
Selection of our books indexed in the Book Citation Index 

in Web of Science™ Core Collection (BKCI)

Interested in publishing with us? 
Contact book.department@intechopen.com

Numbers displayed above are based on latest data collected. 

For more information visit www.intechopen.com

Open access books available

Countries delivered to Contributors from top 500 universities

International  authors and editors

Our authors are among the

most cited scientists

Downloads

We are IntechOpen,
the world’s leading publisher of

Open Access books
Built by scientists, for scientists

12.2%

185,000 200M

TOP 1%154

6,900



14 

Tunable Fibre Lasers Based on Optical 
Amplifiers and an Opto-VLSI Processor 

Feng Xiao1, Kamal Alameh1,2 and Yong Tak Lee2,3 
1Electron Science Research Institute, Edith Cowan University,  

2Department of Nanobio Materials and Electronics,  
Gwangju Institute of Science and Technology, 

3Department of Information and Communications,  
Gwangju Institute of Science and Technology, 

1Australia 
2,3Korea 

1. Introduction 

Tunable lasers are currently used in a wide range of applications such as wavelength-

division-multiplexing networks, optical sensors, spectroscopy, wavelength protection, fiber-

optic gyroscope, and testing of optical components and instruments. In particular, tunable 

fiber lasers, which employ optical fiber cavity and wave-guided gain medium, have recently 

attracted great interest owing to several intrinsic advantages over traditional lasers, namely: 

(i) easy manufacture without the need of clean rooms and expensive device packaging; (ii) 

mechanical flexibility and the ability to withstand bending, thus opening the way for 

numerous applications in biotechnologies and medical instrumentation; (iii) broadband gain 

spectrum and high energy efficiency, which are very important features for tunable high-

power lasers; (iv) high laser beam quality, ensuring their wide potential applications in 

material processing, printing, marking, cutting and drilling; (v) robustness, because all 

optical signals are guided within optical fibres, thus eliminating the need for optical 

alignment; and (vi) narrow line width which is essential for many applications and hard to 

achieve for their current counterparts. Benefiting greatly from recent developments in fibre 

communications, fibre lasers are offering a low-cost alternative to the traditional 

semiconductor or gain dielectric counterparts.  

The key features required for tunable fiber lasers include a large number of channels, high--

output power, stable operation in power and wavelength, and tuning operation over a wide 

wavelength range with application-specific wavelength spacing. However, the current fibre 

lasers, especially multiwavelength fiber lasers, suffer from limited tunability and flexibility, 

poor stability, and narrow operation ranges.  

Two main aspects related to the development of tunable single/multiwavelength fibre 

lasers are currently under intensive investigation; namely, the wavelength selection (or 

tuning) mechanism, and the used gain media. While these investigations have resulted in 

significant progress towards the development of commercially viable products each of the 

current approaches have particular limitations.  
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In this Chapter, we discuss the use of Opto-VLSI processors for the development of tunable 
fiber lasers. Section 2 briefly reviews the recent progress in tuning mechanism for single and 
multiple wavelength tuning. Section 3 discusses different approaches for implementing the 
gain media of fiber lasers. In Section 4 a brief background on Opto-VLSI processors is 
provided. Single-wavelength, multi-wavelength and multiport tunable fiber lasers 
employing Opto-VLSI processors are presented in Sections 5, 6 and 7, respectively. We 
conclude this chapter in Section 8. 

2. Tuning mechanism 

2.1 Single-wavelength tuning 
The tunable single-wavelength fiber laser is relatively mature compared to its 
multiwavelength countparts. However, due to its long cavity, which is able to give narrow 
linewidths, a fiber laser oscillates on multiple longitudinal modes (A. Bellemare et al., 2001). 
Mode discrimination by the gain medium is not strong enough to restrict the oscillation to a 
single longitudinal mode, despite the fact that homogeneous broadening is known to 
dominate in gain media, such as erbium-doped fibers, at room temperature. Therefore, one 
or more spectrally discriminating elements or very short cavities should be employed to 
limit the number of modes over which the laser may effectively oscillate. Nevertheless, this 
does not ensure the oscillation of one longitudinal mode (Park et al., 1991).  
To suppress multimode lasing as well as mode hopping, technologies including the use of 
cascaded bandpass filters (one narrow and one broad) (Park et al., 1991; Chow et al., 2002) and 
a passive multiple-ring cavity (C. C. Lee et al., 1998) have commonly been used. More 
importantly, an unpumped Er3+-doped fiber has been incorporated in a long Fabry–Perot laser 
cavity as a saturable absorber to establish linewidth narrowing and single-mode operation 
(Cheng et al., 1995). In addition, the beat-noise of fiber ring lasers, which is primarily in the 
low-frequency region of about 10 MHz due to the long ring cavity length, has successfully 
been suppressed by inserting a Fabry–Pérot laser diode (FP-LD). (H. L. Liu et al., 2006). 
Several single-wavelength tuning mechanisms have been intensively investigated. Some 
early works on single-wavelength tuning have been demonstrated using intracavity 
elements such as gratings or birefringent plates, whose orientation can be changed 
mechanically. In order to switch the wavelength electrically, the use of bulk electro-optic 
intracavity tuners, such as liquid crystal cells, has been reported (MOLLIER et al., 1995), 
where the tuning range of the device was 17 nm and the tuning rate was 8 nm/V.  
A tunable single-longitudinal-mode compound-ring Er3+-doped fiber laser has been 
demonstrated (J. L. Zhang et al., 1996; C. C. Lee et al., 1998), where the laser is fundamentally 
structured on an all-fiber compound-ring resonator in which a dual-coupler fiber ring is 
inserted into the main cavity. When combined in tandem with a mode-restricting intracavity 
tunable bandpass filter, the compound-ring resonator ensures single-longitudinal-mode 
laser oscillation. The laser can be tuned over much of its 1525 to 1570 nm wavelength tuning 
range with the short-term linewidth of less than 5 kHz.   
Acousto-optic tunable filters (AOTFs) have recently been used as a wavelength selector 
because of their broad tuning ranges, narrow bandwidths, simple tuning mechanisms, and 
low drive power requirements (Chang et al., 2001; Kang et al., 2006). A single-frequency 
tunable fiber ring laser incorporating an all-fiber acousto-optic tunable bandpass filters 
(AOTBFs) has been characterized in detail and the impact of the AOTBF characteristics on 
the laser performance has also been examined (Kang et al., 2006). The AOTBF consists of an 
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all-single-mode-fiber acousto-optic tunable filter and a core-mode blocker in the center of 
the acousto-optic interaction region. Stable single-longitudinal-mode operation has been 
achieved over the wavelength range of 48 nm with a side mode suppression ratio higher 
than 50 dB. 
The use of tunable fiber Bragg gratings (FBGs) is a simple approach to realize single-

