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Abstract A simple, stable, compact, and cost-effective dual-output port widely tun-
able SOA-based fiber compound-ring laser structure is demonstrated. Such a unique
nested ring cavity enables the splitting of optical power into various branches where
amplification and wavelength selection for each branch are achieved utilizing low-
power SOAs and a tunable filter, respectively. Furthermore, splicing Sagnac Loop
Mirrors at each end of the bidirectional fiber compound-ring cavity not only allows
them to serve as variable reflectors but also enables them to channel the optical
energy back to the same port thus omitting the need for high optical power com-
biners. Further discussed is how the said bidirectional fiber compound-ring laser
structure can be extended to achieve a high-power fiber laser source by exclusively
using low power optical components such as N x N couplers and (N > 1) number of
SOAs. More than 98% coherent beam combining efficiency of two parallel nested
fiber ring resonators is achieved over the C-band tuning range of 30 nm. Optical
signal-to-noise ratio (OSNR) of +45 dB, and optical power fluctuation of less than
40.02 dB are measured over 3 h at room temperature.
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10.1 Introduction

Extensive research has been conducted on single-mode fiber resonators of different
architectures: linear [1], Fox-Smith [2], ring [3-6], and compound fiber ring [7—10]
cavities. Such architectures have been established for designing and building various
types of fiber laser sources with single-longitudinal mode operation for both low and
high optical power applications, such as optical communication systems, scientific,
medical, material processing and military purposes [11] thus underscoring the great
interest in output optical power adjustability, scalability and wavelength tunability.

Wavelength selection in a fiber laser is typically achieved with different types of
fiber-based optical filters. Most research works have achieved wavelength selection in
a linear cavity erbium doped fiber (EDF) lasers using Fabry-Perot (FP) filters as well
as Fiber Bragg Grating (FBG) based-optical filters. In addition, single longitudinal
mode operation has been attained by the saturable absorption of un-pumped EDF
with narrow band FBG [1]. Other architectures, such as the optical-fiber analog of
Fox-Smith resonators utilize directional-coupling technologies and optical fibers to
couple multiple cavities together to form compounded optical resonators resulting
in several periods at the output with various modes of intensity. The highlight of
this configuration is that such linked resonators can be designed to allow or suppress
spectral modes, which is paramount for laser line narrowing, filtering, and spectral
analysis [2].

Furthermore, equivalent phase shift (EPS) FBG filters have been used in fiber ring
lasers in order to achieve ultra-narrow single transmission band selection. Typically,
sampled fiber gratings (SFBGs) exhibit multiple reflection peaks when periodically
changing the refractive index modulation. As previous works have demonstrated,
EPS can be introduced into SFBGs by manipulating a single period out of the mul-
tiple sampling periods. This phenomenon is exploited to create an ultra-narrow sin-
gle transmission band FBG filter alongside with semiconductor optical amplifiers
(SOAs) as gain media (as opposed to EDFs, which suffer from wavelengths’ com-
petition and homogenous line broadening) [5]. EPS FBGs have been successfully
used in several fiber-optic systems, such as distributed feedback lasers [12], optical
CDMA coding [13], and single longitudinal mode fiber ring lasers [14].

Further works have improved on the ring structured EDF lasers using FBG, FP
etalons and Sagnac loops to select longitudinal modes more efficiently. Single fre-
quency and narrow line-width EDF ring lasers have been illustrated utilizing laser
diodes as pumps and EDFs as gain media where fiber Faraday Rotator are intro-
duced into the system to eliminate spatial hole burning effect [6], which can also be
eliminated by the use of SOAs, for instance, in a bidirectional fiber compound-ring
resonator herein discussed.

