is chosen to provide maximum 

extinction ratio of the electrical pulses, and the stable optical pulse is obtained by fine 

adjusting both of the polarization controller and the RF-driving frequency.  Figure 4.2 

shows the peak power and pulsewidth at 10%, 50%, and 90% output coupling ratio.  

A tuning range of about 45 nm (covering the whole L-band) for each output coupling 

ratio with different pulsewidth and peak power.  In particular, the pulse-width 

becomes shortened as the output coupling ratio further decreases, and the shortest 

pulse-width of 8.8 ps is obtained at output coupling ratio of 10%.   
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Fig. 4.2 The peak power and FWHM pulsewidth of the pulses at output coupling ratio of 10%, 50%, and 

90%. 

 

B. ML-EDFL without TBPF 

The longitudinal mode spacing for the TBPF-free L-band EDFL is slightly enlarged to 

3.922 MHz due to the removement of TBFP, while the active mode-locking is achieved 

at the 262th harmonic of the fundamental longitudinal frequency.  Figure 4.3 shows 

the 3-dB spectral linewidth and central wavelength of the output spectra as the output 

coupling ratio is detuned from 10% to 90%.   
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Fig. 4.3 The 3-dB spectral linewidth and central wavelength of the output EDFL spectra as the output 

coupling ratio detunes from 10% to 90%. 

 

When the output coupling ratio decreases, the ASE obtains mostly gain of shorter 

wavelength and the lasing occurs at longer wavelength relatively.  Furthermore, by 

decreasing the output coupling ratio from 90% to 10%, the wavelength can be tunable 

within a range of 27.2 nm (from 1572.1 nm to 1599.3 nm).  According to the 

wavelength shifting phenomenon in Fig. 4.3, the wavelength should be tunable in the 

whole L-band as the output coupling ratio changes from 0.5% to 99.5%.  The 

autocorrelation traces of the TBPF-free EDFL pulses illustrate that the pulsewidth 

shortens as the output coupling ratio decreases, which is mainly due to the broadening 

of the 3-dB spectral linewidth under an enlarged intra-cavity gain, is shown in Fig. 4.4.   
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Fig. 4.4 The peak power and the pulsewidth of the pulses as the output coupling ratio is adjusted from 

10% to 90%.  Inset: The autocorrelation traces of the output pulses. 

 

In principle, the mode-locking pulsewidth is directly proportional with 

4/12224/1
0 )/()( νδ Δ⋅⋅ mfg , where fm denotes the modulation frequency, △ν  represents 

homogenous linewidth, go is single-pass integrated gain, and δ denotes the on-to-off 

modulation depth.  The narrowest pulsewidth of 2.4 ps with a largest 3-dB spectral 

linewidth of 8.2 nm is obtained at 1599.3 nm under a 10% output coupling ratio, 

providing a time-bandwidth product of 2.35 (Gaussian pulse shape assumed). In 

addition, the RF spectra of the EDFL pulse measured with a RBW of 10 Hz, a VBW of 

10 Hz, and a frequency span of 10 MHz/div is demonstrated to show the ultrahigh 

supermode noise suppression ratio (SMSR) of more than 47 dB, as shown in Fig. 4.5.  

Such a high SMSR clearly indicates that the amplitude of the output pulses is very 

stable.  
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Fig. 4.5 RF spectrum of the output pulses at 1599.3 nm under 10% output coupling ratio. 

 

C. Linear compression of ML-EDFL without TBPF  

To obtain a narrow pulsewidth with a chirp-free property, the single-mode fiber (SMF) 

is added after the output port of the L-band ML-EDFL.  Because the output pulse is 

positive chirped, the negative β2 value of the SMF is used to compress pulsewidth.  

Furthermore, from the unchanged shape of spectra before and after adding the SMF we 

can know that the dispersion compensation is linear, as shown in Fig. 4.6.   
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Fig. 4.6 Spectra before and after adding the SMF. 
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Figure 4.7 shows the shortening of pulsewidth after SMF with length changing from 

22.5 m to 37.5 m.  The narrowest pulsewidth of 580 fs fitted with Gaussian pulse is 

obtained with 32.5 m SMF, giving rise to a time-bandwidth product of 0.56.  The 

obtained pulsewidth is shorter than those usually obtained from this the L-band EDFL 

configuration.   
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Fig. 4.7 Variation of pulsewidth by adding different length of the SMF from 22.5 m to 37.5 m.  Inset: 

The autocorrelation traces of the output pulses before and after adding SMF at 10% output coupling 

ratio. 

 

According to the theory of the optical pulse compression, if the leading edge of the 

pulse is delayed by just the right amount to arrive nearly with the trailing edge, the 

output pulse is compressed.  Positively chirped pulses require anomalous or negative 

GVD in order to slow down the red-shifted leading edge [14].  In addition, the 

optimized linear compression is applied to the EDFL pulses obtained under different 

output coupling ratios, as shown in Fig. 4.8.   
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Fig. 4.8 The autocorrelation traces of the output pulses after adding 32.5 m SMF at 10%, 50%, and 90% 

output coupling ratio. 