wavelength tuning  (Song et al., 2001). Recently, a tunable fiber laser based on a tunable 

phase-shifted linearly chirped FBG (PS-LCFBG) in transmission with ultra-narrow 

bandwidth of 1.52 kHz has been demonstrated (Li et al., 2008). By thermally tuning the 

transmissive PS-LCFBG, a tuning range of 15.5 nm was obtained. A tunable L-band fiber 

laser based on a mechanically induced LPFG into the EDF ring has been demonstrated 

(Sakata et al., 2009). Wavelength tuning was achieved by adjusting the grating period to shift 

the rejection band against the ASE spectrum of the ring cavity. Although thermal effects on 

the laser were controlled, this technique suffers from the environmental disturbances.  

Tunable fiber Fabry–Perot filters have widely been utilized as tuning elements in tunable 

lasers (X. Y. Dong et al., 2003; Zheng et al., 2006; Chien et al., 2005b; Chien et al., 2005a; Fu et 

al., 2009). A fiber laser utilizing a tunable fiber Fabry–Perot filter as the tuning element has 

been demonstrated, which had a moderate milli-Watt level power output over almost the 

whole tuning range from 1530 to 1595 nm with power fluctuations less than 0.15 dB (Fu et 

al., 2009). High repetition scanning rate of laser operation over the whole tuning range was 

achieved at rates of up to 200Hz. The limited tuning range of this tunable filter could be 

extended by incorporating another tunable passband filter. A tunable narrow-bandpass 

fiber Fabry-Perot (FFP) filter with a bandwidth of 0.2 nm and free spectral range (FSR) of 28 

nm combined with six bandpass filters (BPFs) of 20 nm bandwidth has been used as a wide 

tuning component (X. Y. Dong et al., 2003). Only one of the BPFs was turned on at a time. 

Since the bandwidth of each BPF was less than the FFP’s 28-nm FSR, continuous wavelength 

tuning was obtained within a 20 nm range by changing the voltage applied to the 

piezoelectric transducer of the FFP, thus attaining a total tuning range of 120 nm. 

Based on the use of a narrow-band tunable microelectromechanical system (MEMS) filter, a 

wide-band short-cavity length tunable fiber ring laser that can be tuned at high speed from 

1520 to 1626 nm has been reported (H. L. Liu et al., 2005a). The optical bandwidth of the 

MEMS was about 20 pm (2.5 GHz) tuned over 120 nm, from 1630 to 1510 nm by varying the 

input voltage from 10 to 32 V, respectively. The MEMS filter also exhibited very high 

scanning speed (greater than 100 000 nm/s). The insertion loss of the MEMS filter at the 

peak of the passband was less than 1.5 dB, and the out-of-band reflection from both ends of 

the MEMS filter was as high as 95%.  

Lyot filters, which are a type of optical filter that uses birefringence to produce a narrow 
passband of transmitted wavelengths, have also been used to widely tunable fiber lasers 
(Zhou et al., 1998; Xu et al., 2002). The semiconductor fiber ring laser utilized the 
birefringence of optical fibers, especially PM fiber, together with the polarization controller, 
rotating linear polarizer and SOA, to form polarization-dependent loss and gain 
mechanisms. For this filter, different wavelengths arrive at the linear polarizer and SOA 
with different polarization states due to birefringent chromatic dispersion in the cavity, 
hence, different wavelengths have different losses due to the polarization dependent loss 
through the linear polarizer. A wavelength with its electrical field vector lined up with the 
linear polarizer experiences the least loss. The combination of a polarization controller and 
linear polarizer thus provided a wavelength selection mechanism to generate a tunable laser 
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output. In addition, as the gains of the SOA are different for transverse electrical (TE) fields 
and transverse magnetic (TM) fields, 3-dB gain difference between TE and TM polarizations 
were experienced in addition to gain differences due to the SOA spectrum itself. This also 
provided gain discrimination due to the fact that different wavelengths have different input 
polarization states at the SOA. Therefore, the combination of the intracavity polarization 
controller, the polarizer, and the SOA served as wavelength selection mechanisms. Thus, the 
lasing wavelength is the light wave that repeats its state of polarization in front of both the 
polarizer and the SOA after one round-trip and whose polarization state lines up with the 
linear polarizer and TE or TM direction within the SOA whichever has a higher gain.  

2.1 Multi-wavelength tuning 
Multiwavelength tuning is much more complex compared to single wavelength tuning, and 

recently it has attracted equal attention from all over the academic society. Several versatile 

techniques to realize multi-wavelength tuning have been proposed and demonstrated. A 

spatial mode beating filter has been reported, which can tune a multiwavelength fiber laser  

by simply incorporating a section of multimode optical fiber into a single-mode fiber  ring  

cavity (Poustie et al., 1994). This combination of two fiber types results in wavelength-

dependent filtering action inside the laser cavity arising from the spatial mode beating 

between the LP01 and LP11 modes in the  multimode fiber. The multiwavelength fiber laser 

can be tuned by controlling the polarization controller in the fiber loop.   

Tunable FBGs are still the commonly-used technology for multiwavelenth tuning (Han et al., 

2007; Liaw et al., 2007; Alvarez-Chavez et al., 2007; Moon et al., 2005). A spacing-tunable 

multiwavelength Raman fiber laser with an independently-adjustable channel number, 

based on a superimposed chirped-fiber Bragg grating (CFBG) and a linear cavity formed by 

a bandwidth-tunable CFBG reflector, has been demonstrated (X. Y. Dong et al., 2006). 

Multiwavelength laser operations at room temperature with spacing of 0.3 to 0.6 nm, and 

channel number of 2 to 10 have been achieved. 