It is usually desirable to adjust and control output power of fiber lasers. Typically,
complex and expensive in-line variable optical attenuators (VOA) with adjustable
insertion losses are used to control the output optical power level of laser sources.
Mechanical, micro-electromechanical [15-17], acousto-optic [18], electro-wetting
[19], optical fiber tapers [20], and hybrid microstructure fiber-based techniques [21]
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are widely used to adjust the insertion losses of the in-line fiber-based VOA. However,
all-fiber based low power variable reflectors or mirrors such as SLM can also be
used to adjust the optical power from both low and high-power fiber laser sources.
All-single-mode fiber-based SLMs have been widely utilized in highly sensitive
temperature [22], strain [23], pressure [24] sensors and wavelength optical switches
[25]. Moreover, the SLMs with adjustable reflectivity have been used to form FP
linear resonators [26—29] where the output optical power is dependent on the SLMs’
reflectivity [30, 31]. In this work, two SLMs were utilized to regulate the optical
power delivered from the two output ports of the proposed fiber compound-ring laser.
Furthermore, two inexpensive low power SOAs were placed in two parallel nested
ring cavities to demonstrate the possibility of achieving a highly power scalable,
adjustable and switchable fiber laser structure based on multiple nested compound-
ring cavities formed by N x N fiber couplers with two SLM-output couplers.

Various approaches have been employed to scale up optical power of laser sources
where beam combining has shown to be a promising alternative technique of achiev-
ing high power by scaling up multiple combined laser elements. Several works have
demonstrated the coupling of several anti-reflection (AR) coated laser diodes (LDs)
into external cavities for operation as coherent ensembles. Placing spatial filters at the
cavities’ Fourier planes to serve as coherence feedback for each of the individual laser
diode beams results in narrow linewidth single mode output. Contemporary research
works have investigated high quality active and passive phase locking of multiple
LDs using master oscillator power amplifier (MOPA) designs and optical coupling in
external resonators, respectively, specifically Talbot cavities, which force collective
coupled mode oscillation. The combined output power is naturally limited by the
number of phase-locked LDs and their individual power. Consequently, high power
laser sources with high beam quality have been demonstrated by using complex
coherent and spectral beam combining techniques in external cavities [32-39]. Pre-
vious works using coherent combination techniques have illustrated the combination
of several MOPAs fiber laser systems and use of single polarization low-nonlinear
photonic crystal fibers to achieve relatively high combining efficiencies of up to
95% without beam quality degradation. Such works have paved the way for future
works improving on brightness enhancements and increased power scalability. For
instance, the use of external output coupling mirrors for coherent beam combining
has been used to achieve nearly diffraction limited beam operation with significant
improvement in brightness.

In addition, incoherent beam combining method [40, 41] has been used to scale up
the optical power by combining individual laser elements as well. Promising results
were delivered through spectral beam combination techniques by a three-channel 1-
pm fiber laser with a combining efficiency of 93%. Such a system, possessing power
amplifier fiber channels with a narrowband, polarized, near diffraction limited output
tunable over nearly the entire 1 um Yb** gain bandwidth, served to further heighten
the prospects of increased combined beam quality, power scalability, and average
power. Even improved results were obtained when four narrow linewidth Yb** doped
photonic crystal fiber amplifier chains, each being of a different wavelength were
combined by a polarization independent reflective diffraction grating. Michelson and
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Mach-Zehnder resonators were used mostly in coherent beam combining to achieve
high combining efficiency and nearly diffraction-limited beam quality [41-44]. More
significantly, ring resonators have demonstrated high reliability, efficiency and sta-
bility [45] for passive coherent beam combining methods. However, achieving high
power laser sources with high combining efficiency through the above approaches is
not plausible without incorporating sophisticated high-power external optical compo-
nents such as micro-lenses, isolators, circulators, photonic crystal fibers and MOPAs.
As such, they do not serve in the interest of simplicity and cost-effectiveness. Further-
more, rare-earth, ytterbium doped fiber amplifiers (YDFAs) [45] and erbium doped
fiber amplifiers (EDFAs) [46] that are usually used as gain media for beam com-
bining to achieve high power laser systems with different types of cavity structures
require external laser pumps rendering them bulky and quite inefficient. However,
using nested compound-ring cavities to equally split circulating beams into N-number
of low power beams for amplification by N-number of low power SOAs, one can
achieve a highly efficient and high-power laser system that eliminates extra pump
lasers, MOPAs, and other expensive external high power optical components.

