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Preface

Optical Amplifiers and Their Applications in Networks

Optical amplifiers are essential elements in advanced fibre-based telecommunications
networks. They provide the means to counteract the losses caused by the fibre trans-
mission medium, the components placed in the propagation path and the power divi-
sion at optical splitters. Amplifiers therefore facilitate the high global capacities, long
transmission spans and multipoint-to-multipoint connectivity required for operation
with growing data volumes. In their absence fibre networks would need many more
optical-electrical-optical (O-E-O) converters for the electronic repeating, retiming and
reshaping of attenuated and noisy bit streams. The consequences would be transmis-
sion at significantly lower data rates, requiring numerous fibres in each cable; more
node buildings, often in expensive city centre locations; larger equipment cabinets,
occupying valuable floor space; increased total power consumption, with its associated
environmental impact and, very importantly, higher operating costs to be passed on to
the customer. For these reasons optical amplifier technologies have been key enablers
en route to ubiquitous information availability.

All-optical amplification has found application in all categories of fibre network,
whether they be single modulated wavelength or multi-channel operation through the
use of wavelength division multiplexing (WDM). When incorporated in the tree topol-
ogy of a passive optical network (PON) for fibre to the home (FTTH), a single amplifier
module allows around one thousand customers to be served from one head end. Such
“long reach PONs” offer considerable cost savings.

Amplifiers in metropolitan area networks tend to be housed within node buildings
that are interconnected by WDM “self-healing” fibre rings. They enable operation with
increased inter-node spans and ensure that the channel powers are sufficient for wave-
length routeing at the nodes by optical add-drop multiplexers. Wide area terrestrial
networks, which are ring or mesh topologies, range in scope from the interlinking of a
few towns to major trans-continental trunk routes. Operation is commonly with sever-
al dozen WDM channels, each at a data rate of 10 Gbit/s or above. Wavelength routeing,
by optical cross-connects, is desirable but it is possible only if the signal powers and
optical signal-to-noise ratios are maintained at high values throughout the transmis-
sion path by re-amplification at suitable locations. Owing to the demands of electrical
power feeds, the amplifiers for terrestrial operation preferably reside in node buildings
but this is not always possible in larger networks and reliable external electrical power-
ing is required. Innovations in remote optical pumping and distributed amplification
are promising in this context.
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A specialised but important application of optical amplifiers is in “repeaterless” sub-
sea transmission for festoon, island-to-mainland and island-to-island links with spans
of up to a few hundred kilometres. Costly submerged repeaters and their associated
electrical power supplies can often be eliminated by using distributed amplification
and remote optical pumping and confining all discrete amplifiers to the terminal
buildings.

The longest span optical telecommunications networks traverse the world’s oceans.
Their amplifiers are housed within repeaters, which are normally spaced every 40-60
km over total transmission distances of up to 10 000 km. The ocean-bed is not readily
accessible and reliability is vital to minimise the number of expensive and time-con-
suming repairs. Trans-oceanic systems are often designed for twenty-five year work-
ing lives, indicating the faith that network operators now have in optical amplifier
technology.

The applications described here easily justify the substantial investment in amplifier
research and development that has taken place over the past three decades. However,
what is now particularly impressive is that it is not a complete list of uses. Other do-
mains include the incorporation of amplification in computer interconnects. These can
range from fibre-based local area networks (LANs) with star or ring topologies to serve
a building or campus to multi-branched optical back-planes within supercomput-
ers. Another growing field is in bus, ring and star based fibre networks for sensors of
many types. The know-how developed for telecommunications engineering thus has
numerous potential applications in, for example, the structural monitoring of build-
ings, bridges and dams, site perimeter security, industrial process control, pollution
detection, and human safety in the mining, aviation, nuclear power, oil extraction and
chemical processing industries.

The view presented so far is of the amplifier as a gain element, in which attenuated
input signals pass through an appropriate photonic medium to emerge with signifi-
cantly enhanced powers. However, research, especially in semiconductor media, has
concentrated on other amplifier functionalities. When one or more high intensity sig-
nals traverse a suitable semiconductor optical amplifier (SOA) they experience various
nonlinear effects. The most important are self- and cross-phase modulation, sum and
difference frequency generation, four-wave mixing and cross-gain and cross-polarisa-
tion modulation. These phenomena, often in combination with advanced waveguide-
based interferometers, provide alternative device possibilities. Examples include: (i)
wavelength converters, (ii) all-optical logic elements, (iii) photonic space switches, (iv)
optical regenerators to repeat, retime and re-shape corrupted optical bit streams, (v)
time domain demultiplexers for very high data rate signals consisting of picosecond
pulses and (vi) optical clock-recovery modules for use at the receiver to overcome high
frequency jitter.

To take one example, wavelength converters, which offer greatest potential in wide
area and metropolitan terrestrial networks, allow a channel to be transferred to an-
other carrier wavelength without O-E-O regeneration. This is a particularly desirable
functionality in high capacity networks that must be reconfigured by wavelength re-
routeing. Wavelength converters enable economies on the total number of channels
and they avoid contention, where two different data streams with the same carrier
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wavelength converge on a common switch. By performing their function in the opti-
cal domain, wavelength converting semiconductor amplifiers can thus allow a marked
reduction in the number of large racks of electronic equipment in node buildings, with
an associated saving of floor space, energy consumption and cost.

The Main Amplifier Types

A global overview of the main types of optical amplifier for telecommunications is pre-
sented in Fig. 1 and it illustrates the diversity of the subject. Many categorisations are
possible. In the one shown, the devices have two main configurations, both of which
profit from the power confinement offered by waveguiding, which is nearly always in
the fundamental mode. They are: fibre based and planar optical waveguide based. All
of the fibre amplifiers and the erbium doped planar waveguide amplifiers are optically
pumped by launching light from one or more lasers into the waveguide along with the
propagating signal(s). In contrast, semiconductor amplifiers provide the population in-
version necessary to establish gain by the direct injection of electrical current into the
active region via attached electrodes.

weak input signal amplified
output
J'I_I'LI_LI'L O optical amplifier C
(usually digital) (and noise
| superposed)
= o
optical fibre planar waveguide
l— geometry _l geometry
stimulated stimulated FWM (3 semiconductor
emission scattering — process) optical amplifier
(SOA)
¢ l Er3+ -doped ‘
Er*+ion Brillouin waar:?)slgi;li:edre wavelength tast TOM
EDFA amplifier converter as
(EDFA) P (EDWA) demux
R clock
34 aman recovery
L’r‘l‘ amplifier ! module ¥
L . . optical .
Yb3+ discrete parametric gain regenerator logic
etc. distributed  amplifier element element

Fig. 1. The main types of optical amplifiers for telecommunications, in which the func-
tions of semiconductor optical amplifiers are a sample of those available.

Fibre optical amplifiers are cylindrical dielectric waveguides with a narrow diam-
eter core of relatively high refractive index, surrounded by a lower index cladding.
Pumping is by a comparatively high power laser, normally with a shorter wavelength
than the signals. The pump light can be launched to travel in the same or the opposite
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direction to the signals. As marked in Fig. 1, there are three main groups of operating
mechanisms: (i) stimulated emission between resonant states, known as energy levels,
provided by rare earth ions in the core, (ii) non-resonant processes called stimulated
light scattering and (iii) parametric interactions between guided waves, using the o(3)
nonlinear process of four wave mixing in the fibre. An important practical difference
between them is that the amplifiers based on stimulated emission depend on the pres-
ence of a special ionic dopant in the fibre core, whereas those based on stimulated scat-
tering and parametric interactions do not.

The main type of rare earth doped fibre amplifier incorporates the trivalent erbium ion
and is therefore known as the erbium doped fibre amplifier (EDFA). It can be optimised
to provide gain in the 1530-1565 nm or 1570-1610 nm bands and it is the most widely
commercialised amplifier for telecommunications. As products, EDFAs are commonly
targeted at specific markets, such as compact line amplifiers for cost-sensitive metro-
politan networks with only a few WDM channels or power amplifiers for very high
capacity trunk systems. Other rare earth doped fibre amplifiers, such as thulium, pra-
seodymium and ytterbium, show great promise for diverse applications in other op-
erating spectra. However, they normally consist of a special glass type, such as one
of the fluorides, which imposes particular design, operation, fabrication and device
challenges.

Two scattering processes have been used for amplification in fibres: stimulated Brillouin
scattering (SBS) and stimulated Raman scattering (SRS). Brillouin amplification, which
provides gain within a very narrow frequency band by contra-directional pumping,
has found use in distributed optical sensing, signal processing for microwave photon-
ics and laboratory demonstrations with more futuristic domains, such as slow light,
in mind. Fibre Raman amplifiers have been commercialised for WDM systems, using
either existing telecommunications fibre or dispersion compensating fibre as broad-
bandwidth gain media and they are pumped at wavelengths that are available from
high power semiconductor lasers. They can provide distributed amplification, which
enables low total noise figures, or discrete amplification, where one fibre can simulta-
neously provide gain and chromatic dispersion compensation. There are many reports
of combining erbium and Raman amplifiers, especially for application in high capacity
systems.

The nonlinear optical phenomenon of four wave mixing (FWM) occurs in WDM trans-
mission in optical fibres when the propagating wavelengths are in the vicinity of the
wavelength of zero dispersion. The effect is normally to be avoided because it causes
cross-talk. However, FWM can be beneficial by providing low noise and large band-
width “parametric” amplification with high peak gains. The gain band can be designed
to coincide with any optical communications window by the provision of suitable high
power pump lasers and the selection of appropriate pump and zero dispersion wave-
lengths. The preferred gain medium is “highly nonlinear fibre”, which is dispersion
shifted and has a narrow core diameter. Fibre parametric amplifiers offer phase-sensi-
tive operation, which is advantageous as it enables optical noise figures below the 3 dB
quantum limit for rare earth, Raman, Brillouin and semiconductor amplifiers.

The smallest and potentially lowest cost category of amplifiers with the best wall plug ef-
ficiencies use semiconductor gain media. Their materials and planar waveguide format
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allow integration with other photonic components, such as switches, filters, lasers and
electro-absorption modulators, thereby enhancing their anticipated cost and size ad-
vantage over other amplifier types. The gain spectra of SOAs can exceed 100 nm and
their profiles are parabolic, which are easily spectrally flattened. Moreover, the whole
profile can be designed to exhibit a peak at any of the optical fibre transmission wave-
lengths by appropriate selection of the ratios of their constituent materials. Operation
in the 1460 — 1625 nm communications bands is achieved using group III-V InGaAsP/
InP (quaternary) systems, mainly with quantum well structures, but other materials,
particularly “dilute nitride” GaInNAs semiconductors, are also being explored.

Unfortunately, SOAs have some disadvantages when used merely as gain elements. It
is difficult to achieve low loss coupling between (rectangular cross-section and high
refractive index) semiconductor waveguides and (circular cross-section and low re-
fractive index) transmission fibres. Such loss, especially at its input interface, increases
an amplifier’s total noise figure. Moreover, feed-back by facet reflections leads to un-
wanted ripples in the gain spectrum, which must be suppressed by appropriate device
design. SOAs also tend to exhibit polarisation-dependent gain and up to 1 dB differ-
ence between the TE and TM waveguide modes is common. SOAs do not make good
power amplifiers and multi-channel WDM operation can lead to cross-talk when op-
erating at 10 Gbit/s or above because the conduction band lifetime time is comparable
to the bit period; modulation patterns from each channel are imposed on the others.
The phenomenon is cross-gain modulation (XGM). However, as explained above, XGM
(and other active phenomena in the gain media) can be turned to advantage to enable
alternative amplifier functionalities, such as photonic logic elements and wavelength
converters. Therein lies the great potential of semiconductor optical amplifiers.

Other developments have included erbium doped waveguide amplifiers. These are
glass planar optical configurations that aim to combine the useful gain bands and low
noise figure characteristics of EDFAs with the potential for device integration and small
package sizes exhibited by SOAs. To date, progress has been difficult; the peak gains
and saturation output powers are relatively low, spectral gain flattening is demanding
and operation has been confined to the 1530-1565 nm band. Nevertheless, the ability to
integrate a gain functionality with glass components, such as couplers and filters, and
the possibility of host materials that are not readily fabricated in fibre format are very
desirable.

Advances in optical amplifiers for telecommunications have taken place in parallel
with developments in laser physics, where the visible and ultra-violet spectra and fem-
to-second pulses are of great interest. It is to be hoped that these lines of investigation
will in future converge with telecommunications engineering. Technology is most ben-
eficial to mankind when its practitioners are open to radically new approaches.

Organisation of the Book

The authors with whom I have had the pleasure to collaborate have written chapters
that report recent developments in key optical amplifier technologies. They cover a
number of themes, which include the fibre based and planar waveguide based designs
described above. No book of the current length can encompass the full scope of the
subject but I am pleased at the range of topics that we have been able to include. The
context for each contribution can be understood by referring to Fig. 1.

Xl
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The chapters have been grouped according to the following themes: Semiconductor
Optical Amplifiers: General Concepts, Semiconductor Optical Amplifiers: Wavelength
Converters, Semiconductor Optical Amplifiers: Other Processing Functions, Erbium-
Doped Amplifiers and Lasers and Other Amplifier Mechanisms. This categorisation
is, of course, imperfect because some chapters are inter-disciplinary. However, not re-
siding within an easily identifiable subject boundary is a positive sign; it is one of the
indicators of scientific progress.