Recently a tunable multiwavelength fiber laser based on an all-fiber FP filter which is 

constructed by a superimposed CFBG has been demonstrated (Han et al., 2007). The FP filter 

is capable of continuous FSR tenability, through incorporating a specially designed 

apparatus for induction of the sophisticated bending along the grating. The proposed 

technique is based on the symmetrical modification of the chirp ratio along the fiber grating 

attached on a flexible cantilever beam. The FSR of the all-fiber FP filter could be 

continuously tuned from 0.21 to 0.81 nm with neglect center wavelength shift.  

A fiber loop mirror incorporating a piece of polarization maintaining fiber (PMF) has 
attracted much attention as an optical comb filter due to its intrinsic advantages such as easy 
fabrication, stability and flexibility (Z. X. Zhang et al., 2009). The PMF-based fiber loop 
mirror filters can provide various functionalities like both the peak wavelength tunability 
and FSR tunability, which can be controlled by adjusting the effective length and 
birefringence of multiple PMF segments depending on the relative phase difference between 
two orthogonal polarization modes within the loop (Kim et al., 2003; Z. Y. Liu et al., 2008). 
The comb filter can also be tuned by changing the operating temperature or by applying 
axial strain to the PMF (Moon et al., 2007). Besides these, an active device such as a phase 
modulator (Fok et al., 2005) or SOA (K. L. Lee et al., 2004) is also inserted in the fiber loop 
mirror to tailor the effective birefringence of the loop, enabling continuous shift of the 
transmission comb spectrum.  
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Unlike the use of passive single-mode PMFs into the Sagnac loop, a tunable transmission 
comb filter based on a pumped erbium-ytterbium co-doped polarization maintaining fiber 
(EYD-PMF) loop mirror has been recently demonstrated (G. Y. Sun et al., 2008). The effective 
birefringence of the EYD-PMF depends on the power of pump lasers and the polarization 
state of the traversing signal. Therefore, the comb filter can be tuned by changing the pump 
power or adjusting a PC adjacent to the EYD-PMF in the loop.  
Mach-Zehnder interferometers also offer a tuning mechanism for tunable fiber lasers (H. 
Dong et al., 2005a). However, they usually suffer from performance instability and difficulty 
in free spectral range (FSR) control. A multi-wavelength fiber ring laser of tunable channel 
spacing has been proposed by employing an optical variable delay line (OVDL) in a Mach-
Zehnder interferometer (D. R. Chen et al., 2007). The channel spacing of the present multi-
wavelength fiber ring laser can be continuously tuned by adjusting the computer-controlled 
OVDL. Multi-wavelength lasing with standard ITU channel spacing of 25 GHz, 50 GHz and 
100 GHz has been demonstrated. Also, a tunable and switchable multiwavelength erbium-
doped fiber ring laser based on a modified dual-pass Mach–Zehnder interferometer has 
been reported (Luo et al., 2009). Through polarization control, the dual-function operation of 
the channel-spacing tunability and the wavelength interleaving can be achieved. Up to 29 
stable lasing lines with 0.4 nm spacing and 14 lasing wavelengths with 0.8 nm spacing in 3 
dB bandwidth were obtained. 
Wavelength tunability can also be obtained through the use of a thin film tunable filter 
(Ummy et al., 2009). A widely tunable (30 nm) fiber laser based on two Sagnac loop mirrors 
and a tunable thin film filter has been demonstrated, where optical power adjustability is 
accomplished by proper adjustment of each of the loop mirror reflectivity via a polarization 
controller. 

3. Gain medium 

3.1 Single gain medium 
Many gain media are suitable for single-wavelength lasing in a fiber cavity, including 
erbium-doped fiber amplifiers (EDFA) (Antoine Bellemare, 2003), semiconductor optical 
amplifiers (SOA) (Ummy et al., 2009), and hybrid gain media (Yeh&Chi, 2005). SOA-based 
fiber ring lasers have limited optical signal-to-noise ratio (OSNR), while EDFAs are ideal for 
single-wavelength tunable fiber ring lasers. 
Erbium-doped fiber lasers (EDFLs) have extensively been studied as a very promising 
solution because EDF offers several advantages over the other gain media, such as high 
conversion efficiency, low threshold, homogeneous gain property thus high OSNR, narrow 
linewidth, coverage of the entire (C L)-band, ease of construction, and low cost (X. Y. Dong 
et al., 2005b; A. Bellemare et al., 2001; Roy et al., 2005). Both theoretical and experimental 
investigations on how the laser performances are affected by the various parameters in the 
lasing cavity, such as the intracavity loss, erbium ion clustering, output coupling ratio (or 
reflectivity of output coupler), and active fiber length, have been carried out based on 
different theoretical models. 
Meanwhile, some improved gain media based on EDF have also been investigated. A ring 
laser with 106-nm tuning range has been demonstrated based on a La-codoped Bi-EDF with 
about 84.6 cm long and doped with very high concentration of erbium ions (H. L. Liu et al., 
2005a). The erbium concentration in the Bi-EDF is 6470 wt-ppm and the La concentration is 
4.4% wt. The peak absorption of the Bi-EDF at 1480 and 1530 nm are 167 and 267 dB/m, 
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respectively.  The La ions extend the distance between Er ions and reduce the concentration 
quenching significantly. More recently, a Bi2O3-based erbium-doped fiber (BIEDF) ring 
laser with a 134 nm tunable range has been reported with only 0.2m of BIEDF as a gain 
media (Ohara&Sugimoto, 2008). The tunable range varies depending on both pump power 
and BIEDF lengths, and a high optical signal-to-noise ratio of over 70 dB for a 120 nm 
tunable range has been obtained.  
A GeO-doped high-power and widely tunable all-fiber Raman laser using a linear cavity 
configuration has been demonstrated (Belanger et al., 2008). The RFL was continuously 
tuned over 60 nm, from 1075 to 1135 nm and provided up to 5 W of Stokes output power for 
6.5 W of launched pump power (LPP). 