SOAs [47], stimulated Raman scattering (SRS) amplifiers [48, 49] and stimulated
Brillouin scattering (SBS) amplifiers [50, 51] have also been used as gain media
in different fiber laser systems. Of all the mentioned amplifiers, SOAs stand out
the most because they are more compact, light, cost effective, efficient, available
for different operational regions from a wide range of wavelength spectrum, and
can be incorporated into other indium phosphide (InP) based optical components.
Extensive theoretical studies and analyses of SOA-based optical systems have shown
that they can be used for a wide range of systems, such as, compact SOA-based laser
rangefinder [52], optical pulse delay discriminator [53, 54], optical and logic gate [55]
for high-speed optical communications by exploiting four-wave mixing [56, 57] and
photonic integrated circuits (PIC), which provides functions for information signals
imposed on optical wavelengths [58]. It must be noted that utilizing SOAs in the
bidirectional fiber ring resonator structure as proposed herein eliminates the need for
extra optical components such as optical isolators and circulators; thus, facilitating
integration with other optical components for compact fiber laser systems. SOAs
have also been used along with EDFAs to suppress optical power fluctuation in
pulsed light wave frequency sweepers where the suppression of power fluctuation is
attributed to the gain saturation and fast response of SOAs [59, 60].

In this work, a novel technique is proposed and validated for coherent beam
combining method based on the passive phase-locking mechanism [61-63] of two
C-band low power SOA-based all-single-mode fiber compound-ring resonators at
3 dB fiber couplers connecting two parallel merged ring cavities. Unlike in previous
work [64], the non-adjustable multimode fiber output coupler formed by a high power
and expensive power combiner with a multimode output fiber (i.e., low brightness)
has been replaced by two low power SLMs to create a dual-output port all-single-
mode fiber laser structure with switchable and adjustable output power. Additionally,
single-mode performance is sustained to improve the brightness at the proposed fiber
compound-ring laser output port. The output power of the proposed configuration
was almost twice as large as the output power obtained from a single SOA-based fiber
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ring or FP linear resonator [29]. More than 98% beam combining efficiency of two
parallel nested fiber ring resonators is demonstrated over the C-band tuning range of
30 nm. Optical signal-to-noise ratio (OSNR) +45 dB, and optical power fluctuation
of less than £0.02 dB are measured over three hours at room temperature.

The main characteristics of the proposed fiber compound-ring laser, power tun-
ability, and switchable output port can find applications in long-distance remote
sensing [65]. Moreover, its wide range wavelength tunability can benefit various
applications in fiber sensors [66—70], wavelength division multiplexer (WDM) opti-
cal communications [71], and biomedical imaging systems [72] working in the third
near infrared biological window [73].

Lastly, a method to realize a highly power-scalable fiber compound-ring laser sys-
tem via low power and low-cost optical components, such as tunable filters, couplers,
and low power SOAs is discussed.

10.2 Experimental Setup

Figure 10.1 illustrates the experimental setup of the C-band SOA-based tunable fiber
laser with two nested ring cavities (i.e., compound-ring resonator) and two broadband
SLMs that can serve as either dual-output ports or a single output port depending on
the reflectivity of each SLM. Each ring cavity is comprised of two branches: I-II and
I-11I1, for the inner and the outer ring cavity, respectively. Both ring cavities share a
common branch, I, which contains SOA; (Kamelian, OPA-20-N-C-SU), a tunable
optical filter (TF-11-11-1520/1570), and a polarization controller, PC;. Branch II
contains SOA; (Thorlabs, S1013S), and a polarization controller, PC,. Due to the
lack of availability of a third SOA, branch III only contains a polarization controller,
PC;. As Fig. 10.1 portrays, all branches are connected by two 3 dB fiber couplers, C;
and C,, which are connected to SLM; and SLM,, correspondingly. Each SLM (SLM,
and SLMy) in conjunction with a PC (PC4 and PCs, respectively) acts as a variable
reflector. By adjusting PC4 or PCs, one can manipulate the reflectivity of SLM; and
SLM,;, respectively, and switch between single and dual-output port configurations
[27, 28]. Inserting the low power tunable optical filter (TF) in the common branch, I,
allows wavelength selection and tuning between 1520 and 1570 nm. The three PCs
(PCy, PC; and PC3;) control the state of polarization of the light circulating within
the compound ring cavity.