 

D. Comparison  

Table 4.1 shows the wavelength tuning range, the narrowest pulsewidth, and the timing 

jitter of the L-band ML-EDFL with TBPF, TROC, and after linear dispersion 

compensation.  Although the EDFL with a TBPF has larger wavelength tuning range, 

its pulsewidth is also broadened due to the finite spectral linewidth limited by the 

TBPF.  The pulsewidth can be shortened if the TBPF is replaced by the TROC, in 

which the spectral linewidth becomes unlimited.  Such a system therefore benefits 

from not only the simplified wavelength tuning technique but also the cost-effective 

solution to shorten the output pulsewidth.   

Experimental setup Tuning range 
(nm) 

Pulsewidth 
(narrowest) (ps) Jitter (ps) 

with TPBF 45 (1567-1612) 8.8 1.4 

without TBPF 27(1572-1599) 2.45 0.7 

After compression 27(1572-1599) 0.58 0.7 

Table 4.1 Comparison of the tuning range, the narrowest pulsewidth, and timing jitter in three different 

situations. 
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Previously, Duan et al. have demonstrated a stable dispersion-tuned harmonically 

mode-locked fiber ring (HMLFL) laser with a wavelength tuning from 1555.7 nm to 

1568.1 nm and a pulse-width of 4 ps by using an intracavity semiconductor optical 

amplifier (SOA) as both a supermode-noise suppressor and a mode locker [3]. Chan et 

al. have proposed an EDFL that incorporates a SOA nonlinear fiber loop with a 

wavelength tuning from 1542.8 nm to 1562.3 nm and a pulsewidth of 30 ps by 

controlling the delay time between the modulation and the control signals in the 

compensated dispersion-tuning scheme [9].  Zhao et al. have demonstrated an EDFL 

with a wavelength tuning from 1546.6 to 1551.7 nm and a pulse-width of 51 ps by 

changing the FPLD temperature from 12.02℃ to 19.65℃ [10].  Jeon et al. have used 

an all-fiber acoustic-optic tunable filter to achieve a wavelength tuning from 1557 to 

1607 nm and a pulsewidth of 1.5 ps [11].  In addition, Feng et al. have demonstrated a 

wavelength tuning range from 1568.6-1607.8 nm and a pulsewidth of <56 ps by 

adjusting an intracavity polarization controller to introduce wavelength-dependent 

cavity loss [13]. 

 

4.4 Conclusions  
We have experimentally investigated an actively mode-locked EDFL, which is 

wavelength-tunable in L-band without using any intra-cavity bandpass filters.  The 

wavelength tuning is achieved by adjusting the output coupling ratio of the EDFL with 

a TROC which introduces wavelength-dependent cavity loss as well as changing the 

peak of the gain profile.  Using a TBPF facilitate a wider tuning range of 45 nm 

(covering the whole L-band) at a cost of a larger pulsewidth of 14.2 ps.  In 

comparison, the TROC controlled EDFL exhibits a smaller tuning range of 27 nm and 

a shorter pulsewidth of <5 ps.  Under the linear compression in a SMF, we 
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demonstrate the generation of nearly transform-limited Gaussian pulses with a peak 

power of 17 W and a pulsewidth of 580 fs at repetition rate of 1 GHz.  These EDFL 

pulses are very stable with a side-mode suppressing ratio as high as 47 dB. 
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Chapter 5 

Summary 
 

5.1 Summary 
First, we experimentally investigate and demonstrate the use of highly Er3+-doped 

silica fiber as a L-band amplifier, obtaining in excess of 24.5 dB of small signal gain 

between 1560 nm and 1590 nm by forward pumping at 980 nm with power of 17.5 

mW and backward pumping at 1480 nm with power of 200mW when the EDF length 

is 30 m.  With such a simplified EDFA, an extremely high power conversion 

efficiency (PCE) of 37% with a wavelength dependent gain deviation of 6 dB is 

achieved.   The high PCE shows more than 10% improvement as compared to that 

reported using conventional L-band EDFA configuration. 

In second part, we 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 which is talked in first 

part 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 91mW.  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. 

 Finally, we experimentally investigated an actively mode-locked erbium-doped fiber 

laser, which is wavelength-tunable in L-band without using any intra-cavity bandpass 

filters.  The wavelength tuning is achieved by adjusting the output coupling ratio of 
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the EDFL with a TROC which introduces wavelength-dependent cavity loss as well as 

changing the peak of the gain profile.  Using a TBPF facilitate a wider tuning range of 

45 nm (covering the whole L-band) at a cost of a larger pulse-width of 14.2 ps.  In 

comparison, the TROC controlled EDFL exhibits a smaller tuning range of 27 nm and 

a shorter pulse-width of <5 ps.  Under the linear compression in a SMF, we 

demonstrate the generation of nearly transform-limited Gaussian pulses with a peak 

power and a pulsewidth of 17 W and 583 fs, respectively at repetition rate of 1 GHz.  

These EDFL pulses are very stable with a side-mode suppressing ratio as high as 47 

dB.  
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