I am grateful to Ana Nikolic, publishing process manager at Intech, for her prompt
answers to my questions. I wish my collaborators every success in their future research
activities.

January 2011.
Paul Urquhart

Pamplona,
Spain
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Semiconductor Optical Amplifiers

M. Haridim, B.I. Lembrikov, Y. Ben-Ezra
Holon Institute of Technology (HIT),52 Golomb Str., Holon 58102
Israel

1. Introduction

The theoretical and experimental studies of semiconductor optical amplifiers (SOAs) started
immediately after the invention of semiconductor lasers as early as in 1962, but practical
applications of SOAs began in the 1980s when SOAs have emerged as an important
component in many optical fiber communication systems Agrawal (2002). The applications
of SOAs in optical communications, switching and signal processing based on their high
performance manifested in laboratory prototypes were predicted as early as 1989 Eisenstein
(1989). SOA is characterized by extremely strong non-linearity, low power, high operation
rate, and small size as compared to erbium doped fiber amplifiers (EDFAs) and Raman optical
amplifiers. The cross gain modulation (XGM), cross phase modulation (XPM), four-wave
mixing (FWM) phenomena are strongly manifested in SOA Agrawal (2002).

The two main application areas of SOA are the linear in-line amplification in gigabit passive
optical networks (GPON), and fast nonlinear all-optical signal processing Freude (2010). In
particular, SOAs are among the most promising candidates for all-optical processing devices
due to their high-speed capability, low switching energy, compactness, and optical integration
compatibility Dong (2008). Hence, besides its use as an in-line optical amplifier, SOA provides
a wide range of functional applications including wavelength conversion (WC), regeneration,
photonic switching and various all-optical signal processing components.

High-speed WC, all-optical logic operations, and signal regeneration are important operations
in all-optical signal processing where SOAs are widely used Agrawal (2002), Ramamurthy
(2001), Dong (2008), Sun (2005). WC is essential for optical wavelength division multiplexing
(WDM) network operation Ramamurthy (2001). There exist several all-optical techniques for
wavelength conversion based on SOAs using XGM and XPM effects between a pulsed signal
and a continuous wave (CW) beam at a desired wavelength of the converted signal Agrawal
(2002).

All-optical logic gates operation is based on nonlinearities of optical fibers and SOAs.
However, optical fibers suffer from disadvantages such as weak nonlinearity, long interaction
length, and/or high control energy required in order to achieve a reasonable switching
efficiency Sun (2005). SOA, on the other hand, has high nonlinearity, small dimensions, low
energy consumption, high operation speed, and can be easily integrated into photonic and
electronic systems Sun (2005), Hamié (2002), Kanellos (2007), Dong (2008).

The major challenges of improving optical transmission systems stem mainly from
signal-to-noise ratio (SNR) degradation and chromatic dispersion. For this reason, the
optical signal reamplification, reshaping, and retiming, i.e. the so-called 3R regeneration,
are necessary in order to avoid accumulation of noise, crosstalk and nonlinear distortions
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and to provide a good signal quality for transmission over any path in all-optical networks
Sartorius (2001), Zhu (2007), Leem (2006), Kanellos (2007). Optical regeneration technology
is characterized by lower power, much more compact size, and can provide transparency
in the needed region of spectrum Zhu (2007). All-optical 3R regeneration is also less
complex, provides better performance and uses fewer optoelectronic/electronic components
than electrical regeneration Leem (2006), Kanellos (2007). SOA chips and packaged SOAs are
used as tunable lasers with ultra-wide tuning range and kHz scan rate for sensing and medical
applications Spiekman (2009). The wavelength agility and low power requirements of SOA
stimulate their use in telecommunications as a range extender in Fiber to the Home networks
and in transmission system optical channels outside the EDFA band Spiekman (2009).
Tunable optical delay lines and continuously controllable phase shifters for microwave
signal processing are based on the slow and fast light propagation Duill (2009). One
of the most efficient mechanisms for the slow and fast light propagation is the coherent
population oscillations (CPO) in SOAs due to its strongly manifested XPM, XGM and FWM
Chang-Hasnain (2006), Daill (2009).

Recent advances in quantum well (QW) SOAs, quantum dash (Q-dash) SOAs and especially
quantum dot (QD) SOAs make them promising candidates for use in evolving optical fiber
communication systems since a bulk SOA performance may be substantially improved in
terms of threshold current density, saturation power, gain bandwidth, and the temperature
dependence of quantum devices Bimberg (1999), Sugawara (2004), Ustinov (2003). The
possibility of integrating into Si photonic technology makes QD SOA an especially important
candidate for integrated electronic and photonic circuits on the same silicon platform.

The chapter is constructed as follows. The operation principle and the phenomenological
theory of bulk SOA is presented in Section 2. Structure, dynamics and peculiarities of QW
and QD SOAs are discussed in Section 3. Novel applications of SOAs such as photonic pulse
generation, all-optical signal processing, all-optical logics, slow and fast light generation are
reviewed in Section 4. Conclusions are presented in Section 5.

2. Theory of bulk SOA

2.1 Structure and operation principle of bulk SOA

In this section, we consider briefly the operation principle and the structure of a bulk
SOA Eisenstein (1989), Agrawal (2002), Chang (2005). SOAs amplify incident light by the
stimulated emission process using the same mechanism as laser diodes Agrawal (2002).
In fact, SOA can be characterized as a semiconductor laser without feedback Agrawal
(2002). Optical gain can be realized when the electrically or optically pumped SOA achieves
population inversion Agrawal (2002). The optical gain depends on the incident signal
frequency w and the local beam intensity at any point inside the amplifier Agrawal (2002).
Bulk SOA consists of a laser diode with low facet reflectivities. Typically, the device contains
several layers Eisenstein (1989), Agrawal (2002). Carriers from an external bias circuit are
injected into the active region of SOA where they are confined by layers of materials with
higher energy band gap. An optical signal impinging on the active region will induce
simulated emission and will be amplified under the condition of population inversion, i.e.
when the bias current is sufficiently large Eisenstein (1989). The active region serves as the
core of a slab optical waveguide since its refractive index 7 is larger than the refractive index
of the cladding. In a semiconductor laser, the end facets are cleaved perpendicular to the
waveguide forming mirrors to provide the feedback necessary for laser oscillations. The SOA
structure is shown in Fig.1.
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Fig. 1. Structure of SOA

SOA can operate in two different regimes. In the first case called the travelling-Wave (TW)
regime, the oscillations are prevented in order to create a single pass gain , Eisenstein (1989),
Agrawal (2002). The active medium is described as a homogeneously broadened two-level
system. In such a case, the gain coefficient g (w) has the form Agrawal (2002)

80
w) =
8 (@) 14 (w—wp)* T2+ P/P;

)

where gy is the peak value of the gain, wy is the transition frequency, P is the optical power
of the amplified signal, Ps is the saturation power, and T, < 1ps is the dipole relaxation time.
Under the condition of P/Ps < 1 corresponding to the unsaturated regime, equation (1) takes
the form 2

w)y=——2% _ @

$(@) 14 (w —wp)* T2

It is seen from equations (1) and (2) that the frequency dependence of the gain is characterized
by a Lorentzian profile with the resonance frequency w. The gain bandwidth Awg defined as
the full width at half maximum (FWHM) is given by Agrawal (2002).

2

The local optical power P (z) in a gain medium can be defined as Agrawal (2002).

P(z) = P(0)exp (g2) €

where P (0) = P;, is the input optical power. We can define an amplification factor G (w) for
a SOA of length L as the ratio between the output optical power Py, = P (L) and P;,, Agrawal
(2002).

o Pout o P(L) o

The gain saturation regime is defined by the gain dependence on the optical power according
to equation (1). It can be shown that for the large-signal amplification factor the following
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relationship prevails Agrawal (2002).

(6)

G = Gpexp {—7“; ), Pout}

GPs

where Gy is the unsaturated amplification factor. The main noise in SOA is due to the
spontaneous emission. The SNR degradation is characterized by the amplifier noise figure
(NF) F,; defined by Agrawal (2002).
(SN R) in

i (SNR)out (7)
NF can reach 6 — 84B. However for optical communication applications it should be as low
as possible Agrawal (2002).
In the second regime, called Fabry-Perot (FP) SOA, a semiconductor laser biased slightly
below threshold is used as SOA in a FP cavity where the FP cavity is characterized by
multiple reflections at the facets with reflectivities R;, Agrawal (2002). The amplification
factor Gpp (w) for such a FP SOA is given by Agrawal (2002)

(1-R)(1-Ry)G
(1= GVR1Ry)® +4Gy/Ry Ry sin? 11 (v — vy) /Avy ]
where v = w/2m, vy = mc/2nL are the cavity resonance frequencies, ¢ is the free space

light velocity, Avy = ¢/2nL is the longitudinal mode spacing, and m = 1,2,3, .... is the mode
number. The FP SOA bandwidth Av 4 at the 3dB level of Grp (v) is given by Agrawal (2002)

1- GyRR,
(4GVRRy) "/

2.2 Rate equations and optical field propagation equations

The efficiency of SOA applications in all-optical integrated circuits for optical signal
processing and functional devices is mainly determined by their high gain coefficient and
a relatively low saturation power Agrawal (1989), Agrawal (2002), Premaratne (2008). Device
engineering and performance optimization require simple and quantitatively accurate models
for SOAs providing an adequate description of SOAs peculiarities Premaratne (2008).

The theory of pulse propagation in amplifiers based on a two-level system model is also
valid for SOAs Agrawal (1989). The SOA’s active region is modeled as an ensemble of
noninteracting two-level systems with transition energies extending over the range of the
conduction and valence bands Agrawal (1989). If the pulse width T, 2 1ps is much larger
than the intraband relaxation time 7;, ~ 0.1ps and, on the other hand, T, < T ~ 10~ 105
where T, is the carrier lifetime, the rate-equation approximation can be applied where the
amplification process within the SOA is described by the following rate equations for the
carrier density N (z,t) and the optical signal intensity I (z, t) Agrawal (1989), Agrawal (2002),
Premaratne (2008).

)

Grp (v) =

2A
Avy = ;L arcsin [ 9)

NG _ ey NED g,y M0 (10)
o(zt) | LY o0 yr(z,t)—al(z,0) (11)

0z vy Ot
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where ¢ is the time, z is the distance along the light propagation direction in the SOA
active region, p (z) is the current-injection density, « is the loss coefficient, A is the operating
wavelength, and £ is the Planck’s constant. The input pulse intensity profile I (¢) is given by
Premaratne (2008)

%:M/mmm (12)
where Ay, is the effective mode area of the SOA active region, and Eg is the pulse energy. The
gain coefficient g (z, f) is defined as Premaratne (2008).

8(zt) =Ta[N (z1) — Nl

where T' is the mode confinement factor, a is the differential gain coefficient, and Ny
is the carrier density corresponding to the transparency state. By using the coordinate
transformations z, T = t — z/vg and introducing the new variable

h(z,tn) = [ g(z,7)dz (13)

o~—n

where z C [0,L], T, = (tvg) /L is normalized time, and L is the length of SOA, equations
(10) and (11) can be reduced to the following integro-differential equation describing the gain
recovery dynamics for a short optical pulse Premaratne (2008)

w = [hp—h(z,7)] — B (tn) {exp [ (2, Tn) — az] — 1}
—B(tn) oc/exp [h(z,Tn) — az] dz (14)
0

where € = L/ (vgTe), B (Tn) = Tally (T) L/ (vghc), and
= /[Tel"ap (z) —TaNp] dz (15)
0

Equation (14) has been solved analytically and numerically for different situations using a
multiple-scales technique Premaratne (2008). In particular, the signal gain G (z, T, U) is given
by Premaratne (2008).

G(z, T,U)exp (—az) = exp{[h(z) —az][1 —exp (—U)]}

_ _ —exp(—U)

x{l—l exp ( h[(Z)+0€Z)} (16)
Ey (T)

where T = 1, is the pulse time scale, U = €T is a slow time scale corresponding to the carrier

recovery, and hp (z) is the initial profile of 11 (z, T, U, €),

B(T)g(z, T, U)
) = exp (/ G T ) —a]dT) (17)
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g = 2 [ ep (-1 - 22
x In {1 G e);si((};ll (Z)))] -

and
T
Ep (T) = exp (/,B (T) dT) (19)
0

The electric field E (z, t) of the pulse is given by Premaratne (2008)

E(z,t)=/I(z,t)exp[i(¢(z,t) —wt)]; ¢ (z,t) = (%Lh (z,t) (20)

where ¢ (z,t) is the phase of the pulse inside SOA and «| is the linewidth enhancement factor
(LEF).

Comparison of the analytical results of the theory developed above with the numerical
simulation results for Gaussian picosecond pulses propagating through a SOA of length L
~ 400um, active region width and thickness of 2.5um and 0.2um, respectively, I' = 0.3, carrier
injection rate 1.177 x 10%*s~1m =3, ng = 3.7, & = 3000m 1, 7, =3 x 10719, 4 = 2.5 x 1072m?,
No =15 x10%*m =3, a; =5, and A = 1552.52nm shows a good accord Premaratne (2008).