10.3 Principal of Operation

When the pump level (i.e., bias current threshold level) of either SOA is larger than
the total losses of the fiber compound-ring cavity, amplified spontaneous emission
(ASE) emitted from the SOAs propagates in either the forward or backward direction.
For example, when a bias current, IB, of about 75 mA is injected into SOA; (branchI),
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Fig. 10.1 Experimental setup of the dual SLM SOA-based TF compound-ring laser [74]

the ASE emitted by SOA, circulates in the clockwise (CW) direction propagating
through the tunable optical filter (TF) allowing specific wavelengths to pass through
polarization controller PC1 to enter port 1 of the 3 dB fiber coupler C, splitting the
light beam equally between branches Il and I1I at ports 2 and 3, respectively. The light
beam that circulates into branch II propagates through polarization controller, PC,,
and then is amplified by SOA, when its bias current level, IB, is around 180 mA. This
amplified light beam then reaches port 2 of 3 dB fiber coupler C; where it is equally
divided between ports 1 and 4. Likewise, the light beam from branch III reaches port
3 after passing through polarization controller, PC3. A half of the light beam coupled
into port 1 of 3 dB fiber coupler C; is further amplified by SOA. In this fashion, a
round-trip is completed in the fiber compound-ring structure, which ensures lasing.
The remaining half of the light beam is coupled into output port 4 of 3 dB fiber
coupler C; and is injected into input port 4 (i.e., Ij;) of the SLM,. Polarization
controller, PCy4, controls the reflectivity of SLM; by adjusting the polarization of the
light beams propagating through SLM;,. For a single output port configuration, the
polarization controller, PC4, of SLM; is adjusted for minimum power at output port 1
(OUT1). The counter-clockwise (CCW) and CW light beams interfere destructively
and constructively at output ports 1 and 4, correspondingly of 3 dB fiber coupler, Cs,
which channels the power wholly back to the compound-ring cavity.

Because the fiber compound ring resonator lacks any optical isolators within its
branches, the two CCW-propagating light beams circulate in the nested ring cavities
as shown in Fig. 10.1. The CCW beam from SOA, reaches port 1 of 3 dB coupler
C, and splits into two equivalent light beams (i.e., 50%), which are transmitted into
both ports 2 and 3. The light beam that travels into branch II is amplified by SOA;,
and passes through polarization controller PC, before it reaches port 2 of the 3 dB
fiber coupler C,. Similarly, the light beam that propagates through branch III passes
through polarization controller PCs before it reaches port 3 of 3 dB fiber coupler C,.
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Half of the light beam at 3 dB fiber coupler C; is coupled into port 1 and propagates
back into branch I to complete one round trip, while the other half of the beam is
channeled into SLM,, which then exits at output port 1 of 3 dB fiber coupler Cy4
(OUT2). The output power can be controlled by polarization controller, PCs. An
optical spectrum analyzer (OSA), VOA and optical power meter (PM) were used to
characterize the proposed fiber compound-ring laser. Note that the path lengths of
both loops are nearly identical since all the branches have identical length and all
fiber connections are done by using FC/APC connectors.

10.4 Characterization of the Fiber Compound-Ring Lasers

10.4.1 Gain Medium

The ASEs of SOA; and SOA, were characterized by using an OSA where both
SOAs were set at the same bias current (Ig) of 200 mA. The ASE of both SOA;
(green solid line) and SOA; (blue broken line) are shown in Fig. 10.2. Despite both
SOAs being biased identically at 200 mA, they exhibited different ASE spectra. The
ASE data in Fig. 10.3 indicates that SOA| has higher gain than SOA,; for the same
bias current level suggesting that dissimilar bias current levels are required to obtain
the same output power when the SOAs are individually used in the proposed fiber
compound-ring resonator.