3.2 Multiple gain medium 
Different gain mechanisms and media have been used to develop multiwavelength lasers, 
such as EDFAs (A. Bellemare et al., 2000; X. M. Liu et al., 2005b), SOAs (Pleros et al., 2002), 
and schemes based on stimulated Raman scattering (SRS) gain (Kim et al., 2003) and 
stimulated Brillouin scattering (SBS) gain (Nasir et al., 2009). In addition, hybrid gain 
mechanisms using a combination of the above mechanisms have also been used (Han et al., 
2005).  
The homogeneous linewidth broadening of the EDF medium limits the narrowest 
wavelength spacing between adjacent lasing wavelengths to a few nanometers (A. 
Bellemare et al., 2000). To overcome this limit, various schemes such as cryogenic cooling 
(Yamashita&Hotate, 1996), frequency shifting (A. Bellemare et al., 2000), careful gain 
equalization, spatial-spectral multiplexing, polarization anisotropic gain effects (Das&Lit, 
2002), polarization-hole burning (J. Q. Sun et al., 2000; Qian et al., 2008), and intracavity four-
wave mixing in nonlinear fibers (Tran et al., 2008; Han et al., 2006), have been used, adding 
more complexity (and therefore, cost) to these multiwavelength tunable lasers. 
A nonlinear optical loop mirror (NOLM) based on a highly nonlinear dispersion shifted 
fiber has been implemented in the ring laser cavity to stabilize the multiwavelength output 
at room temperature (Tran et al., 2008; Han et al., 2006). Since the energy transfer from the 
higher-power waves to the lower-power waves is induced by several degenerate four-wave 
mixing (FWM) processes, the mode competition of the EDF is degraded. Consequently, the 
homogeneous line broadening of the EDF can dynamically be suppressed, leading to a 
stable multiwavelength output at room temperature. The FWM effects induced by the 
highly-nonlinear DSF introduce a dynamic gain flattening, so that the mode competition is 
suppressed effectively. The lasing wavelengths can be switched individually by two PCs 
because the nonlinear polarization phenomenon based on the NOLM induces the 
polarization-dependence loss and the birefringence-induced wavelength-dependent loss in 
the laser ring cavity, which can determine the total loss of the laser ring cavity. 
Stable multiwavelength lasing has been achieved at room temperature with the hybrid gains 
of a Raman gain medium and an Erbium-doped fiber in a ring structure (D. R. Chen et al., 
2007). The multi-wavelength fiber laser employing Raman and EDF gains increases the 
lasing bandwidth compared with a pure EDF laser and the power conversion efficiency 
compared with a pure fiber Raman laser. No special fibers are needed in this proposed fiber 
laser structure. 
SOA-based multiwavelength fiber lasers have more advantages over multiwavelength lasers 
with erbium-doped fiber amplifiers (H. X. Chen, 2005). This is because the SOA has a 
dominant property of inhomogeneous broadening and can support many wavelength lasing 
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oscillations simultaneously in the laser cavity, allowing narrower spacing for 
multiwavelength lasing operation (Qian et al., 2008).  A mechanism of multiwavelength 
generation based on nonlinear polarization rotation in an SOA has been reported (Z. X. 
Zhang et al., 2009; Z. X. Zhang et al., 2008). The arbitrarily polarized light incident to the 
SOA can be decomposed as the transverse electric (TE) and transverse magnetic (TM) 
modes. The modes propagate independently through the SOA, but they have indirect 
interaction via the carriers. The gain saturation of the TE mode differs from the gain 
saturation of the TM mode. Hence, the refractive index change of the TE mode also differs 
from the refractive index change of the TM mode. A phase difference between the two 
modes builds up as the light propagates through the SOA. A polarization controller (PC) is 
used to adjust the polarization of the input signal to the SOA so that the phase difference 
between the modes can be varied. At the following polarization-dependent isolator (PDI), 
both modes recombine. Another PC is used to adjust the polarization of the SOA output 
with respect to the orientation of the PDI. The phase difference and the orientation of the 
two PCs determine the intensity-dependent switch of the combiner. If the polarizations of 
the two PCs are set appropriately, the transmission of the combined light decreases when 
the input intensity to the SOA increases, thus suppressing the mode competition for 
multiwavelength generation. 

4. Opto-VLSI processor 

Because the limitations of the available underlying tuning mechanisms, current tunable 

multiwavelength lasers have very poor performances in tunability (can only shift all the 

wavelength channels over a very narrow wavelength range), flexibility (cannot 

independently control each wavelength channel), and operation ranges (limited to a single 

wavelengthrange). Furthermore, the flexibility limitation of conventional wavelength 

selection mechanisms has prevented researchers from fully understanding the mechanism 

of multiwavelength lasing in fibre lasers. As a result multiwavelength lasers tend to suffer 

from poor output power and wavelength stability. Therefore, both the wavelength selection 

(or tuning) mechanism and the mechanism of multiwavelength lasing are still in intensive 

investigation.  

Advanced Opto-VLSI technology can be incorporated into a novel tuning approach, for the 

first time ever, to remove all previous disadvantages, thus simultaneously allowing (i) 

independent tuning of each wavelength channel, (ii) arbitrary control of the power level for 

each wavelength channel, (iii) the addition and removal of any lasing wavelength without 

affecting the power levels of other lasing wavelengths, and (iv) the generation of 

wavelength channels over various operation ranges, where each range may have output at 

several bands, all achieving (v) sufficient maximum continuous wave power output per 

channel (>+10dBm), (vi) sufficiently conserved linewidth (i.e. comparable to performance by 

Agilent of less than +/0.001nm at 1550 nm), (vii) minimal power fluctuations (i.e. ideally 

0.01dB over 12 hours). These unique features are far superior to all tuning mechanisms 

reported in the literature to date, opening an excellent opportunity to develop a novel 

practical approach to multiwavelength lasing using Opto-VLSI processors. 

A reconfigurable Opto-VLSI processor comprises an array of liquid crystal (LC) cells driven 

by a Very-Large-Scale-Integrated (VLSI) circuit that generates digital holographic diffraction 

gratings to steer and/or shape optical beams.  
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Fig. 1. Typical 8-phase Opto-VLSI processor and LC cell structure design. 