3. Advanced structures

3.1QW SOA

The structure of QW SOA devices is very similar to that of bulk SOA, except that the active
layer thickness of the former is reduced to the order of 10nm where quantum effects play
an essential role. A thin layer sandwiched between two layers of a wide band gap material
form a finite potential well. As a consequence of carriers confinement in the z direction in the
thin layer, the conduction and valence bands break up into a series of well-defined sub-bands
with a step-like density of states (DOS) function p(y (E) which is energy independent. DOS
function for electrons has the form Zhao (1999)

pow (E) =) -

@H [Eg — EL’Z (Tle)] (21)

where 11, is the electron effective mass, i = h/ (27), E, is the total electron energy given by

(k)

EE = EEZ (ne) + 27116

(22)

E.; (ne) are the quantized energy levels, n, = 1,2,...is the level number, k = K3+ kﬁ is
the electron wave vector corresponding to the motion in the (x,y) directions, and H [x] is the
Heaviside function given by

{5120
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There is no quantum confinement in the (x, y) plane. The quantized electron energies E.; (1)
can be evaluated by solving the Schrodinger equation for the case of the confinement in the z
direction Zhao (1999)

h? 92
53 V()] Dok (2) = Eai (2 @)
where 2
hk
En = Eez (16) + Eno + % (25)

V (z) is the confinement potential, and the electron wave function ¥, (x,y, z) is given by Zhao
(1999)

Y (x,y,2) = up (x,y,2) @y (2) expi (kyx +kyy) (26)

1
VLxLy
Here, uy, (x,y,z) is the periodic Bloch function, Ly and Ly are the SOA dimensions in the (x,y)
directions, respectively. In the simplest case of a finite square-well potential Vj, the energy
spectrum of QW is determined by the solutions of the following transcendental equations

Brennan (1999).
k1 = ko tan (k2d2> ;k1 = —ko cot (kzdz) (27)
2 2
where

and d, is the QW dimension in the z direction.

In this structure stimulated emission occurs only between discrete energy levels. QW-SOAs
have superior performance as compared to bulk SOAs in terms of optical bandwidth and
maximum output power. In SOAs, the saturation output power is inversely proportional to
the differential gain coefficient, which is smaller in QW-SOAs.

The conventional SOA has rather poor carrier and photon confinement. Optical confinement
can be enhanced by the implementation of a tapered graded index (GRIN) region on both
sides of the well. A multi quantum well SOA (MQW-SOA) can be produced by stacking
several layers of wells and barriers, usually created by molecular beam epitaxy (MBE) and/or
metal organic vapor deposition (MOCVD) techniques. The optical gain of MQW is higher due
to multiple QWs. Further improvement of the SOA performance is achieved by introducing
an outer cladding region of a higher energy gap compared to the MQW barrier layers. The
optical confinement factor of MQW SOAs increases approximately linearly with the number
of QWs.

Many applications of SOA such as optical amplification, optical switching and signal
processing require gain and phase shift insensitivity to the polarization. The polarization
dependence of the phase shift is due to intrinsic or induced birefringence in SOA, so that
the effective refraction index for the transverse electric (TE) mode is different from that
of the transverse magnetic (TM) mode. These dependencies stem, in turn, from different
quantization levels for heavy-hole (HH) bands, which provide the TE-mode dominant optical
gain, and light-hole (LH) bands, which provide the TM-mode dominant optical gain. The
difference in the confinement factors for TE and TM modes leads to different TE and TM
signal gains.
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The polarization sensitivity of MQW-SOAs can be significantly reduced when the active
layer is strained, e.g. by introduction of lattice mismatch between the well and adjacent
layers. In order to mitigate the polarization sensitivity problems in QW SOAs, several QW
structures have been proposed such as low tensile-strained QWs, QWs with tensile barriers,
tensile-strained QWSs with compressive barriers, alternation of tensile and compressive QWs,
and the delta-strained QW where strain is applied only at a shallow and highly strained
layer called delta layer, that can yield a polarization-insensitive SOA at A = 1550nm. In
conventional QWs without delta layers, HH band energy levels are higher than those of LH
bands, resulting in more TE gain relative to the TM mode. In delta-strained QWs, the delta
layer causes a larger valence band discontinuity for HH bands than LH bands, so that the
quantized energy levels of HH bands have a larger shift downward than those for the LH
bands that shift upward. The delta layer pushes the LH band upward and the HH band
downward such that their order is reversed.

In SOA applications requiring high optical power levels such as XGM, XPM and FWM,
additional nonlinear birefringence is induced by the strong optical probe beam in such a way
that the weak signal beam will undergo polarization dependent phase modulation. In some
applications, however, this phenomenon can be utilized beneficially.

3.2QW SOA dynamics

The dynamics of a QW heterostructure is usually described by a set of coupled rate
equations containing injection current, injected carrier density, and photon density in the
active region Zhao (1999). These equations provide an adequate tool for the analysis of
XGM, XPM and FWM in QW SOA which is important for applications related to modern
optical communications, especially in WDM architectures Reale (2001). Consider the carrier
dynamics in a MQW SOA during the propagation of Gaussian pulses with the duration
of several ps. The main transport mechanisms across the active region are the exchange
of carriers between different QWs, exchange between a QW and separate confinement
heterolayers (SCH), and the carrier injection from the SCH. In such a model each QW interacts
with the neighboring QWs and with the surrounding SCHs Reale (2001). The rate equations
in such a case differ significantly from the bulk SOA equations (10), (11) due to the number M
of QWs. These rate equations have the form Reale (2001)

s 195 M 18 1M

g‘*‘@g _l;g(Ni)Si_@?p+@i;ﬁstn (Ni) (29)
oN; Linj
atl = Minj g, ~ R(Ni) = Rg (30)

where S (z,t) = Zf\i 1 Si is the total photon concentration, S; is the photon density generated in
ith QW, N; (z, t) is the carrier density in ith QW, g (N;) is the gain-carrier density relationship,
Tp is the photon lifetime, B is the coupling factor of the spontaneous emission Rspon (Nj),
1inj is the injection efficiency, Ij,; is the injection current, R (N;) is the recombination term
accounting for trap-related, spontaneous, and Auger recombinations, L; is the thickness of the
particular layer considered, and Ry; ; accounts for stimulated recombination. The polarization
dependence of the gain for TE and TM modes is neglected. The typical values of the MQW
SOA main parameters are: M = 10, the QW width Ly, = 48 A, device length L = 700um, B =
104, the threshold density Ny, = 1.5 x 1018¢cm =3, vg = 8.5 % 10%cm/s, optical confinement
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factor 0.02, the losses in the active region «; = (ngP)A ~ 10cm ™1, the bias currents Linj ~
50 — 150m A, the gain for the probe light at A = 1560nm is 17 — 21dB Reale (2001).
We introduce a delayed time reference t = t' — z/ vg and rewrite equation (29) as

as 1S 1
9z g( - g?p + g,BRspon (31)
which yields a formal solution
y 1
Sout = Sinexp |:/ <8 — &+ ;ﬁRspon> dZ] (32)
8
0

Equations (30) and (31) have been solved numerically and showed a good accord with the
experimental data for picosecond optical pulse propagation through a MQW SOA Reale
(2001). Typically, the ultrafast pulse is simultaneously amplified and undergoes shape
modification for high bias currents of about 150mA. The shape evolution is mainly due to
the gain saturation in the MQW SOA. As a result, the total gain for a single optical pulse
reduces from 20d4B at the lowest energy to 1dB at the highest energy demonstrating strong
nonlinearity of MQW SOAs Reale (2001).

3.3 QD structure and energy spectrum

Quantization of electron states in all three dimensions results in creation of a novel physical
object - a macroatom, or quantum dot (QD) containing a zero dimensional electron gas. Size
quantization is effective when the QD’s three dimensions are of the same order of magnitude
as the electron de Broglie wavelength which is about several nanometers Ustinov (2003). QD is
ananomaterial confined in all the three dimensions, and for this reason it has unique electronic
and optical properties that do not exist in bulk semiconductor material Ohtsu (2008). An
electron-hole pair created by light in a QD has discrete energy eigenvalues due to carrier
confinement. This phenomenon is called a quantum confinement effect Ohtsu (2008).

There exist different types of QDs based on different technologies that operate in different
parts of spectrum such as In(Ga)As QDs grown on GaAs substrates, InAs QDs grown on
InP substrates, and colloidal free-standing InAs QDs. QD structures are commonly realized
by a self-organized epitaxial growth where QDs are statistically distributed in size and area.
A widely used QD fabrication method is a direct synthesis of semiconductor nanostructures
based on island formation during strained-layer heteroepitaxy called the Stranski-Krastanow
(SK) growth mode Ustinov (2003). Spontaneously growing QDs are said to be self-assembling.
SK growth has been investigated intensively for InAs on GaAs, InP on GaInP, and Ge on Si
structures Ustinov (2003). The energy shift of the emitted light is determined by the size of
QDs that can be adjusted within a certain range by changing the amount of deposited QD
material. Evidently, smaller QDs emit photons of shorter wavelengths Ustinov (2003). The
main advantages of the SK growth are Ustinov (2003):

1. SK growth permits the preparation of extremely small QDs in a maskless process without
lithography and etching which makes it a promising technique to realize QD lasers.

2. A great number of QDs is formed in one simple deposition step.
3. Synthesized QDs are highly uniform in size and composition.

4. QDs can be covered epitaxially by a host material without any crystal or interface defects.
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The simplest QD models are described by the spherical boundary conditions for an electron
or a hole confined in a spherical QD with radius R, or by the cubic boundary conditions for a
parallelepiped QD with side length Ly ;. Ohtsu (2008). In the first case, the electron and hole
energy spectra E, 1, and Ej, ,,1,,, are respectively given by Ohtsu (2008)

T’lz Lo 2 hz Kyl 2
Ee,nlm - Eg + 2mm, <?) /Eh,nlm - m (?) (33)
where
n=123,.,1=012.n—1,m=0,+1,4+2,.. £, (34)

Eq¢ is the QD semiconductor material band gap, m,, are the electron and hole effective mass,
respectively, and a,;; is the n-th root of the spherical Bessel function of order I. In the second
case, the energy eigenvalues E, ,,;,,, and Ej, ,;,,, are respectively given by Ohtsu (2008)

h2 2 n\?2 1\? m\?
Ee,nlm—Eg+2me[(Lx) +(fy) +(fz> (35)
w2 | n\? IN? (m\?
Bt = g, [(L) () + (1) o

The DOS function pp, (E) for an array of QDs has the form Ustinov (2003)

Pop (E) = ZZZZYIQD‘S (E - Ee,nlm) (37)
nom ]

where § (E — Emlm) is the -function, and ngp is the surface density of QDs. The active layer
with QDs and the structure of QD conduction band are shown in Fig. 2.

Detailed theoretical and experimental investigations of InAs/GaAs and InAs QDs electronic
structure taking into account their realistic lens, or pyramidal shape, size, composition profile,
and production technique (SK, colloidal) have been carried out Bimberg (1999), Banyai (2005),
Ustinov (2003). A system of QDs can be approximated with a three energy level model in
the conduction band containing a spin degenerate ground state (GS), fourfold degenerate
excited state (ES) with comparatively large energy separations of about 50 — 70meV, and a
narrow continuum wetting layer (WL). The electron WL is situated 150meV above the lowest
electron energy level in the conduction band, i.e. GS and has a width of approximately
120meV. In real cases, QDs vary in size, shape, and local strain which leads to fluctuations in
the quantized energy levels and inhomogeneous broadening in the optical transition energy.
Gaussian distribution may be used for description of the QD sizes Banyai (2005). The QDs
and WL are surrounded by a barrier material which prevents direct coupling between QD
layers. The absolute number of states in the WL is much larger than in the QDs. GS and
ES in QDs are characterized by homogeneous and inhomogeneous broadening Banyai (2005).
The homogeneous broadening caused by scattering of the optically generated electrons and
holes with imperfections, impurities, phonons, or through the radiative electron-hole pair
recombination Banyai (2005) is about 15meV at room temperature.

The eigenspectrum of a single QD fully quantized in three dimensions consists of a discrete
set of eigenvalues depending only on the number of atoms in it. Variations of eigenenergies
from QD to QD are caused by variations of QD’s strain and shape. The finite carrier lifetime
results in Lorentzian broadening of a finite width Ustinov (2003). The optical spectrum of
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Fig. 2. Plan view of active layer with QDs (above); the QD conduction band structure (below)

QDs consists of a series of transitions between the zero-dimensional electron gas energy
states where the selection rules are determined by the form and symmetry of QDs Ustinov
(2003). In(Ga)As/GaAs QDs are characterized by emission at wavelengths no longer than
A = 1.35um, while the InAs/InP QDs have been proposed for emission at the usual
telecommunication wavelength A = 1.55um Ustinov (2003).

3.4 Structure and operation of QD SOA

In this section, we will discuss the structure and operation principles of QD SOA. Theory of
QD SOA operation based on the electron rate equations and photon propagation equation has
been developed in a large number of works Berg (2004), Qasaimeh (2003), Qasaimeh (2004),
Ben Ezra (September 2005), Ben Ezra (October 2005), Ben Ezra (2007).