10.4.2 Lasing Threshold Level

To determine the lasing threshold levels of the fiber compound-ring laser, the TF
was set to 1550 nm and each SOA was placed individually in the proposed fiber

Fig. 10.2 ASE spectra of 0
SOA| (green solid line) and
SOA; (blue broken line) of
the fiber compound-ring
laser with both SOAs set at
bias current Ig of 200 mA
[74]
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Fig. 10.3 Illustrates the output spectra of the fiber laser threshold for each individual SOA gain
medium. a Shows the lasing threshold of SOA[; b shows the lasing threshold of SOA; gain medium

compound-ring cavity. As shown in Fig. 10.3a and b, lasing occurs when the bias
current levels of SOA| and SOA; are above the minimum threshold currents 27 mA
and 180 mA respectively.

10.4.3 Tunable Optical Filter

The insertion losses (ILs) and corresponding full-width-half maximum (FWHM)
linewidths within the entire tuning range (15201570 nm) of the tunable filter is
shown in Fig. 10.4. The insertion losses decrease as the wavelength increases. The
maximum and minimum ILs of 5.5 dB and 2.2 dB were measured at 1520 nm and
1570 nm, respectively. A similar downward trend was also observed when the FWHM
linewidths were plotted against the wavelengths, as shown in Fig. 10.4. The linewidth
varies from 0.4 to 0.32 nm at 1520 and 1570 nm, respectively.

This downward trend suggests an opposite upward trend for the output power of
the proposed fiber compound-ring laser for a constant gain setting of the SOAs. It

Fig. 10.4 Insertion losses 6 0.45
(triangles), IL (dB), and E’:—E— —B_ L 0.4
FWHM (nm) (squares) 5 1 “A =B | 0.35
spectra of the tunable optical Th g o
filter [74] 4 Sy 03 =
T 025 £
= 34 & i o
g . fo2 3
= 9 A L z 2
- 2 0.1 E
FigRL,. &
11 .
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15101520 1530 1540 1550 15601570 1580
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Table 10.1 3 dB-Bandwidth (BW) at different bias current Ig (mA) levels and 1550 nm center
wavelength with both SLMs’ reflectivity set at <0.1% [74]

SOA| Ig; (mA) |SOA; Igy (mA) | Pour; (dBm) Pouts (dBm) 3 dB-BW (nm)
75 250 3.40 3.40 0.1985

100 300 5.80 5.70 0.2075

125 350 6.73 6.75 0.2122

150 400 7.65 7.68 0.2131

175 450 8.35 8.35 0.2157

200 500 8.94 8.95 0.2182

follows that a constant output power is achievable over the entire wavelength tuning
range by adjusting the bias current (Ig) of the SOAs but at the expense of signal
broadening of the fiber laser source. The reflectivity of both SLMs was set to less
than 0.1% so that both output ports of the fiber compound-ring lasers (i.e., OUT1 and
OUT?2) have the same output power. Then, by collecting both CW and CCW light
beams through SLM; and SLM,, respectively, the 3 dB bandwidth was measured
at different bias current levels at 1550 nm wavelength by using an OSA. The 3 dB-
bandwidth increased from 0.1985 to 0.2182 nm as the bias current was increased to
the standard bias current of each of the SOAs (see Table 10.1).

10.4.4 Coherent Beam Combining Efficiency

The principle of the proposed passive coherent beam combining technique of dual
compound-ring based fiber lasers with two adjustable output couplers (i.e., SLMs)
is based on the passive phase-locking mechanism caused by spontaneous self-
organization operation [58, 60]. The wide bandwidth of the SOAs facilitates the
passive phase-locking mechanism, thus allowing the fields’ self-adjustment to select
common oscillating modes or resonant frequencies of the counter-propagating (i.e.,
clockwise and counter-clockwise) light beams in the two merged ring cavities and
optimize their in-phase locking state conditions without any active phase-locking
systems.