Each pixel is assigned a few memory elements that store a digital value, and a multiplexer 
that selects one of the input voltages and applies it to the aluminium mirror plate. Opto-
VLSI processors are electronically controlled, software-configured, polarization 
independent, cost effective because of the high-volume manufacturing capability of VLSI 
chips as well as the capability of controlling multiple fiber ports in one compact Opto-VLSI 
module, and very reliable since beam steering is achieved with no mechanically moving 
parts. Figure 1 shows a typical layout and a cell design of an 8-phase Opto-VLSI processor. 
Indium-Tin Oxide (ITO) is used as the transparent electrode, and evaporated aluminium is 
used as the reflective electrode. The ITO layer is generally grounded and a voltage is 
applied at the reflective electrode by the VLSI circuit below the LC layer.  
Figure 2 illustrates the steering capability of Opto-VLSI processors. For a small incidence 
angle, the maximum steering angle of the Opto-VLSI processor is given by 

 max
M d

λθ =
⋅

 (1) 

where M is the number of phase levels, d is the pixel size, and λ is the wavelength. For 
example, a 4-phase Opto-VLSI processor having a pixel size of 5 microns can steer a 1550 nm 

laser beam by a maximum angle of around ±4°. The maximum diffraction efficiency of an 
Opto-VLSI processor depends on the number of discrete phase levels that the VLSI can 
accommodate. The theoretical maximum diffraction efficiency is given by (Dammann, 1979) 

 2sinc
n

M

πη ⎛ ⎞= ⎜ ⎟
⎝ ⎠

 (2) 
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where 1n gM= +  is the diffraction order ( 1n = is the desired order), and g  is an integer. 

Thus an Opto-VLSI processor with binary phase levels can have a maximum diffraction 

efficiency of 40.5%, while a four phase levels allow for efficiency up to 81%. The higher 

diffraction orders (which correspond to the cases g ≠ 0) are usually unwanted crosstalk 

signals, which must be attenuated or properly routed outside the output ports to maintain a 

high signal-to-crosstalk performance. 
 

Steering Phase Hologram

θ

θ = λ/(M⋅d)

M⋅d

Incident
Beam

α α

Diffracted
Beam

Opto-VLSI 
Processor

 

Fig. 2. Steering and multicasting capabilities of an Opto-VLSI processor. 

Adaptive optical beam steering can be achieved by reconfiguring the phase hologram 
uploaded onto the Opto-VLSI processor. Recent advances in low-switching-voltage nematic 
LC materials and Layer thickness control have allowed the incorporation of a thin quarter-
wave-plate (QWP) layer between the LC and the aluminium mirror to accomplish 
polarization-insensitive multi-phase-level Opto-VLSI processors [25], as shown in Fig. 1. In 

addition, with current 130nm VLSI fabrication processes, VLSI chips featuring 24mm×24mm 
active area, maximum switching voltage of 3.0 volts, and pixel size of 5 microns, can be 
realised. Depositing low-switching-voltage electro-optic materials and QWP over such VLSI 
chips, can realize a polarization-insensitive Opto-VLSI processor that has a diffraction 

efficiency of 87% (0.6 dB loss) and a maximum steering angle of more than ±4.0°. 
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There are several algorithms for the optimization of Opto-VLSI phase holograms to achieve 
effective beam steering, including simulated annealing and projection methods. In our 
study, a modified simulated annealing method that can achieve accurate beam steering with 
low crosstalk is adopted (Yen-Wei Chen et al., 2000). 

5. Single wavelength tunable fiber lasers 

Recently, a novel tunable fiber laser employing an Opto-VLSI processor has been demonstrated 
(Xiao et al., 2009). The Opto-VLSI processor is able to arbitrarily select narrowband optical 
signals from the amplified spontaneous emission (ASE) spectrum of an EDFA and inject 
them into a recirculating fiber ring to generate laser signals at arbitrary wavelengths. It is 
motionless and can be tuned electronically over the gain bandwidth of the EDFA.   
 

 

Fig. 3. Opto-VLSI-based tunable fiber laser structure. 

Figure 3 shows the Opto-VLSI-based tunable fiber ring laser structure, which consists of an 
EDFA, an optical coupler, a polarization controller, and a fiber collimator pair (Port A and 
Port B). 95% of broadband ASE spectrum initially generated by the EDFA is routed to the 
Opto-VLSI processor through Port A of the fiber collimator array. The polarization 
controller (PC) is used to align the ASE polarization so that the diffraction efficiency of the 
Opto-VLSI processor is maximized, and also to enforce single-polarization laser operation. 
The grating plate demultiplexes the collimated broadband ASE signal along different 
directions. The lens between the Opto-VLSI processor and the grating plate has a focal 
length of 10 cm and is placed at 10 cm from the grating plate so that the dispersed ASE 
wavebands are deflected along the same direction and mapped onto the surface of an Opto-
VLSI processor as illustrated in Fig. 3(a). By driving the Opto-VLSI processor with an 
appropriate steering phase hologram, any waveband of the ASE spectra can be routed to 
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and coupled into Port B of the fiber collimator array (see Fig. 3(b)), and the others are 
dropped out with dramatic attenuation. The selected wavebands that are coupled into Port 
B are amplified by the EDFA, leading, after several recirculations, to single-mode laser 
generation. Therefore, the fiber laser can be tuned by simply uploading appropriate phase 
holograms that drive the various pixels of the Opto-VLSI processor. 
In the experiments, the EDFA was a C-band amplifier having a small signal gain of 14 dB, 
and a gain spectrum shown in Fig. 4.The EDFA’s pump laser was driven with a current of 
400 mA. A 256-phase-level 512×512-pixel Opto-VLSI processor of pixel size 15 µm with an 
insertion loss of about 0.5 dB was used. The spacing between the fiber collimator elements 
(Port A and Port B) was 3 mm, and the insertion loss and return loss for the two ports were 
0.6 dB and 55 dB, respectively. An optical spectrum analyzer with 0.01 nm resolution was 
used to monitor the laser output power generated at the 5% output port of the optical 
coupler. The ASE signal was collimated at 0.5 mm diameter, and a blazed grating plate, 
having 1200 lines/mm and a blazed angle of 70º at 1530 nm, was used to demultiplex the 
ASE signal and map onto the active window of the Opto-VLSI processor through a lens of 
focal length 10 cm placed at 10 cm from the grating plate. A Labview software was 
developed to generate the optimized digital holograms that steer the desired waveband and 
couple into the collimator Port B.  

 

Fig. 4. Amplified spontaneous emission (ASE) noise from the EDFA. The inset is an example 
of a waveband selected by the Opto-VLSI processor. 