The active region of a QD SOA is a layer including self-assembled InGaAs QDs on
a GaAs substrate Sugawara (2004). Typically, the QD density per unit area is about
(1010 — 1011) cm~2. The bias current is injected into the active layer including QDs, and
the input optical signals are amplified via the stimulated emission or processed via the
optical nonlinearity by QDs Sugawara (2004). The stimulated radiative transitions occur
between GS and the valence band of QDs. A detailed theory of QD SOAs based on the
density matrix approach has been developed in the pioneering work of Sugawara (2004)
where the linear and nonlinear optical responses of QD SOAs with arbitrary spectral and
spatial distribution of quantum dots in active region under the multimode light propagation
have been considered. It has been shown theoretically that XGM takes place due to the
coherent terms under the condition that the mode separation is comparable to or less than
the polarization relaxation rate |wy, — wy,| < I'¢ where wy,,, are the mode frequencies and the
relaxation time T = F§1 = 130fs Sugawara (2004). XGM is also possible in the case of the
incoherent nonlinear polarization, or the so-called incoherent spectral hole burning Sugawara
(2004). It has been assumed that XGM occurred only for signals with a detuning limited by
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the comparatively small homogeneous broadening, and for this reason the ensemble of QDs
should be divided into groups by their resonant frequency of the GS transition between the
conduction and valence bands Sugawara (2004).

The phenomenological approach to the QD SOA dynamics is based on the rate equations for
the electron densities of GS, ES and for combined WL and barrier serving as a reservoir. It is
determined by electrons, because of the much larger effective mass of holes and their smaller
state spacing Berg (2004).

In the QD SOA-MZI, optical signals propagate in an active medium with a gain determined by
the rate equations for the electron transitions in QD-SOA between WL, GS and ES Qasaimeh
(2003), Qasaimeh (2004), Ben Ezra (2008), Ben Ezra (September 2005). Unlike this model Sun
(2005), we have taken into account two energy levels in the conduction band: GS and ES. The
stimulated and spontaneous radiative transitions occur from GS to the QD valence band level.
The system of the rate equations accounts for the following transitions:

1. the fast electron transitions from WL to ES with the relaxation time 7, ~ 3ps ;

2. the fast electron transitions between ES and GS with the relaxation time from ES to GS
Tp1 = 0.16ps and the relaxation time from GS to ES 115 ~ 1.2ps;

3. the slow electron escape transitions from ES back to WL with the electron escape time
Tow ~ 1ns.

The balance between the WL and ES is determined by the shorter time 7, of QDs filling.
Carriers relax quickly from the ES level to the GS level, while the former serves as a carrier
reservoir for the latter Berg (2001). In general case, the radiative relaxation times depend on
the bias current. However, it can be shown that for moderate values of the WL carrier density
Ny ~ (10 —10'5) cm =3 this dependence can be neglected Berg (2001), Berg (November
2004).

The spontaneous radiative time 71z 2 (0.4 — 0.5) ns in QDs remains large enough Sakamoto
(2000), Qasaimeh (2003), Sugawara (2004), Qasaimeh (2004), Matthews (2005). The carrier
dynamics is characterized by slow relaxation processes between WL and ES, and the rapidly
varying coherent nonlinear population terms vanish after averaging over the comparatively
large relaxation time Ty, ~several ps from the two-dimensional WL to the ES. We have
taken into account only incoherent population terms because for XGM between modes
with the maximum detuning AAmax = 30nm, within the especially important in optical
communications conventional band (C-band) of A = (1530 = 1565) nm, the condition wq —
wy > T';1is valid even for the lowest relaxation time from the ES to GS T = 0.16ps, and the
rapidly varying coherent beating terms are insignificant Sugawara (2004). The direct carrier
capture into the GS is neglected due to the fast intradot carrier relaxation and the large energy
separation between GS and WL and it is assumed that the charge neutrality condition in GS
is valid. The rate equations account for both fast transitions form WL to ES and GS and slow
dynamics of the spontaneous transitions and electron escape from ES back to WL Qasaimeh
(2003), Qasaimeh (2004), Ben Ezra (2007). They have the form Qasaimeh (2003), Qasaimeh
(2004), Ben Ezra (2007).

INy ] Ny (1—h)  Nyh Ny
—_— =+ — - —,
ot eLy Tw2 Tow TwR

oh _ NyLy (1 —h) B NyLywh B (1—=f)h +f(l—h)

at NoTuw2 NoTow T2 T12

(38)

, (39)



Semiconductor Optical Amplifiers 15

of _(-fHh fa-n £

ot o1 T12 TIR

gplL c gsL c

(2f 1)5,,\/5 Ng (2f 1)55\/5. (40)
Here, S,, Ss are the CW pump and on-off-keying (OOK) modulated signal wave photon
densities, respectively, L is the length of SOA, gp, gs are the pump and signal wave modal
gains, respectively, f is the electron occupation probability of GS, & is the electron occupation
probability of ES, e is the electron charge, Ty is the electron escape time from the ES to
the WL, t,r is the spontaneous radiative lifetime in WL, 71y is the spontaneous radiative
lifetime in QDs, N, is the surface density of QDs, Ny, is the electron density in the WL, Ly,
is the effective thickness of the active layer, 7] is the electron relaxation time from the ES to
GS and T3 is the electron relaxation time from the GS to the ES, and ¢, is the SOA material
permittivity. The modal gain g,s (w) is given by Uskov (2004)

0 (@) = 2 [ deoF () o (wo) (2f ~1) @)

where the number [ of QD layers is assumed to be I = 1, the confinement factor I' is assumed
to be the same for both the signal and the pump waves, a is the mean size of QDs, ¢ (wp)
is the cross section of interaction of photons of frequency wp with carriers in QD at the
transition frequency w including the homogeneous broadening factor, F (w) is the distribution
of the transition frequency in the QD ensemble which is assumed to be Gaussian Qasaimeh
(2004), Uskov (2004). It is related to the inhomogeneous broadening and it is described by the
expression Uskov (2004)

1
F(w) = N exp (bw)?

_W] @)

where the parameter Aw is related to the inhomogeneous linewidth v, ,om = 2VIn2Aw, and
w is the average transition frequency.
In order to describe adequately XGM and XPM in QD SOA we should take into account
the interaction of QDs with optical signals. The optical signal propagation in a QD SOA is
described by the following truncated equations for the slowly varying CW and pulse signals
photon densities and phases Scy p = Pew p/ (thW,p (V) cw p Aeff) and Ocw,p Agrawal
(1989).

BSCW plz, T

# = (8cw,p — &int) Scw,p (2, T) (43)

aeg# = _%gCW,P (44)
Here Pcy,p are the CW and pulse signal optical powers, respectively, A.¢s is the QD
SOA effective cross-section, wcw p, (US)CW,P
frequencies and velocities, respectively, gcw p are the active medium (SOA) gains at the
corresponding optical frequencies, and w;,;; is the absorption coefficient of the SOA material.
For the pulse propagation analysis, we replace the variables (z,t) with the retarded frame
variables (z,T =t F z/vg). For optical pulses with a duration T = 10ps the optical radiation

are the CW and pulse signal group angular
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of the pulse fills the entire active region of a QD SOA of length L < 1mm and the propagation
effects can be neglected Gehrig (2002). Hence, in our case the photon densities

Scw,p (z,T) = (Scw,p (T)),, exp

/ (Scw,p — &int) dZ/] (45)
0

can be averaged over the QD SOA length L which yields

1
Scw,p (T) = SCWP /dz exp [/ SCW,p — Qint) dZ'] (46)

Solution of equation (44) yields for the phases which should be inserted into MZI equation
(33)

Ocw,p (1) = — (a/2) / dzgcw,p- (47)
0

The time-dependent variations of the carrier distributions in the QDs and WL result in strong
phase changes (44) during the light propagation in the QD SOA Gehrig (2002). System of
equations (38)-(40) with the average pump and signal photon densities (46) and phases (47)
constitutes a complete set of equations describing XGM and XPM in QD SOA related by the
LEF «a as it is seen from equations (43), (44) and (47). The possibility of XGM in QD SOAs
due to the connections between different QDs through WL at detunings between a signal
and a pumping larger than the homogeneous broadening has been thoroughly investigated
theoretically Ben Ezra (2007).

The advantages of QD SOAs as compared to bulk SOAs are the ultrafast gain recovery of
about a few picoseconds, broadband gain, low NF, high saturation output power and high
FWM efficiency Akiyama (2007). For instance, distortion free output power of 23dBm has
been realized which is the highest among all the SOAs Akiyama (2007). A gain of > 25dB,
NF of < 5dB and output saturation power of > 20dBm can be obtained simultaneously in the
wavelength range of 90nm Akiyama (2007).

4. Recent advances in SOA applications

4.1 All-optical pulse generation

Ultra wideband (UWB) communication is a fast emerging technology that offers new
opportunities such as high data rates, low equipment cost, low power, precise positioning
capability and extremely low signal interference. A contiguous bandwidth of 7.5GHz is
available in the frequency interval of (3.1 — 10.6) GHz at an extremely low maximum power
output of —41.3dBm /MHz limited by the regulations of Federal Communication Commission
(FCC) Ghawami (2005). Impulse radio (IR) UWB communication technique is a carrier
free modulation using very narrow radio frequency (RF) pulses generated by UWB pulse
generators Yao (2007). However, high data rate UWB systems are limited to distances less than
10m due the constraints on allowed emission levels Yao (2007), Ran (2009). In order to increase
IR UWB transmission distances, a new concept based on UWB technologies and the optical
fiber technology has been proposed that is called UWB radio over optical fibre (UROOF) Ran
(2009). The IR UWB signals of several GHz are superimposed on the optical continuous wave
(CW) carrier and transmitted transparently over an optical fiber Ran (2009), Yao (2007). The
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UROOF technology permits to avoid the high cost additional electronic components required
for signal processing and enables the integration of all RF and optical transmitter/receiver
components on a single chip.

In order to distribute UWB signals via optical fibers, it is desirable to generate these signals
directly in the optical domain. The advantages of the all-optical methods are following:
decreasing of interference between electrical devices, low loss and light weight of optical fibers
Lin (2005), Yao (2007), Wang (2006).

Typically, Gaussian waveforms are used in UWB communications due to their simplicity,
achievability, and almost uniform distribution over their frequency spectrum Yao (2007),
Ghawami (2005). The basic Gaussian pulse y,1, a Gaussian monocycle yz» and a Gaussian
doublet y¢3 are given by Ghawami (2005).

2
¥g1 = Kyexp (*?) ; (48)

2t 2 2 242 2
Vg2 = Kp (—;) exp (_p) ;Y3 =Ks (—;) <1 - ?) exp (‘p) (49)

where 7 is the time-scaling factor, and Kj 5 3 are the normalization constants:

E1 TEZ TE3
Ki=,—]/—— Kx = ; K3 =
Y\ rva T\ Va2 T v (50)

There exist three main optical IR UWB generation techniques Yao (2007)

1. UWB pulse generation based on phase-modulation-to-intensity-modulation (PM-IM)
conversion.

2. UWB pulse generation based on a photonic microwave delay line using SOA.

3. UWB pulse generation based on optical spectral shaping and dispersion-induced
frequency-to-time mapping. All-optical methods of UWB pulse generation are based on
nonlinear optical processes in SOA such as XPM and XGM.

We concentrate on the all-optical methods of UWB pulse generation based on XPM and
XGM in SOA. Consider first the method based on XPM. A probe CW signal generated by
CW laser diode and a light wave modulated by the Mach-Zehnder modulator (MZM) are
simultaneously fed into SOA, the probe signal will undergo both XGM and XPM, and the
phase @, of the output signal varies approximately proportionally to Gaussian pulse train
power Ps (t) Dong (2009)

D, = KPs (t) + Dy (51)

where K is the proportionality constant and ® is the initial phase. The chirp Av, (t) of the
probe signal is the first order derivative of the phase given by Dong (2009)

C1do. K dP(1)
2 dt 2w dt

Ave (t) = (52)
The chirp (52) is a monocycle, according to definition (49). Its value may be positive
or negative. UWB doublet pulses can be obtained by combining positive and negative
monocycles with a proper delay Dong (2009). The shortages of the proposed method are the
necessity for complicated electronic circuit for generation short electric Gaussian pulses, the
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use of an electro-optic phase modulator (EOM), the need for a comparatively long singlemode
fiber (SMF), and a comparatively low operation rate and high bias currents of bulk SOAs.
Recently, the theory of a novel all-optical method of the IR UWB pulse generation has
been proposed Ben Ezra (2008). QD SOA can be inserted into one arm of an integrated
Mach-Zehnder interferometer (MZI) which results in an intensity dependent optical signal
interference at the output of MZI Ben Ezra (2008). The IR UWB pulse generation process
is based both on XPM and XGM in QD SOA characterized by an extremely high optical
nonlinearity, low bias current, and high operation rate Sugawara (2004).  Unlike other
proposed all-optical methods, we need no optical fibers, FBG and EOM substantially reducing
the cost and complexity of the IR UWB generator. The IR UWB signals generated by the
proposed QD SOA based MZI structure have the form of the Gaussian doublet. The shape of
the signal and its spectrum can be tailor-made for different applications by changing the QD
SOA bias current and optical power. The diagram of the MZI with QD SOA is shown in Fig.
3.