To assess the beam combining efficiency of the proposed fiber laser structure,
utilized each individual SOA was utilized as a gain medium in the common branch,
I, of the compound-ring cavity and measured the output power at both its output
couplers: OUT1 and OUT2. Following that, both SOAs were placed simultaneously
within the compound-ring cavities (branches I and II, respectively) and measured the
output power at both output couplers. Note that the SLMs’ reflectivity was adjusted
to the maximum (i.e. >99.9%) and minimum (i.e., <0.1%), respectively. The tunable
filter was manually adjusted from 1535 to 1565 nm and each SOA was driven and
kept constant at its standard bias current, 200 and 500 mA, respectively. Figure 10.5
illustrates the passive coherent beam combining efficiency spectrum (right vertical
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Fig. 10.5 Output power and combining efficiency spectra of the proposed dual-SLM SOA-based
tunable fiber compound-ring laser system using two SOAs as gain media. Individual SOA output
power spectrum: SOA (filled squares), SOA; (unfilled circles), output power summation spectrum
of both SOASs (unfilled triangles), and actual measured output power (crosses) at the output port,
OUT?2 with SOA; and SOA; driven at 200 mA and 500 mA constant bias current. The PC; and
PC, were maximized for each wavelength [71]

axis) and the output power spectrum (left vertical axis) from the proposed fiber
compound-ring laser operating with the individual SOAs as well as both SOAs over
the C-band tuning range of 30 nm.

The beam combining efficiency (filled circles) was obtained by dividing the optical
power measured at the output port (OUT2) under dual SOA fiber laser operation by
the power summation (unfilled triangles) of the same port under individual SOA oper-
ation: SOA; (filled squares) and SOA; (unfilled circles) (i.e., N = [Pmeasured/(Psoa1
+ Psoa2)]. The leakage optical power spectrum (unfilled squares) at the other output
port (OUT)) re-mained below —28.5 dBm. The maximum output power delivered
with SOA;| (Kamelian model) and SOA; (Thorlabs model) separately was +8.91
and +8.90 dBm at 1565 nm. On the other hand, when both SOAs were placed in the
compound-ring cavities, the maximum measured output power obtained at the output
port, OUT2, was +11.9 dBm at 1565 nm, which was double of that obtained with
just either SOA. The maximum output power obtained by adding the optical power
from a single SOA versus dual SOA fiber laser operation at the output port, OUT2,
both at 1565 nm, was +11.91 dBm and +11.9 dBm, respectively. This is where the
insertion losses of the tunable filter were the lowest.

The maximum and minimum obtained combining efficiencies (filled circles) were
99.76% and 98.06% at 1565 nm and 1555 nm, respectively, as shown in Fig. 10.5
(right vertical axis).
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10.4.5 Fiber Laser Power Tunability and Its Switchable
Dual-Output Port Operation

The proposed fiber compound-ring laser can operate with two adjustable and switch-
able output ports (i.e., OUT1 and OUT?2). The output power from either output port
can be tuned by simply controlling the bias current levels and thus gain levels of the
SOAs or by adjusting the reflectivity of the SLMs while keeping the former constant.

The SOA gain was adjusted by setting the tunable filter at 1550 nm wavelength
and adjusting the bias current levels of the SOAs. Table 10.2 shows the output power
evolution at both output ports, OUT1 and OUT?2 as a function of the bias current lev-
els, Ig; and Ig;. The reflectivity of SLM; and SLM, was set to >99.9% and <0.1%,
respectively. The achieved maximum dynamic range was 40.75 dB at 1550 nm wave-
length and standard bias current levels of 200 and 500 mA for SOA;| and SOA,,
respectively.

The second approach involves adjusting the reflectivity of both SLM; and SLM,
while keeping the gain of the SOAs constant (i.e., Ig; and Ip; is fixed at 200 and
500 mA, respectively). Depending on the reflectivity of SLM1 and SLM,_ the pro-
posed fiber compound-ring laser can be operated as either a single or a dual-output
configuration.

In a single output configuration, one of the SLMs, either SLM; or SLM,, should
be kept at the highest reflectivity (i.e., >99.9%) while the other should be set to
its lowest reflectivity of (i.e., >0. 1%). For us to characterize the power tunability
performance of both output ports of the fiber laser, the tunable filter was to 1550 nm,
and initialized the reflectivity settings of SLM; and SLM, to <0.1% and >99.9%,
respectively as explained earlier. The initial measured output power from both output
ports, OUT1 and OUT2 was +11.85 dBm and —28.9 dBm, respectively. The reflec-
tivity of SLM; was gradually changed by slowly adjusting polarization controller
PC,, while recording the power meter readings and the output signal spectrum at
both output ports, OUT1 and OUT2, and the FWHM at output port, OUT1. The
output power from output port OUT1, was thus changed from +11.85 to —28.5 dBm
while maintaining the output power at output port OUT2 at —28.9 dBm by adjust-
ing polarization controller PCs for SLM,. The above process was then reversed by