When the optical loop was open, the ASE noise signal of the EDFA is shown in Fig. 4. The 
gain spectrum of the EDFA was linearly mapped along the active window of the Opto-VLSI 
processor. The inset of Fig. 4 is an example that illustrates the selection and coupling of an 
arbitrary waveband into Port B by uploading a phase hologram onto the Opto-VLSI 
processor. The measured total insertion loss from Port A to Port B was around 12 dB, which 
was mainly due to (i) the lens reflection loss; (ii) the blazed grating loss; and (iii) diffraction 
loss and insertion loss of the Opto-VLSI processor. 
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After the optical loop was closed, the Opto-VLSI processor was driven by different phase 
holograms, each corresponding to a single-mode lasing at a specific wavelength. Each 
selected waveband experienced a high gain by the EDFA in comparison to the gains 
experienced by the other ASE wavebands.  Figure 5(a) shows the measured outputs of the 
Opto-VLSI-based fiber laser and demonstrates an excellent tuning capability over the C-
band through the generation of 8×512 phase holograms at different position along the active 
window of the Opto-VLSI processor. The linewidth of the tunable laser was about 0.05 nm, 
compared to 0.5 nm when the optical loop was open (see the inset in Fig. 4). The measured 
side-mode suppression ratio (SMSR) was greater than 35 dB and the output power ripple was 
less than 0.25 dB over the entire C-band. The small ripples in the laser output power levels can 
be attributed to two main reasons, namely, (i) the EDFA worked in deep saturation, which 
clips the lasing output power; and (ii) the excellent stability and uniformity of the Opto-VLSI 
processor in steering and selecting wavebands over the whole C-band. 
Figure 5(b) shows the measured laser outputs when fine wavelength tuning was performed 
by shifting the center of the phase hologram by a single pixel across the active window of 
the Opto-VLSI processor. The wavelength tuning step was around 0.05 nm. This 
corresponds to the mapping of 30 nm bandwidth of ASE spectrum of the EDFA across the 
512 pixels (each of 15 µm size). Note that the tuning resolution can be made smaller by using 
an Opto-VLSI processor with a smaller pixel size. Note that the shoulders on both sides of 
the laser spectrum may be due to self-phase modulation or other nonlinear phenomena 
arising from a high-level of the output power. 
 

(a) (b)
 

Fig. 5. Measured output intensities of the Opto-VLSI-based fiber laser，(a) Coarse 
wavelength tuning over C-band, and (b) fine wavelength tuning. 

The measured crosstalk between Port A to Port B, defined as the ratio of the unselected ASE 
signal to the power of the waveband selected by the Opto-VLSI processor, was less than -55 
dB. This crosstalk level, which contributes to the background level of the laser output and 
SMSR, can further be reduced by (i) increasing the spacing between Port A and Port B, (ii) 
improving the imaging quality of the lens, (iii) increasing the collimated beam diameter, and 
(iv) reducing the pixel size of the Opto-VLSI processor. The laser exhibited very stable 
operation at room temperature when it was turned on for different periods of time ranging 
from a few hours to a few days. 
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6. Multiple wavelength tunable fiber lasers 

Beside its flexible single-wavelength tunable capability, Opto-VLSI processor is also able to 
offer super multi-wavelength tunability. Furthermore, this tuning mechanism provides two 
advanced features which cannot be provided by other tuning mechanisms, namely, (i) any 
of the lasing wavelengths can be tuned simultaneously and independently; (ii) any 
wavelength channel can be switched on/off without affecting the other wavelength 
channels, adding an important new function to the current tunable multiwavelength fiber 
lasers. These novel functions are very attractive for many applications such as optical 
telecommunications, optical characterization and testing, photonic RF signal processing. 
The structure for the Opto-VLSI-based tunable multiwavelength fiber ring laser is the same as 
the one shown in Fig. 3, with the only difference that an SOA is inserted into the laser cavity to 
construct a hybrid gain medium which provides stable multiwavelength lasing. By driving the 
Opto-VLSI processor with an appropriate steering phase hologram, multiple wavebands from 
the ASE spectra can be steered and coupled into Port 2 of the fiber collimator array, and the 
others are dropped out with dramatic attenuation. The selected wavebands that are coupled 
into Port 2 are amplified by the EDFA and SOA, thus forming an optical loop for 
multiwavelength laser generation. In this way, the fiber laser can be tuned by simply 
uploading appropriate steering phase holograms that drive the various pixels of the Opto-
VLSI processor. The Opto-VLSI-based tunable multiwavelength fiber laser shown in Fig. 3 is 
able to tune multiple lasers simultaneously and independently. This architecture offers 
excellent non-inertial tuning flexibility because any waveband within the ASE spectra from the 
gain media can independently be selected using computer generated holograms.  
The principle of the Opto-VLSI-based tunable multiwavelength fiber laser is demonstrated 
by the experimental setup illustrated in Fig. 3. An EDFA and an SOA, both operating within 
the wavelength region of C-band, were driven with currents of 400 mA and 300 mA, 
respectively. A Labview software was specially developed to generate the optimized digital 
holograms that steer the desired wavebands and couple into Port 2.  
Note that the output port was chosen to be immediately after the EDFA, because the 
homogeneous line broadening of the EDFA results in low background noise when multiple 
lasing wavelengths are synthesized. A tunable 5-wavelength fiber laser was generated by 
applying an optimized phase hologram to steer 5 associated wavebands and couple into the 
fiber ring. Three experimental scenarios were carried out to prove the tunability of the 
proposed structure, including tuning with equal wavelength spacing, tuning with arbitrary 
wavelength spacing, and switching on/off wavelength channels.  
Figure 6 shows the results of the first scenario, where the Opto-VLSI processor was 
reconfigured to tune the multiwavelength laser with equal wavelength spacing. A 5-
wavelength laser with equal wavelength spacing of 1.14 nm were firstly synthesized using a 
phase hologram optimized in such a way that the pixel blocks associated with the 5 
wavelength channels are uploaded with steering blazed gratings that appropriately steer 
and couple these channels back into the fiber ring while the other wavelength channels are 
not steered, thus experiencing dramatic coupling losses. The wavelength spacing of the 5-
wavelength laser was tuned from 1.14 nm to 1.68 nm, then 2.22 nm by reconfiguring the 
phase hologram. The output power for each laser channel was around +6 dBm and the 
SMSR was better than 30 dB. The laser linewidth was about 0.4 nm, and the power 
uniformity was less than 0.8 dB. This small measured power uniformity is attributed to the 
fact that the intensity of each wavelength channel in the cavity can be arbitrarily controlled 

www.intechopen.com



 Advances in Optical Amplifiers 

 