Pulsed laser

Short Gaussian
pulses

QDSOoA [*

CW optical
signal

CW laser

Output
signal

Fig. 3. MZI with QD SOA in the upper arm

The pulsed laser produces a train of short Gaussian pulses counter-propagating with respect
to the input CW optical signal. The CW signal propagating through the upper arm of MZI
transforms into the Gaussian pulse at the output of the MZI due to XPM and XGM with the
train of Gaussian pulses. The optical signal in the linear lower arm of MZI remains CW, and
the phase shift ¢, = const in the lower arm of MZI is constant. Both these pulses interfere
at the output of MZI, and the output pulse shape is defined by the power dependent phase
difference A¢ (t) = ¢y (t) — ¢, (t) where ¢, , (t) are the phase shifts in the upper and lower
arms of MZI, respectively. The MZI output optical power P,;; is given by Wang (2004).

Pus = 2 [G1 )+ G (1)~ 2/G1 (1) Ga () cos g (1) 53)

where Gy, (t) = exp(g12L12), 812, L1 are the amplification factors of the upper and
lower arms of MZI, the time-dependent gain, the SOA gain, and the active medium length,
respectively. The relation between the MZI phase shift and its amplification factor is given
by A¢ (t) = — (a/2)InGy (t). The shape of the output pulse is determined by the time
dependence of G (t) both directly and through A¢ (t) according to equation (53) resulting in
a Gaussian doublet under certain conditions determined by the QD SOA dynamics.
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4.2 All-optical signal processing

Recently, theoretical model of an ultra-fast all-optical signal processor based on the QD
SOA-MZI where XOR operation, WC, and 3R signal regeneration can be simultaneously
carried out by AO-XOR logic gates for bit rates up to (100 —200) Gb/s depending on the
value of the bias current I ~ (30 — 50) mA has been proposed. Ben Ezra (2009). The structure
of the proposed processor is shown in Fig. 4.

Stream A
—

Clock stream C D xor
—

Data Stream

QD SOA-MZI
Fig. 4. The structure of the ultra-fast all-optical signal processor based on QD SOA-MZI

The theoretical analysis of the proposed ultra-fast QD SOA-MZI processor is based on
combination of the MZI model with the QD-SOA nonlinear characteristics and the dynamics.
At the output of MZI, the CW optical signals from the two QD SOAs interfere giving the
output intensity are determined by equation (53) with the CW or the clock stream optical
signal power Py, instead of Py Sun (2005), Wang (2004). When the control signals A and/or
B are fed into the two SOAs they modulate the gain of the SOAs and give rise to the phase
modulation of the co-propagating CW signal due to LEF a; Agrawal (2001), Agrawal (2002),
Newell (1999). LEF values may vary in a large interval from the experimentally measured
value of LEF «; = 0.1 in InAs QD lasers near the gain saturation regime Newell (1999) up to
the giant values of LEF as high as a1 = 60 measured in InAs/InGaAs QD lasers Dagens (2005).
However, such limiting cases can be achieved for specific electronic band structure Newell
(1999), Dagens (2005), Sun (2004). The typical values of LEF in QD lasers are aj =~ (2 —7) Sun
(2005). Detailed measurements of the LEF dependence on injection current, photon energy,
and temperature in QD SOAs have also been carried out Schneider (2004). For low-injection
currents, the LEF of the dot GS transition is between 0.4 and 1 increasing up to about 10 with
the increase of the carrier density at room temperature Schneider (2004). The phase shift at
the QD SOA-MZI output is given by Wang (2004)

000 =00 (0) = =51 () 64

It is seen from equation (54) that the phase shift ¢, (t) — ¢, () is determined by both LEF and
the gain. For the typical values of LEF a = (2 —7), gain g1, = 11.5cm™1, L1, = 1500pm the
phase shift of about 7t is feasible.
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4.3 All-optical logics

Consider an AO-XOR gate based on integrated SOA-MZI which consists of a symmetrical MZI
where one QD SOA is located in each arm of the interferometer Sun (2005). Two optical control
beams A and B at the same wavelength A are inserted into ports A and B of MZI separately.
A third signal, which represents a clock stream of continuous series of unit pulses is split into
two equal parts and injected into the two SOAs. The detuning Aw between the signals A, B
and the third signal should be less than the homogeneous broadening of QDs spectrum. In
such a case the ultrafast operation occurs. In the opposite case of a sufficiently large detuning
comparable with the inhomogeneous broadening, XGM in a QD SOA is also possible due to
the interaction of QDs groups with essentially different resonance frequencies through WL for
optical pulse bit rates up to 10Gb/s Ben Ezra (September 2005). When A = B = 0, the signal
at port C traveling through the two arms of the SOA acquires a phase difference of 77 when
it recombines at the output port D, and the output is “0” due to the destructive interference.
When A = 1, B = 0, the signal traveling through the arm with signal A acquires a phase
change due to XPM between the pulse train A and the signal. The signal traveling through
the lower arm does not have this additional phase change which results in an output ”1” Sun
(2005). The same result occurs when A = 0, B = 1 Sun (2005). When A = 1 and B = 1 the
phase changes for the signal traveling through both arms are equal, and the output is ”0”.

4.4 Wavelength conversion

An ideal wavelength convertor (WC) should have the following properties: transparency to
bit rates and signal formats, fast setup time of output wavelength, conversion to both shorter
and longer wavelengths, moderate input power levels, possibility for no conversion regime,
insensitivity to input signal polarization, low-chirp output signal with high extinction ratio
and large signal-to-noise ratio (SNR), and simple implementation Ramamurthy (2001). Most
of these requirements can be met by using SOA. The XGM method using SOAs is especially
attractive due to its simple realization scheme for WC Agrawal (2001). However, the main
disadvantages of this method are substantial phase distortions due to frequency chirping,
degradation due to spontaneous emission, and a relatively low extinction ratio Agrawal
(2001). These parameters may be improved by using QD-SOAs instead of bulk SOAs due
to pattern-effect-free high-speed WC of optical signals by XGM, a low threshold current
density, a high material gain, high saturation power, broad gain bandwidth, and a weak
temperature dependence as compared to bulk and MQW devices Ustinov (2003). We combine
the advantages of QD-SOAs as a nonlinear component and MZI as a system whose output
signal can be easily controlled. In the situation where one of the propagating signals A or B is
absent, the CW signal with the desired output wavelength is split asymmetrically to each arm
of MZI and interferes at the output either constructively or destructively with the intensity
modulated input signal at another wavelength. The state of interference depends on the
relative phase difference between the two MZI arms which is determined by the SOAs. In such
a case the QD SOA-MZI operates as an amplifier of the remaining propagating signal. Then,
the operation with the output ”1” may be characterized as a kind of WC due to XGM between
the input signal A or B and the clock stream signal. The possibility of the pattern-effect-free
WC by XGM in QD SOAs has been demonstrated experimentally at the wavelength of 1.3um
Sugawara (2004).
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4.5 3R regeneration

Short optical pulses propagating in optical fibers are distorted due to the fiber losses
caused by material absorption, Rayleigh scattering, fiber bending, and broadening caused
by the material dispersion, waveguide dispersion, polarization-mode dispersion, intermodal
dispersion Agrawal (2001), Agrawal (2002). 3R regeneration is essential for successful logic
operations because of the ultra-fast data signal distortions. 3R regeneration requires an optical
clock and a suitable architecture of the regenerator in order to perform a clocked decision
function Sartorius (2001). In such a case, the shape of the regenerated pulses is defined by the
shape of the clock pulses Sartorius (2001).

The proposed QD SOA-MZI ultra-fast all-optical processor can successfully solve three
problems of 3R regeneration. Indeed, the efficient pattern—effect free optical signal
re-amplification may be carried out in each arm by QD-SOAs. WC based on an all-optical
logic gate provides the re-shaping since noise cannot close the gate, and only the data signals
have enough power to close the gate Sartorius (2001). The re-timing in QD-SOA-MZI based
processor is provided by the optical clock which is also essential for the re-shaping Sartorius
(2001). Hence, if the CW signal is replaced with the clock stream, the 3R regeneration can
be carried out simultaneously with logic operations. The analysis shows that for strongly
distorted data signals a separate processor is needed providing 3R regeneration before the
data signal input to the logic gate.

4.6 Slow light propagation in SOA

One of the challenges of the optoelectronic technology is the ability to store an optical signal
in optical format. Such an ability can significantly improve the routing process by reducing
the routing delay, introducing data transparency for secure communications, and reducing
the power and size of electronic routers Chang-Hasnain (2006). A controllable optical delay
line can function as an optical buffer where the storage is proportional to variability of the
light group velocity v, defined as Chang-Hasnain (2006)

on(w,k)
S L B ek (55)
&£ 9k n(w, k)+wan(wk)

Here n (w, k) is the real part of the refractive index, and k is waveguide (WG) propagation
constant. The signal velocity can be identified as the light group velocity ve for the signals
used in the optical communications where the signal bandwidth (1 —100) GHz is much
less compared to the carrier frequency of about 193GHz Chang-Hasnain (2006). It is seen
from equation (55) that the group velocity v, can be essentially reduced for a large positive
WG dispersion dn/0dk and/or material dispersion 0n/dw Chang-Hasnain (2006). Such a
phenomenon is called a slow light (SL) propagation Chang-Hasnain (2006), D1ill (2009), Chen
(2008). The WG dispersion can be realized by using gratings, periodic resonant cavities,
or photonic crystals Chang-Hasnain (2006). The material dispersion can be achieved by
gain or absorption spectral change. For instance, an absorption dip leads to a variation
of the refractive index spectrum with a positive slope in the same frequency range, due to
the Kramers-Kronig dispersion relation, which results in the SL propagation Chang-Hasnain
(2006). The slowdown factor S is given by Chang-Hasnain (2006).
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Large material dispersion necessary for SL phenomenon can be obtained by using different
nonlinear optical effects such as electromagnetically induced transparency, FWM, stimulated
Brillouin scattering, stimulated Raman scattering, coherent population oscillations (CPO)
Chang-Hasnain (2006), Duill (2009), Chen (2008). A sinusoidally modulated pump
propagating in a SOA induces XGM, XPM and FWM which results in amplitude and phase
changes. The sinusoidal envelope of the detected total field at SOA output exhibits a nonlinear
phase change that defines the slowdown factor S controllable via the SOA gain Duill (2009).
It has been experimentally demonstrated that light velocity control by CPO can be realized in
bulk, QW and QD SOAs Chen (2008). The nanosecond radiative lifetime in SOAs corresponds
to a GHz bandwidth and is suitable for practical applications Chang-Hasnain (2006).

QW SOA is modelled as a two-level system. In such a system, a pump laser and a probe
laser of frequencies v, nd vs, respectively create coherent beating of carriers changing the
absorption and refractive index spectra Chang-Hasnain (2006). The sharp absorption dip
caused by CPO induced by the pump and probe was centered at zero detuning. For the
pump and probe intensities of 1 and 0.09kW /cm?, respectively, a slowdown factor S = 31200
and a group velocity v = 96001 /s at zero detuning have been demonstrated Chang-Hasnain
(2006).

QD SOAs characterized by discrete electronic levels, efficient confinement of electrons and
holes, and temperature stability have been used for room temperature observation of CPO
based SL Chang-Hasnain (2006). SL effects have been observed in QD SOA under reverse bias,
or under a small forward bias current below the transparency level behaving as an absorptive
WG Chang-Hasnain (2006).

5. Conclusions

We reviewed the structure, operation principles, dynamics and performance characteristics
of bulk, QW and QD SOAs. The latest experimental and theoretical results concerning the
SOAs applications in modern communication systems clearly show that SOAs in general
and especially QW and QD SOAs are the most promising candidates for all-optical pulse
generation, WC, all-optical logics, and even SL generation. These applications are due to
SOA’s extremely high nonlinearity which results in efficient XGM, XPM and FWM processes.
In particular, QD SOAs are characterized by extremely low bias currents, low power level,
tunable radiation wavelength, temperature stability and compatibility with the integrated Si
photonics systems.
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1. Introduction

Semiconductor optical amplifiers (SOAs) have attracted a lot of interest because of their
application potential in the field of optical communications. Their use has been envisaged in
different applications in the access, core and metropolitan networks. Particularly, they have
been envisioned for all-optical signal processing tasks at very high bit rates that cannot be
handled by electronics, such as wavelength conversion, signal regeneration, optical
switching as well as logic operations. To implement such all-optical processing features, the
phenomena mostly used are: cross gain modulation (XGM), cross phase modulation (XPM),
four-wave mixing (FWM) and cross polarization modulation (XPolM).

The aim of the present work is to present a qualitative and an exhaustive study of the
nonlinear effects in the SOA structure and their applications to achieve important functions for
next generation of optical networks. These phenomena are exploited in high speed optical
communication networks to assure high speed devices and various applications, such as:
wavelength converters in WDM networks, all-optical switches, optical logic gates, etc.
Particularly, we focus on analyzing the impact of variation of intrinsic and extrinsic
parameters of the SOA on the polarization rotation effect in the structure. This nonlinear
behavior is investigated referring to numerical simulations using a numerical model that we
developed based on the Coupled Mode Theory (CMT) and the formalism of Stokes.
Consequently, it is shown that the azimuth and the ellipticity parameters of the output signal
undergo changes according to injection conditions, i.e. by varying the operating wavelength,
the input polarization state, the bias current, the confinement factor and obviously the SOA
length, which plays an important role in the gain dynamics of the structure. We will show that
the obtained results by the developed model are consistent with those obtained following the
experimental measurements that have been carried out in free space.