Table 10.2 Optical power from the fiber laser output-port, OUT1 AND OUT2, at different bias
current Ig (mA) levels and 1550 nm center wavelength

SOA| Ig; (mA) SOA; I, (mA) Poyri (dBm) Poyr2 (dBm)
26 180 —36 -15
50 200 —-32 5
75 250 —29.5 7.8

100 300 —28.9 9.3

150 400 —28.6 11.1

200 500 —28.9 11.85
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switching the reflectivity of SLM; and SLM; to >99.9% and <0.1%, respectively
and examining the ports’ performances as done above. In this case, the measured
output power from output port, OUT2 was adjusted from +11.87 to —28.9 dBm while
maintaining the output port, OUT1, at —28.9 dBm. Figure 10.6 illustrates the output
power from both output ports, OUT1 (circles) and OUT2 (crosses) as a function of
the reflectivity of SLM;. Note that both output ports behave similarly and that the
3 dB-bandwidth of the light beam from OUT (triangles) increased as the reflectivity
of the SLM, increased while the output power decreased due to strong feedback (i.e.,
reflected light beam) from each of the SLMs.

In the dual-output port configuration, both output ports can be fixed and adjusted
to any output power level between +11.9 and —28.9 dBm. As portrayed in Fig. 10.7,
both output ports, OUT1 and OUT2, were set to +8.94 and +8.95 dBm, respectively
by adjusting the reflectivity of both SLM; and SLM,; to <0.1%. Then, the output
power from output port OUT1, was gradually tweaked from +8.94 to —28.9 dBm
by adjusting the reflectivity of the SLM; from 0.1% to more than 99.9% while
simultaneously optimizing the reflectivity of SLM, to keep the output power at
OUT?2 constant at +8.95 dBm. The reflectivity of SLM, was around 50% while that
of SLM; was around 99.9% for the output power at OUT?2 constant at +8.95 dBm.

10.4.6 Wavelength Tunability

The wavelength tuning width of the optical filter is 50 nm (see Fig. 10.4); its maximum
IL, 5.5 dB, occurs at 1520 nm while its minimum IL, 2.2 dB, occurs at 1570 nm. The
bias currents for SOA ;| and SOA; was set at 200 and 500 mA, respectively. Then the
reflectivity of SLM; and SLM, was adjusted and set constant at <0.1% and >99.9%,
respectively. Then by optimizing the polarization controllers, PC;, PC, and PC;3 as
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the TF was set to 1535, 1540, 1545, 1550, 1555, 1560 and 1565 nm, the output light
beam was measured as expressed in Fig. 10.8.

10.4.7 Optical Signal-to-Noise Ratio

The peak signals measured by the OSA within the wavelength spectrum in question
(see Fig. 10.8) were used to calculate the optical signal-to-noise ratio (OSNR) of
system by subtracting the peak power value at each center wavelength (i.e., 1535,
1540, 1545, 1550, 1555, 1560 and 1565 nm) from the background noise level of
each wavelength spectrum (i.e., OSNR(dB) = Pgjgna — PNoise, Where both Pg;gna
and Pnoise level are expressed in dBm), as demonstrated in Fig. 10.9. The OSNR
remained well above +39 dB over the whole wavelength tuning range in which the
maximum OSNR of +44.6 dB was found to be at 1565 nm.
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The obtained OSNR spectrum of our fiber compound ring laser is comparable to
that of those used in remote sensing [75, 76], fiber sensors that utilize wavelength-
peak measurement method [67] and optical communication systems [77].