314 

by adjusting the steering efficiency of the various pixel blocks associated to the lasing 
channels. In addition, the relatively high laser output power was because of the low 
insertion loss experienced by each wavelength channel. 
The measured minimum wavelength spacing of the multiwavelength laser was around 0.4 
nm, which is determined by the pixel size of the Opto-VLSI processor, the focal length of the 
lens, and the dispersion capability of the grating plate. In the experiments, the 30 nm ASE 
spectrum was mapped across the 512-pixel surface of the Opto-VLSI processor (each of 15 
um size), thus each pixel was occupied by about 0.05 nm of the tuning range, and 8x512-
pixel pixel blocks were used to steer the individual wavelength channels, resulting in 0.4 nm 
channel linewidth (and hence minimum channel spacing), and 0.05 nm tuning resolution for 
each wavelength channel corresponding to one pixel shift. Note that the wavelength spacing 
and the tuning resolution can be made smaller by using an Opto-VLSI processor with a 
smaller pixel size and a larger active window.   

(a)

(b)

(c)

 

Fig. 6. Tuning with equal wavelength spacing for the Opto-VLSI-based tunable 
multiwavelength fiber laser. 
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The second scenario demonstrated that the wavelength spacing of the multiwavelength 

laser can arbitrary be tuned, as shown in Fig. 7. Starting from the 1.14nm spaced wavelength 

channels shown in Fig. 6(a), the adjacent wavelength spacings were changed to [1.14 nm, 

1.14nm, 1.68 nm, 1.68 nm] as shown in Fig. 7(a). This was accomplished by shifting the 

steering phase holograms associated to the fourth and fifth wavelength channels by 10 

pixels. Similarly, the adjacent wavelength spacing was tuned to [1.14 nm, 1.68nm, 1.68 nm, 

1.68 nm] and [1.68 nm, 1.68nm, 1.68 nm, 2.22 nm] as shown in Figs. 7(b) and (c), 

respectively. Note that when the wavelength spacing of the multiwavelength laser was 

varied, a negligible change in the output levels for each wavelength and the output power 

uniformity was observed. However, the other laser characteristics such as output SMSR, 

laser linewidth, tuning step, did not change. 
 
 

(a)

(b)

(c)

 
 

Fig. 7. Tuning with arbitrary wavelength spacing for the Opto-VLSI-based tunable 
multiwavelength fiber laser. 
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(a)

(b)

(c)

 

Fig. 8. Switching on/off any wavelength channels. 

In the third scenario, we demonstrated that each wavelength channel can independently be 

switched on/off. Starting from the multiwavelength laser output shown in Fig. 7(c), and by 

removing the steering phase hologram associated to the second wavelength channel, the 

latter was switched off and dropped out from the fiber ring while the other channels were 

kept intact, as shown in Fig. 8(a). Similarly, the third and the fourth wavelength channels 

were dropped, as illustrated in Figs. 8(b) and (c), by reconfiguring the phase hologram 

uploaded onto the Opto-VLSI processor. During the switching experiments, the 

multiwavelength laser characteristics such as the output power level, the power uniformity, 

laser linewidth, and SMSR were not affected.     

The above three scenarios demonstrate the capability of the multiwavelength laser to 

generate arbitrary wavelength channels via software, leading to significant improvement in 

flexibility and reconfigurability compared to previously reported tunable multiwavelength 

laser demonstrators.  
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Each wavelength channel exhibited very stable operation at room temperature whenever it 

was turned on for different periods of time ranging from a few hours to a few days. The 

measured maximum output power fluctuation was less than 0.5 dB for a period of 2-hour 

observation. 

7. Multi-port tunable fiber lasers 

In addition to its excellent tunability for both single-wavelength and multi-wavelength 

lasing, the Opto-VLSI based approach provides a special capability of integrating many 

tunable single/multi-wavelength fiber lasers into a same tuning system, making it very 

competitive for commercialization.  
 

 

Fig. 9. The proposed multi-port tunable fiber laser structure. 