In addition, an investigation of the impact of nonlinear effects on the SOA behavior in linear
operating and saturation regimes will be reported. Their exploitation feasibility for
applications in high bit rate optical networks are therefore discussed. Hence, the impact of
variation of the SOA parameters on the saturation phenomena is analyzed by our numerical
simulations. It was shown that high saturation power feature, which is particularly required
in wavelength division multiplexing (WDM) applications to avoid crosstalk arising from
gain saturation effects, can be achieved by choosing moderate values of the operating



28 Advances in Optical Amplifiers

parameters. Moreover, we will address one of the essential processes to consider in SOAs
analysis, which is the noise. Particularly, we numerically simulate the impact of noise effects
on the SOA behavior by measuring the gain, the optical signal to noise ratio and the noise
figure. Although its gain dynamics provide very attractive features of high speed optical
signal processing, we show that the noise is important in SOAs and can limit the
performance of the structure. In order to remedy this, we show that using high bias current
at moderate input signal power is recommended.

We report and characterize the impact of the nonlinear polarization rotation on the behavior
of a wavelength converter based on XGM effect in a SOA at 40 Gbit/s. Moreover, we
investigate and evaluate its performance as function of the intrinsic and extrinsic SOA
parameters, such as the bias current, the signal format, the input signal power and its
polarization state that determine the magnitude of the polarization rotation by measuring
the ellipticity and the azimuth. Also, the impact of noise effects on the structure behavior is
investigated through determining the noise figure. In particular, we focus on the
performance of an improved wavelength conversion system via the analysis of quality
factor and bit error rate referring to numerical simulation.

In this chapter, we deal either with the investigation of the SOA nonlinearities; particularly
those are related to the polarization rotation, to exploit them to assure important optical
functions for high bit rate optical networks. The dependence of SOA on the polarization of
the light is an intrinsic feature which can lead to the deterioration of its performance. As a
system, it is very inconvenient because of the impossibility to control the light polarization
state, which evolves in a random way during the distribution in the optical fiber
communication networks. For that reason, the technological efforts of the designers were
essentially deployed in the minimization of the residual polarimetric anisotropy of the
SOAs, through the development of almost insensitive polarization structures. On the other
hand, various current studies have exploited the polarization concept to assure and
optimize some very interesting optical functions for the future generation of the optical
networks, as the wavelength converters, the optical regenerators and the optical logical
gates. In this frame, many studies have demonstrated, by exploiting the nonlinear
polarization rotation, the feasibility of the implementation of optical logical gates,
wavelength converters and 2R optical regenerators.

2. Semiconductor optical amplifier: Concept and state of the art

2.1 SOA architecture

A semiconductor optical amplifier (SOA) is an optoelectronic component, which is
characterized by a unidirectional or bidirectional access. Its basic structure, represented in
figure 1, is slightly different from that of the laser diode. Indeed, there will be creation of the
following effects: the inversion of population due to the electric current injection, the
spontaneous and stimulated emission, the non-radiative recombination. Contrary to
semiconductor lasers, there are no mirrors in their extremities but an antireflection coating,
angled or window facet structures have been adopted to reduce light reflections into the
circuit. SOAs manufacturing is generally made with III-V alloys, such as the gallium
arsenide (GaAs), indium phosphide (InP) and various combinations of these elements
according to the required band gap and the characteristics of the crystal lattice. In particular
case for use around 1,55 pm, the couple InGaAsP and InP is usually used for the active layer
and the substratum, respectively.
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Fig. 1. SOA architecture.

Typical physical features of the SOA structure, used in simulations, are listed in Table 1.

Symbol [ Description Value
Ibias Injection current 200 mA
Nin Input coupling loss 3dB
Nout Output coupling loss 3dB
Ry Input facet reflectivity 5e-005
Ry Output facet reflectivity 5e-005

L Active layer length 500 pm

Y Active layer width 2.5 um

d Active layer height 0.2 pm
Optical confinement factor 30%

Vg Group velocity 75000 000 m/s

n, Active refractive index 3.7

Table 1. SOA parameters used in simulation.

2.2 SOA structure characteristics

The SOA has proven to be a versatile and multifunctional device that will be a key building
block for next generation of optical networks. The parameters of importance, used to
characterize SOAs, are:

e the gain bandwidth,



30 Advances in Optical Amplifiers

e the gain saturation,

e the noise figure,

the polarisation independence,

the conversion efficiencies,

e the input dynamic range,

e  the extinction ratio/crosstalk,

e the tuning speed,

e the wavelength of operation.

The evolution of the SOA output power as function of the wavelength for various values of
the input power is represented in figure 2. It shows that when the wavelength increases, the
output power decreases. So, we can notice that when the input power injected into the SOA
increases, the maximum of the output power will be moved towards the high wavelengths,
which is due to the decrease of the carriers’ density. For example, for an input power of - 18
dBm, the maximal output power is 5,41 dBm for a wavelength equal to 1520 nm; but for an
injected power equal to -5 dBm, the maximum of the output power is 8,29 dBm and
corresponds to a wavelength of 1540 nm. Whereas for an input power equal to 5 dBm, the
maximal value of the output power is 8,95 dBm for a wavelength of 1550 nm.
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Fig. 2. SOA output power versus the wavelength of operation for different input powers.

A wide optical bandwidth is a desirable feature for a SOA, so that it can amplify a wide range
of signal wavelengths. In order to analyze the impact of the injection condition on this
parameter, we represent simulation results of the SOA gain as function of the wavelength of
the signal for different input powers. Referring to figure 3, we note that wavelength variations
and the injected power have a significant impact on the gain bandwidth evolution. However,
we can notice according to the obtained curves, which are drawn for a bias current of 200 mA,
that when the input power increases, the gain maximum (known as the peak of the gain) is
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moved towards the high wavelengths, which is due to the decrease of the carriers’ density. For
an input power of -30 dBm, the gain peak is 26,6 dB at a wavelength equal to 1510 nm, but for
an injected power of -10 dBm, the gain maximum is 17,65 dBm for a wavelength of 1535 nm.
On the other hand, for a high input power of 5 dBm, for example, the gain peak, having a
value of 3,96 dB, is reached for a signal wavelength of 1550 nm, which is higher than the
wavelength corresponding to the last case.
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Fig. 3. Gain spectrum as a function of the injected input power.

In order to look for the conditions which correspond to an improvement of the SOA
functioning, we have analyzed the influence of the intrinsic parameters on the SOA
performance by representing, in figure 4, the gain and the noise figure as function of the
bimolecular recombination coefficient (B). We notice that the increase of the B coefficient
entails a diminution of the gain and consequently an increase of the noise figure. These
results are justified by the fact that when the B coefficient increases, there will be an increase
of the carriers’ losses that are caused by the radiative and non-radiative recombination
processes and consequently the carriers” density decreases, which involves a gain decrease.
In that case, the maximal value of the gain is 26,16 dB, which corresponds to a minimum of
noise figure of 5,27 dB, a B coefficient equal to 9.10-1¢ m3.s1 and an input power Pj,= -30
dBm.

2.3 Noise effects in a SOA structure

One of major processes to consider in the SOA analysis is the amplified spontaneous
emission (ASE) noise, because it strongly affects the structure performance. It is also crucial
in determining the bit error rate (BER) of the transmission system within which the
amplifier resides. The injected signal and the ASE noise interact nonlinearly as they
propagate along the SOA structure. Then, the interaction correlates different spectral
components of the noise. Consequently, we can distinguish three types of noise, which are:
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The shot noise.
The signal-spontaneous beat noise.

¢  The spontaneous-spontaneous beat noise.
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Fig. 4. Evolution of the gain and the noise as a function of the bimolecular recombination
coefficient (B) and the SOA injected power.

The power of the ASE noise generated internally within the SOA is given by:

P

ase = 21,1y (G —1).B;

Where:

G: is the gain at the optical frequency v,

h: represents the Planck’s constant,

Bo: is the optical bandwidth of a filter within which Pasg is determined,
ngp: refers to the population inversion factor (sometimes called the spontaneous emission
factor).

For an ideal amplifier, ns, is equal to 1, corresponding to a complete inversion of the
medium. However, in the usual case, the population inversion is partial and so ns, > 1.

The shot noise results in the detection of the received total optical power due to the signal

and the power of the ASE noise. It is given by the following equation:

N,,, =2."B, (i—P +1,,.B,.(G - 1)] )

v
Where B. is the electrical bandwidth of the photo-detector.
The noise contribution due to the signal exists as well there is no optical amplifier; this later
simply modifies the signal power, then the shot noise power related to this introduces a
supplementary shot noise that is associated to the detection of the ASE.
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The two intrinsic components related to beat noise are produced when optical signals and
ASE coexist together. The first type of beat noise which is the signal-spontaneous beat noise
occurs between optical signals and ASE having frequency close to that of the optical signals.
It is given by the following equation:

2
e
N, =4-—B.P,n,G(G-1) )

hv
The second type, which is the spontaneous-spontaneous beat noise, occurs between ASEs. It
is expressed as follows:

N, =¢*.(2B, - B,).B.n% (G~ 1)’ @)

sp—s]

The signal-spontaneous beat noise is preponderant for a strong input signal, whereas the
spontaneous-spontaneous beat noise is dominating when there is an injection of a small
input power. Compared to the shot noise and the signal-spontaneous beat noise, the
spontaneous-spontaneous beat noise can be significantly minimized by placing an optical
filter having a bandwidth By after the amplifier.

A convenient way to quantify and characterize the noise and describe its influence on the
SOA performance is in terms of Noise Figure (NF) parameter. It represents the amount of
degradation in the signal to noise ratio caused by amplification process, and it is defined as
the ratio between the optical signal to noise ratio (OSNR) of the signal at the input and
output of SOA:

— OSNRiu
OSNR

out

®)
The OSNR of the input signal is given by the following equation (Koga & Matsumoto, 1991):

OSNR,, B (6)
2.hv.B,
The OSNR of the input signal is proportional to the optical power of the input signal, or
more specifically to the input number of photons per unit time (Pin/hv). Whereas, the OSNR
of the output signal is defined by:

e.l,.G

) w
hv ) 'N,,+N

OSNR,, =( %

+ Nspfsp

s—sp

Accordingly, by substituting equations (2), (3), (4), (6) and (7) into (5), the noise figure can be
written as follows:

-1 hv.Byn,P,(G-1) hv.(2B,-B,)n.P,.(G-1)
NF:1+2,ng G 1+ 0 spzm ( )+ ( 0 e) ;p in ( ) (8)
G ¥ G Rmt 2'Rmt

In practical case, the last two terms can be neglected because the ASE power is weak
compared with the signal power; otherwise the spontaneous-spontaneous beat noise can be
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minimized by placing an optical filter at the output. So the noise figure can be rewritten as
(Simon et al., 1989):

szé+2.nw.c_1

©)

Since spontaneous emission factor (nsp) is always greater than 1, the minimum value of NF
is obtained for nsp=1. So, for large value of gain (G>>1), the noise figure of an ideal optical
amplifier is 3dB. This is considered as the lowest NF that can be achieved. This implies that
every time an optical signal is amplified, the signal to noise ratio is reduced to the half.

The NF can be expressed as function of the power of ASE noise, which is given by (1), as
follows:

NF~Lio—Dase (10)
G “hvGB,
17
i 2= 1550nm
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Fig. 5. Evolution of the noise figure as a function of the SOA gain for different bias current
values.

The NF is represented as function of the gain in figure 5. This result is very significant
because it allows us to choose the characteristics of the SOA in order to obtain the highest
value of the gain for a minimum noise figure. So, we can notice that a low gain corresponds
to a high value of NF; whereas to have the possible maximum of the gain while satisfying
the criterion of low noise, it is necessary to choose the highest bias current possible.

2.4 Linear and saturation operating regimes in a SOA structure

A SOA amplifies input light through stimulated emission by electrically pumping the
amplifier to achieve population inversion. It should have large enough gain for such
application. The gain is dependent on different parameters, such as the injected current, the
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device length, the wavelength and the input power levels. The SOA gain decreases as the
input power is increased.

This gain saturation of the SOA is caused not only by the depletion of carrier density owing
to stimulated emission, but also by the main intraband processes, such as spectral hole
burning (SHB) and carrier heating (CH). However, when the SOA is operated with pulses
shorter than a few picoseconds, intraband effects become important.

The origin of gain saturation lies in the power dependence of the gain coefficient where the
population inversion due to injection current pumping is reduced with the stimulated
emission induced by the input signal.

The saturation power parameter of the SOAs is of practical interest. It is a key parameter of
the amplifier, which influences both the linear and non-linear properties. It is defined as the
optical power at which the gain drops by 3 dB from the small signal value. That is to say, it
is the optical power which reduces the modal gain to half of the unsaturated gain.

The saturation output power of the SOA is given by (Connelly, 2002):

A
sat = FL (11)
Where:
I- hy (12)
ay.T,

A: denotes the active region cross-section area,

I': represents the optical confinement factor coefficient,

an: symbolizes the differential modal gain,

Ts: makes reference to spontaneous carrier lifetime.