10.4.8 Short-Term Optical Power

Lastly, using the OSA to monitor results and acquire data, the short-term optical
power stability test was conducted at room temperature with the SOAs set to their
standard bias current levels and the tunable filter fixed at 1550 nm central wavelength.
The optical stability test was carried out over a total duration of 180 min with 1
min intervals and an OSA resolution bandwidth of 0.01 nm without additional data
averaging. Figure 10.10 demonstrates that the proposed fiber compound-ring laser,
whose power fluctuations were within £0.02 dB and could have been further reduced
by proper packaging of the system, is very stable.
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10.5 (N > 1) SOAs Based Fiber Compound-Ring Laser
Structure

Thus far, the high passive coherent beam combining efficiency of two SOAs based
fiber compound-ring laser without the use of active phase modulators has been suc-
cessfully demonstrated. The proposed fiber compound-ring cavity has high prospects
to realize an efficient, stable, simple, low-cost, compact, and highly power-scalable
fiber system by passively combining [53, 54] low power (N >> 1) number of SOAs
fiber compound-ring lasers by using N x N fiber couplers with high beam combining
efficiency. Estimation studies have shown that the beam combining efficiency wors-
ens with a higher number (i.e. N > 8) [78] of individual combined Y-shaped linear
cavity based fiber lasers. Yet as demonstrated in other works [79], several individ-
ual fiber lasers have been combined in Y-shape coupled arrays with high efficient
coherent beam combining from 16 channels designed by cascading two fiber laser
arrays using EDFAs as gain media. Thus, in addition to cascading multiple arrays of
compound-ring laser cavities for the proposed (N >> 1) fiber laser compound-ring
laser, one can also utilize SOAs because of their wide bandwidths, which enable
sufficient lasing modes within the actual gain bandwidth. Yet, it is expected that the
changes in the behavior of mode competition among the oscillating modes will poten-
tially diminish the likelihood of obtaining the same spectral lasing mode [80, 81] thus
degrading the beam combining efficiency when many arrays of merged compound-
ring resonators are combined. In addition, the nonlinearities, optical damages and
nonlinear effects (SRS, SBS, and four-wave mixing in all-single-mode fiber output
couplers) that manifest in a SOA [82] at very high optical power will restrict the max-
imum amount of achievable optical power from the proposed fiber compound-ring
laser.

This work has enhanced and improved on previous works [55] by omitting the
expensive high-power combiner with a multimode fiber output port. The proposed
SOA-based fiber compound-ring laser structure is a dual-output port all-single-mode-
fiber laser structure that can be used in single or dual-output operation with adjustable
output power. Figure 10.11 illustrates the proposed fiber laser structure with NxN
fiber couplers and two SLMs, SLM; and SLM,, which form the output couplers,
OUT1 and OUT2.

10.6 Conclusion

Various work and advancements have been realized leading up to and paving the way
the for further research on SOA based-fiber laser sources, which can increasingly be
established in current optical applications due to their compact, cost effective, and
user-friendly nature as opposed to their counterparts that utilize rare-earth YDFAs,
EDFAs, SRS amplifiers, SBS amplifiers as well as free-space solid state laser sources.
Newer designs aim to eliminate the bulkiness of conventional fiber laser systems
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Fig. 10.11 (N > 1) number of SOAs based dual-output port fiber compound-ring laser structure

as discussed earlier by obsoleting optical isolators and circulators thus, paving the
avenue for the fabrication of a simple, on-chip scalable, power scalable, adjustable
and switchable laser source.

To this end, a dual-SOA based all-single-mode dual parallel nested fiber ring
resonator with two SLMs (to enable operational mode switching and output power
adjustability thus bypassing the need for VOAs) was designed, which resulted in
an impressive coherent beam combining efficiency of 98% over the C-band tuning
range of 30 nm, optical signal-to -noise ratio (OSNR) of +45 dB, and optical power
fluctuation within 0.02 dB over the course of 3 h at room temperature.

The chapter then concluded by discussing using N x N fused fiber couplers to
achieve an all-single-mode-fiber compound-ring laser structure with (N >> 1) number
of SOAs for power scaling to design a high-power laser source using low power opti-
cal components exclusively. Due to the advanced technologies of SOAs and tunable
filters covering a wide range of wavelength spectrum in different electromagnetic
spectrum bands, the proposed fiber compound-ring laser can be used to build compact
laser systems covering different optical wavelength-bands as well.
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