The proposed Opto-VLSI-based multi-port tunable fiber ring laser structure is shown in Fig. 
9. It consists of N tunable fiber lasers simultaneously driven by a single Opto-VLSI 
processor. Each tunable fiber laser employs an optical amplifier, an optical coupler, a 
polarization controller, a circulator, and one port from a collimator array, as described in 
Fig. 9. All the broadband ASE signals are directed to the corresponding collimator ports, via 
their corresponding circulators. A lens (Lens 1) is used between the collimator array and a 
diffraction grating plate to focus the collimated ASE beams onto a small spot onto the 
grating plate. The latter demultiplexes all the collimated ASE signals into wavebands (of 
different center wavelengths) along different directions. Another lens (Lens 2), located in the 
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middle position between the grating plate and the Opto-VLSI processor, is used to collimate 
the dispersed optical beams in two dimensions and map them onto the surface of a 2-D 
Opto-VLSI processor, which is partitioned into N rectangular pixel blocks. Each pixel block 
is assigned to a tunable laser and used to efficiently couple back any part of the ASE 
spectrum illuminating this pixel block along the incident path into the corresponding 
collimator port. The selected waveband coupled back into the fiber collimator port is then 
routed back to the gain medium via the corresponding circulator, thus an optical loop is 
formed for the single-mode laser generation. Therefore, by uploading the appropriate phase 
holograms (or blazed grating) that drive all the pixel blocks of the Opto-VLSI processor, N 
different wavelengths can independently be selected for lasing within the different fiber 
loops, thus realizing a multiport tunable fiber laser source that can simultaneously generate 
arbitrary wavelengths at its ports. Note that the N tunable fiber lasers can independent and 
simultaneously offer lasing in sing wavelength, multi wavelength, or hybrid.  
To proof the principle of the proposed Opto-VLSI-based tunable fiber laser, an Opto-VLSI-
based 3-wavelength tunable fiber laser was demonstrated using the experimental setup 
shown in Fig. 9. Each tunable fiber laser channel consists of an EDFA that operates in the C-
band, a 1×2 optical coupler with 5/95 power splitting ratio, and a fiber collimator array. A 
256-phase-level two-dimensional Opto-VLSI processor having 512×512 pixels with 15 µm 
pixel size was used to independently and simultaneously select any part of the gain 
spectrum from each EDFA into the corresponding fiber ring. Two identical lenses of focal 
length 10 cm were placed at 10 cm from both sides of the grating plate. An optical spectrum 
analyzer with 0.01 nm resolution was used to monitor the 5% output port of each optical 
coupler which serves as the output port for each tunable laser channel. The 95% port of each 
ASE signal was directed to a PC and collimated at about 0.5 mm diameter. A blazed grating, 
having 1200 lines/mm and a blazed angle of 70º at 1530 nm, was used to demultiplex the 
three EDFA gain spectra, which were mapped onto the active window of the Opto-VLSI 
processor by Lens 2. A Labview software was especially developed to generate the 
optimized digital holograms that steer the desired waveband and couple back into the 
corresponding collimator for subsequent recirculation in the fiber loop.  
The active window of the Opto-VLSI processor was divided into three pixel blocks 
corresponding to the positions of the three demultiplexed ASE signals, each pixel block 
dedicated for tuning the wavelength of a fiber laser. Optimized digital phase holograms were 
applied to the three pixel blocks, so that desired wavebands from the ASE spectra illuminating 
the Opto-VLSI processor could be selected and coupled back into their fiber rings, leading to 
simultaneous lasing at specific wavelengths. By changing the position of the phase hologram 
of each pixel block, the lasing wavelength for each fiber laser could be dynamically and 
independently tuned. The measured total cavity loss for each channel was around 12 dB, 
which mainly includes (i) the coupling loss of the associated collimator; (ii) the blazed grating 
loss; and (iii) the diffraction loss and insertion loss of the Opto-VLSI processor. Note that the 
total cavity loss influences both the laser output power and the tuning range, as well as the 
pump current thresholds needed for lasing (60mA in the experiments).  
Figure 10 demonstrates the coarse tuning capability of the 3-wavelength Opto-VLSI fiber 
laser operating over C-band. The measured output laser spectrum for each channel is shown 
for different optimized phase holograms uploaded onto the Opto-VLSI processor. All the 
channels could independently and simultaneously be tuned over the whole C-band. Port 1 
and Port 2 have an output power level of about 9 dBm with an optical side-mode-
suppression-ratio of more than 35 dB. Port 3 has 2 dB less output power because the EDFA’s 
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Port 1

Port 2

Port 3

 

Fig. 10. Measured responses of the Opto-VLSI-based 3-wavelength fiber laser for coarse 
tuning operation over C-band. These three channels can independently and simultaneously 
be tuned over the whole C-band. 

gain for this channel was intentionally dropped to demonstrate the ability to change the 
output power level via changing the pump current. The laser output power for each channel 
has a uniformity of about 0.5 dB over the whole tuning range. Each laser channel exhibited 
the same performance as described before when only one fiber laser is constructed based on 
the Opto-VLSI processor.  
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The maximum output power for the multi-wavelength tunable fiber laser is about 9 dBm. 

This value is mainly dependent on the gain of the EDFA associated to that channel. Note 

that the thickness of the liquid crystal layer of the Opto-VLSI processor is very small (several 

microns), leading to spatial phase-modulation with negligible power loss. For high laser 

output power levels, the nonlinearity of the LC material could induce unequal phase shifts 

to the individual pixels of the steering phase hologram, leading to higher coupling loss, 

which reduces the output laser power. However, properly designed liquid-crystal mixtures 

can handle optical intensities as high as 700 W/cm2 with negligible nonlinear effects, 

making the maximum laser output power mainly dependent on the maximum output 

optical power of the gain medium. 

  

Port 1

Port 2

Port 3

 

Fig. 11. Fine tuning operation for each channel of the Opto-VLSI-based 3-wavelength 
tunable fiber laser. The minimum tuning step was 0.05 nm. 
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The measured laser outputs for fine wavelength tuning operation of the three channels are 
shown in Fig. 11. By shifting the center of each phase hologram by a single pixel across the 
active window of the Opto-VLSI processor, the wavelength was tuned by a step of around 
0.05 nm for all the three channels. This corresponds to the mapping of 30 nm ASE spectrum 
of the EDFA of each channel across the 512 pixels (each of 15 µm size). Similarly, the 
shoulders on both sides of the laser spectrum of each tunable laser channel are due to self-
phase modulation or other nonlinear phenomena arising from a high level of the output 
power, as also shown in Fig. 11(b). 
When the output power of each fiber laser is varied via the control of the current driving the 
pump laser of the EDFA, the other laser characteristics such as output SMSR, laser 
linewidth, output power uniformity, tuning step, and tuning range were not changed. The 
pump-independent laser linewidth observation might be due to the limited resolution (0.01 
nm) of the OSA we used in the experiments. 
Since the Opto-VLSI processor has a broad spectral bandwidth, the multi-port tunable laser 
structure shown in Fig. 9 could in principle operate over the O-, S-, C- and/or L- bands. 
Note also that the Opto-VLSI processor used in the experiment was able to achieve 
wavelength tuning for up to 8 ports independently and simultaneously. This is because each 
pixel block was about 0.8 mm wide and the active window of the Opto-VLSI active window 
was 7.6 mm × 7.6 mm.  

8. Conclusion 

In this chapter, the tuning mechanisms and gain mechanisms for single-wavelength, multi-
wavelength tunable fiber lasers have been reviewed. Then the use of optical amplifiers and 
Opto-VLSI technology to realize a tunable single/multiple wavelength fiber laser and multi-
port tunable fiber lasers, has been discussed. The ability of the Opto-VLSI processor to select 
any part of the gain spectrum from optical amplifiers into desired fiber rings has been 
demonstrated, leading to many tunable single/multiple wavelength fiber laser sources. We 
have also experimentally demonstrated the proof-of-principle of tunable fiber lasers capable 
of generating single and/or multiple wavelengths laser sources with laser linewidth as 
narrow as 0.05 nm, optical side-mode-suppression-ratio (SMSR) of about 35 dB, as well as 
outstanding tunability. The demonstrated tunable fiber lasers have excellent stability at 
room temperature and output power uniformity less than 0.5 dB over the whole C-band. In 
addition, this tunable fiber laser structure could potentially operate over the O-, S-, C- 
and/or L- bands. 
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