High saturation output power is a desirable SOA characteristic, particularly for power
booster and multi-channel applications. Referring to equation (11), the saturation output
power can be improved by increasing the saturation output intensity (Is) or reducing the
optical confinement factor. The former case can be achieved either by reducing the
differential modal gain and/or the spontaneous carrier lifetime. Since the last parameter (ts)
is inversely proportional to carrier density, operation at a high bias current leads to an
increase in the saturation output power. Nevertheless, when the carrier density increases,
the amplifier gain also increases, making resonance effects more significant.

As the saturation output power depends inversely on the optical confinement factor, the
single pass gain can be maintained by reducing this coefficient or by increasing the amplifier
length. This process is not always necessary for the reason that the peak material gain
coefficient shifts to shorter wavelengths as the carrier density is increasing.

When the average output power is at least 6 dB less than the output saturation power, non-
linear effects are not observed and the SOA is in the linear regime. This linear operating
regime, which is closely related to the output saturation power, is defined as the output
power of an SOA where the non-linear effects do not affect the input multi-channel signal.
Gain saturation effects introduce undesirable distortion to the output signal. So, an ideal
SOA should have very high saturation output power to achieve good linearity and to
maximize its dynamic range with minimum distortion. Moreover, high saturation output
power is desired for using SOAs especially in wavelength division multiplexing (WDM)
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systems. Figure 6 shows that the highest value of the saturation output power, which
corresponds to very fast dynamics of the carriers’ density, is obtained when a strong bias
current is used. Furthermore, we can notice that a high value of the bias current can
engender a high gain with a high saturation output power. On the other hand, a low bias
current corresponds to a less strong gain with a less high saturation output power, but the
saturation input power is stronger.
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Fig. 6. Evolution of the gain as a function of the output power and the SOA bias current.

Because of the SOA’s amplification and nonlinear characteristics, SOAs or integrated SOAs
with other optical components can be exploited to assure various applications for high bit
rate network systems. Moreover, large switching matrices comprised of SOA gates can be
constructed to take advantage of the SOA gain to reduce insertion losses, to overcome
electronic bottlenecks in switching and routing. The fast response speed can also be utilized
effectively to perform packet switching.

3. SOA nonlinearities

SOAs are showing great promise for use in evolving optical networks and they are
becoming a key technology for the next generation optical networks. They have been
exploited in many functional applications, including switching (Kawaguchi, 2005),
wavelength conversion (Liu et al., 2007), power equalization (Gopalakrishnapillai et al.,
2005), 3R regeneration (Bramerie et al., 2004), logic operations (Berrettini et al., 2006), etc.,
thanks to their nonlinear effects, which are the subject of the current section. The effects are:
the self gain modulation (SGM), the self phase modulation (SPM), the self induced nonlinear
polarization modulation (SPR), the cross-gain modulation (XGM), the cross-phase
modulation (XPM), the four-wave mixing (FWM) and the cross-polarization modulation
(XPolM). These functions, where there is no conversion of optical signal to an electrical one,
are very useful in transparent optical networks.



Semiconductor Optical Amplifier Nonlinearities
and Their Applications for Next Generation of Optical Networks 37

In SOA operational regime, there is a variation of the total density of the carriers and their
distributions. This variation engenders intraband and interband transitions. The interband
transition changes the carrier density but does not affect the carrier distribution. It is
produced by the stimulated emission, the spontaneous emission and the non-radiative
recombination. The modification of the total density of the carriers comes along with the
modification of the carriers in the same band. The intraband transitions, such as spectral
hole burning (SHB) and carrier heating (CH) are at the origin of the fast dynamics of the
SOAs. They change the carrier distribution in the conduction band.

The main nonlinear effects involved in the SOAs, having for origin carriers dynamics and
caused mainly by the change of the carriers density induced by input signals, are the
following ones:

3.1 Self Gain Modulation

The self gain modulation (SGM) is an effect which corresponds to the modulation of the
gain induced by the variation of the input signal power. It can be used to conceive a
compensator of signal distortion.

3.2 Self Phase Modulation

The self phase modulation (SPM) is a nonlinear effect that implies the phase modulation of
the SOA output signal caused by the refractive index variation induced by the variation of
the input signal power.

3.3 Self induced nonlinear Polarization Rotation
The self induced nonlinear polarization rotation (SPR) translates the self rotation of the
polarization state of the SOA output signal with regard to input one.

3.4 Cross-Gain Modulation

The cross-gain modulation (XGM) is a nonlinear effect, which is similar to the SGM. It implies
the modulation of the gain induced by an optical signal (known as a control or pump signal),
which affects the gain of a probe signal propagating simultaneously in the SOA. The XGM can
take place in a SOA with a co-propagative or counter-propagative configuration.

3.5 Cross-Phase Modulation

The cross-phase modulation (XPM) is a nonlinear effect, which is similar to the SPM. It
corresponds to the change of the refractive index induced by an optical signal (known as a
control or pump signal), which affects the phase of another optical signal (probe)
propagating at the same time in the SOA structure.

3.6 Four Wave Mixing

The four wave mixing (FWM) is a parametric process, which is at the origin of the
production of new frequencies. It can be explained by the beating between two or several
optical signals having different wavelengths propagating in the SOA structure, which
generates signals having new optical frequencies.

The FWM effect in SOAs has been shown to be a promising method for wavelength
conversion. It is attractive since it is independent of modulation format, capable of
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dispersion compensation and ultra fast. So, wavelength conversion based on FWM effect
offers strict transparency, including modulation-format and bit-rate transparency, and it is
capable of multi-wavelength conversions. However, it has low conversion efficiency and
needs careful control of the polarization of the input lights (Politi et al., 2006). The main
drawbacks of wavelength conversion based on FWM are polarization sensitivity and the
frequency-shift dependent conversion efficiency.

3.7 Cross-Polarization Modulation

The cross-polarization modulation (XPolM) effect in a SOA structure, which has been
subject of many investigations in recent years, is a nonlinear effect similar to the SPR. It
denotes the polarization rotation of a beam propagating in a SOA affected by the
polarization and the power of a relatively strong control beam, introduced simultaneously
into the amplifier. When two signals are injected in the SOA, an additional birefringence
and gain compression affects the SOA. The two signals affect one another by producing
different phase and gain compression on the transverse electric (TE) and transverse
magnetic (TM) components (because the gain saturation of the TE and TM modes is
different). This results in a rotation of the polarization state for each signal. The SOA bias
current, and the input signal power are among the parameters that determine the
magnitude of the polarization rotation. As a result, the XPoIM effect in SOA is then directly
related to the TE/TM mode discrepancy of XPM and XGM.

The nonlinear polarization rotation that occurs in the SOA is demonstrated to perform very
interesting functionalities in optical networks. However, it is exploited in optical gating, in
wavelength conversion, in regeneration and in all-optical switching configurations that are
required for wavelength routing in high-speed optical time-division multiplexing networks.

4. Modelling of polarization rotation in SOAs using the Coupled Mode Theory

4.1 Analysis of the polarization rotation in SOA with application of Stokes parameters
A convenient method to describe the state of polarization is in terms of Stokes parameters.
They provide a very useful description of the polarization state of an electromagnetic wave.
Moreover, they characterize the time-averaged electric-field intensity and the distribution of
polarization among three orthogonal polarization directions on the Poincaré sphere. They
are used in this work to analyze the polarization change at the SOA output with relation to
its state at the input for various length of the active region. They are noted as (So, S1, Sz, S3)
and defined as (Flossmann et al., 2006):

So A’ + Apy

5 _ ATEZ - ATM2 (13)
S, ZATE-ATM-COS(@M _¢TE)

5, 2Ax -ATM-Sin(¢TM ~ )

Where:

Sp is a parameter that translates the total intensity.

S1 refers to the intensity difference between the horizontal polarization and the vertical
polarization.

S» makes reference to the difference between intensities transmitted by the axes (45°, 135°).
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Ss is a parameter that expresses the difference between intensities transmitted for the left
and right circular polarizations.

¢TE and ¢TM denote the phase shift for the TE and TM modes, respectively.

The normalized Stokes parameters that can be measured at the SOA structure output by
using a polarization analyzer are given by:

s :% withi e{1, 2, 3} (14)

The phase shift variation can be written as follows:

A = ¢\, — ¢y = arctan (5—3] (15)
5

The relationship of the normalized Stokes parameters to the orientation (azimuth) and the

ellipticity angles, y and ¥, associated with the Poincaré Sphere is shown in the following

equations (Guo & Connelly, 2005):

s, cos(2y).cos(2y)
s, |=| sin(2y).cos(2y) (16)
S, sin(2y)

Therefore, the polarization change at the SOA output can be analyzed and evaluated by the
azimuth and the ellipticity that can be expressed as function of normalized Stokes parameters:

V= 1arctan (5—2]
2 Sy (17)

7= %arcsin(sS)

4.2 Concept of the proposed model
In this model, which is based on the coupled mode theory (CMT), we assume that the
optical field is propagating in the z-direction of the SOA structure and it is decomposed into
TE and TM component. In addition, the TE/TM gain coefficients are supposed, in a
saturated SOA, to be not constant along the amplifier length and then can be written as the
following forms (Connelly, 2002):

{ 8re(2) =Tre.8,(2) — o (18)

8 (2) = Try-8,,(2) =ty

Where gre and grv are the gain coefficients, I'tg and I'rv denote the confinement factors, are
and arm symbolize the efficient losses, respectively for TE and TM modes. g, designates the
gain material coefficient.
To estimate the polarization sensitivity of a saturated amplifier, the material intensity gain

coefficient is assumed to be saturated by the light intensity as the following equation
(Gustavsson, 1993):
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gm,O
1+ (lATE (Z)|2 +|Apy (Z)|2 )'Esiz

8.(2)= (19)

Referring to the coupled mode equations developed in (Gustavsson, 1993) that take into
account the coupling between the TE and TM modes, the evolution of the electromagnetic
field envelope in the SOA active region can be written under the following equations:

Ay _1 T
a_ZTE:EgTE(Z)-ATE(Z)+CWI,1'ATM(Z)'C "

20
0A,, 1 a8 “
L ) A0 Crn e

Where

AP represents the difference between the propagation constants prg and Prm for TE and TM
modes, respectively.

Cepli (with i={1,2}) denotes the coupling coefficient given by the following equation:

(14 +An ) |
C,:(2)=x—x.] 1+ -x.| 1+
. i

(14 +Anaf) |
E 2

s

(21)

With: ";" is a constant.
Hence, the evolution of the electromagnetic field envelope in the active region of the SOA
can also be written under the following matrix form:

0 [ Ap(2) LMy My Ap(2) o)
2 _i | @)
0z\ Apy(2) My My )\ Apy(2)
Where
my = _%'(FTE'gm(Z) — o)
My, = _j'Ccpl1-?7j'Aﬁ'z 23)
My = j'Ccplz'e]'Aﬂ'Z
My, = _%'(FTM'gm(Z) — Opy)

The solution of the set of differential equations (20) is not available in analytical form. Then,
for calculating the electromagnetic field envelope in the SOA structure, it is primordial to
use a numerical method; that is the object of the next section.

4.3 Numerical method formulation
The numerical method adopted to calculate electromagnetic field envelope of SOA, is based
on a numerical integration approach of the differential equations in the z-direction. Firstly,
the equation (22) is reformulated as:

2A(z) _

pe j.M(A(z)).A(z) (24)
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Where
A
A(z)= [ TE(Z)J (25)
Ay (2)
m, m
M(A(z) =( " HJ (26)
( ) le mZZ

The initial solution of equation (24) at a position z=zy+Az is given by:

Ay(zy +Az) = A(z,).exp(—].M(z,).Az) (27)

For the fact that the matrix M is not constant in the interval Az, it is necessary to apply a
correction to the initial solution. The correction term is expressed as:

A (z, + Az) —[M(z0+Az) M(z,) ] A, (28)

Where A_O is the average value of A(z) in the interval [z, zo+Az].
Then, the final solution will be written as the following form:

A(zy+Az) = Ay(zy + Az) + A (2, + Az) (29)

For the numerical implementation of the described method, the exponential term in
equation (27) is developed as a finite summation of Taylor series terms as:

L1
Ay(zy +Az) = Z—

' (—j.Az.M( z[,)) Azy) + 07 (Az) (30)
p=0 P

In which O’ (Az) denotes that the remaining error is order (q+1) in Az.
Finally, in order to reduce the calculation time, it is worthwhile to calculate the
electromagnetic field envelope of SOA recursively as the following form:

Az

o LMAE] " Aw) @)

—[ 7.Az.M(A(z,)) ] Alzy) = ij[—]M(A(ZO))]*

4.4 Numerical simulation results and their experimental validation

In the implementation of the developed model, which is proposed in the section 4.3, using
the theoretical background described above, the Taylor series is evaluated up to the
twentieth order. In order to validate the results obtained by this approach, we have
performed an experiment which was done in free-space. Its setup consists of a commercial
InGaAsP/InP SOA structure, which is positioned so that their TE and TM axes correspond
to the horizontal and vertical axes of the laboratory referential, respectively. The laboratory
refers to the RESO lab in the National Engineering School of Brest, France. Light emitted
from the SOA was collected and collimated with a microscope objective, then passed
through a quarter-wave plate and a linear polarizer acting as an analyzer, before being
recollected with a fibred collimator, connected to an optical spectrum analyzer with an
optical band-pass filter, having a bandwidth of 0.07 nm in order to reject the amplified
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spontaneous emission. The passing axis of the linear polarizer, when set vertically,
coincided with the TM axis in the sample and defined a reference direction from which the
orientation angle 0 of the fast axis of the quarter-wave plate was estimated. This orientation
could be modified, as the quarter-wave plate was mounted on a rotation stage whose
movements were accurately determined by a computer-controlled step motor.

The presence of an injected optical signal affects the carrier density and includes strong
modifications of the birefringence and dichroism experienced by the signal itself in the SOA
active zone. Consequently, the input optical signal experiences a modification of its
polarization state due to the intrinsic birefringence and residual differential gain of the
active region. In the linear operating regime, the SOA output polarization remains nearly
independent of the input power. However, within the saturation regime, a self-induced
nonlinear rotation of polarization takes place and depends upon input power, because of
carrier density variations which modify induced birefringence and residual differential gain.
This causes fast variations of the state of polarization of the output signal, both in terms of
azimuth and ellipticity parameters, which are analyzed in this section by varying the SOA
injection conditions.
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Fig. 7. Evolution of the azimuth of the output state of polarization of the SOA as a function
of the injected input power for a bias current of 225 mA.

Figure 7 depicts the evolution of the azimuth at the output as a function of the input signal
power initially injected at an angle 6. When 8 = 0° or 6 = 90°, the azimuth undergoes a small
variation. Whereas, when 0 = 45° or 0 = 135° that corresponds to the injection with identical
TE/TM powers, a significant change of the polarization state is shown when the input
signal power becomes high, which corresponds to the saturation regime, contrarily for low
values that refer to the linear operating regime. However, we can notice that the results
obtained are in good agreement with the experimental measurements.

The ellipticity, which is shown in figure 8, experiences a slight increase when there is an
augmentation of the injected power for an angle 0 equal to 0° or 90°. However, for the case
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of injecting the input power with 0 = 45° or 0 = 135°, the ellipticity parameter experiences
significant variations.
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Fig. 8. Evolution of the ellipticity of the output state of polarization of the SOA versus the
input signal power for a bias current of 225 mA.

According to the results presented in figure 9, we can notice that the phase shift is almost
constant when the input signal power is very low. It decreases rapidly by augmenting the
injected power. This behavior is explained by the diminution of carrier density due to the
stimulated emission as the input power is increased. Also, it mirrors the variation of
birefringence induced by effective refractive index variations with carrier densities.
Moreover, this change of Ad is significant only in the gain band; i.e. when the injected input
power is high and thus corresponds to the operation at the saturation regime.
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Fig. 9. Variation of the phase shift of the optical signal at the SOA output as a function of the
injected input power for a bias current of 225 mA.
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5. Application of SOA nonlinearities to achieve wavelength conversion

All-optical wavelength converters are considered key components in future WDM optical
networks due to their main advantage that consists of increasing the flexibility and the
capacity of these networks and facilitating WDM network management. Moreover, they
form an essential part of the wavelength routing switch that is employed in the all-optical
buffering concept. All-optical wavelength conversion can be realized by using fiber
nonlinearities or nonlinearities in semiconductor devices.

In the last few years, a considerable attention has been focusing on SOAs and their potential
use in optical communication systems. Especially, SOAs have generated more and more
interest when optical signal processing is involved. Subsequently, they are exploited to
achieve wavelength conversion at high bit rates, which is a very important function in
conjunction with WDM systems. This reason makes them also very useful in wavelength
routers, which manage wavelength paths through optical networks based on complex
meshes, rather than point-to-point architectures (Wei et al., 2005).

Many studies have paid more attention on SOA performance for implementing and
configuring wavelength conversion sub-systems. Hence, several optical wavelength
converters based on SOA nonlinearities have been proposed and discussed, such as XGM
(Tzanakaki & O’Mahony, 2000), XPM (Matsumoto et al., 2006), FWM (Contestabile et al.,
2004), and XPolM (Wei et al, 2005). Each configuration has its advantages and
disadvantages and thus its framework of application in optical communication networks.
Optical wavelength converters based on SOA nonlinearities, which are fundamental
components in today’s photonic networks, offer advantages in terms of integration potential,
power consumption, and optical power efficiency. However, the major limitation of SOA-
based wavelength converters is the slow SOA recovery, causing unwanted pattern effects in
the converted signal and limiting the maximum operation speed of the wavelength converters.
It has already been theoretically and experimentally clarified that the increase in electrical
pumping power, confinement factor and the device interaction length effectively improve the
speed performance (Joergensen et al, 1997). For improving the SOA-based wavelength
converters, some techniques are proposed, such as: Fiber Bragg grating at 100 Gbit/s (Ellis et
al., 1998), interferometric configuration at 168 Gbit/s (Nakamura et al., 2001), two cascaded
SOAs at 170.4 Gbit/s (Manning et al., 2006) and optical filtering at 320 Gbit/s (Liu et al., 2007).
In this section, we evaluate the influence of SOA parameters and the signal format (non
return-to-zero “NRZ” or return-to-zero “RZ”) on the behavior of the structure used in
wavelength conversion configuration and we analyze the performance dependence on
several critical operation parameters of the SOA structure.

5.1 Concept of wavelength conversion based on SOA nonlinear effects

All-optical wavelength conversion refers to the operation that consists of the transfer of the
information carried in one wavelength channel to another wavelength channel in the optical
domain. It is a key requirement for optical networks because it has to be used to extend the
degree of freedom to the wavelength domain. Moreover, All-optical wavelength conversion
is also indispensable in future optical packet switching (OPS) networks to optimize the
network performance metrics, such as packet loss rate and packet delay (Danielsen et al.,
1998). Also, it is very useful in the implementation of switches in WDM networks. In
addition, it is crucial to lower the access blocking probability and therefore to increase the
utilization efficiency of the network resources in wavelength routed optical networks.
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While a significant part of network design, routing and wavelength assignment depends on
the availability and performance of wavelength converters; and as many techniques have
been explored and discussed in this context, all-optical wavelength converters based on
SOA structures have attracted a lot of interest thanks to their attractive features, such as the
small size, the fast carrier dynamics, the multifunctional aspect and the high potential of
integration. The main features of a wavelength converter include its transparency to bit rate
and signal format, operation at moderate optical power levels, low electrical power
consumption, small frequency chirp, cascadability of multiple stages of converters, and
signal reshaping.

When a RZ pump (the data signal) at wavelength A; and a continuous wave (CW) probe
signal at wavelength \; are injected into an SOA, the pump modulates the carrier density in
its active region and hence its gain and refractive index. This leads to a change in the
amplitude and phase of the CW probe signal. In the case of XGM, the output probe signal
from the SOA carries the inverted modulation of the RZ input data signal.

The XPM is used to obtain an output probe signal with non-inverted modulation, whereby
the phase modulation of the probe signal is converted to amplitude modulation by an
interferometer. Particularly, in the wavelength conversion based on the XGM scheme, a
strong input signal is needed to saturate the SOA gain and thereby to modulate the CW
signal carrying the new wavelength. While the XGM effect is accompanied by large chirp
and a low extinction ratio, and limited by the relatively slow carrier recovery time within
the SOA structure, impressive wavelength conversion of up to 40 Gbit/s and with some
degradation even up to 100 Gbit/s (Ellis et al., 1998), has been demonstrated.

To overcome the XGM disadvantages, SOAs have been integrated in interferometric
configurations, where the intensity modulation of the input signal is transferred into a phase
modulation of the CW signal and exploited for switching. These XPM schemes enable
wavelength conversion with lower signal powers, reduced chirp, enhanced extinction ratios
and ultra fast switching transients that are not limited by the carrier recovery time.
Subsequently, wavelength conversion based on the XPM effect with excellent signal quality
up to 100 Gbit/s, has been demonstrated (Leuthold et al., 2000) by using a fully integrated
and packaged SOA delayed interference configuration that comprises a monolithically
integrated delay loop, phase shifter and tunable coupler.

The FWM effect in SOAs has been shown to be a promising method for wavelength
conversion. It is attractive since it is independent of modulation format, capable of
dispersion compensation and ultra fast. So, wavelength conversion based on FWM offers
strict transparency, including modulation-format and bit-rate transparency, and it is capable
of multi-wavelength conversions. However, it has a low conversion efficiency and needs
careful control of the polarization of the input lights (Politi et al., 2006). The main drawbacks
of wavelength conversion based on FWM are polarization sensitivity and the frequency-
shift dependent conversion efficiency.

Wavelength conversion based on XPoIM is another promising approach. It uses the optically
induced birefringence and dichroism in an SOA and it has great potential to offer
wavelength conversion with a high extinction ratio.

The influence of the nonlinear polarization rotation and the intrinsic and extrinsic SOA
parameters on the performance of a wavelength converter based on XGM effect is the
subject of the next section.
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5.2 Impact of polarization rotation on the performance of wavelength conversion
based on XGM at 40 Gbit/s

Gain saturation of the SOA structure induces nonlinear polarization rotation that can be
used to realize wavelength converters (Liu et al, 2003). Depending on the system
configuration, inverted and non-inverted polarity output can be achieved. Recently, a
remarkable wavelength conversion at 40 Gb/s with multi-casting functionality based on
nonlinear polarization rotation has been demonstrated (Contestabile et al., 2005). The
proposed wavelength converter based on XGM effect in a wideband traveling wave SOA
(TW-SOA) at 40 Gbit/s, is presented in figure 10.
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Fig. 10. Schematic of the wavelength converter configuration.
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Fig. 11. Evolution of the output signal by varying the CW input power for an RZ format
signal.

An input signal obtained from a WDM transmitter, called the pump, at the wavelength A=
1554 nm and a CW signal, called the probe light, at the desired output wavelength \,=1550
nm are multiplexed and launched co-directionally in the wideband TW-SOA. The pump
wave modulates the carrier density and consequently the gain of the SOA. The modulated
gain modulates the probe light, so that the output probe light, which is known as the
converted signal, contains the information of the input signal, and achieve wavelength
conversion (from A; to Ay).

By varying the CW input power and the input format signal, we visualized the output
signal power by using the OTDV1 and OTDV2, as illustrated in figures 11 and 12. So, we
can notice that a strong input signal is needed to saturate the SOA gain and thereby to
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modulate the CW signal, as shown in figures 11b and 12b. Also, this is accompanied by a
modulation inversion of the output signal, which is considered one among the drawbacks of
the wavelength conversion using XGM.
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Fig. 12. Evolution of the output signal power as a function of the CW power for an NRZ
format signal.

Birefringent effects are induced when the pump is coupled into the structure, owing to the
TE/TM asymmetry of the confinement factors, the carriers’ distributions, the induced
nonlinear refractive indices and the absorption coefficients of the SOA. Consequently, the
linear input polarization is changed and becomes elliptical at the output as the input power
is increased. Thus, the azimuth and ellipticity vary at the SOA output, as shown in figure
13a. A significant change of the polarization state is shown when the CW input power is
high, contrarily for low values that correspond to a linear operating regime. Moreover, this
polarization rotation varies not only with the pump power but also as a function of the
RZ/NRZ signal format and the optical confinement factor.
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Fig. 13. Evolution of the azimuth, the ellipticity, the noise figure and the output power as a
function of the input signal power, the signal format and the optical confinement factor.
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The transfer function, illustrated in figure 13b, shows that the linear operating regime is
exhibited when the input power is low; then the RZ signal format with a high optical
confinement factor is the privileged case. The saturation regime occurs as we are increasing
the input powers, which corresponds to a gain saturation that can cause significant signal
distortion at the output of the wavelength converter. Consequently, in the proposed
wavelength converter scheme, we can use a band-pass filter just after the SOA, centered on
A2 to suppress the spontaneous noise and to extract only the converted signal containing the
information of the input signal. Moreover, the discussed wavelength converter
configuration can be used to interface access-metro systems with the core network by
achieving wavelength conversion of 1310 to 1550 nm since multi-Gbit/s 1310 nm
transmission technology is commonly used in access and metro networks and the long-haul
core network is centered on 1550 nm window.

In order to analyze the wavelength converter performance in detail, we adopt a wavelength
conversion scheme based on an RZ configuration. The used SOA has a bias current I=
150mA and is connected to a receiver composed of a Bessel optical filter centered on Ay, a
photo-detector PIN, a low pass Bessel filter and a Bit-Error-Rate (BER) analyzer. The default
order of the Bessel optical filter was set to 4 in the subsequent simulations.

By varying the input power, the maximum value for the Q-factor, the minimum value for
the BER, the eye extinction ratio and the eye opening factor versus decision instant are
shown in figures 14 and 15.

The results obtained demonstrate that the optimal point corresponds to an input power
equal to -39 dBm. The BER analyzer eye diagram for this case is represented in figure 16. As
for the order of the Bessel low pass filter at the receiver, it has been also studied to observe
its effects on performance of the system. It appears from figure 16, that the change of the
filter order "m" has a slight variation on the performance of the simulated system.

So, we can conclude that high-speed wavelength conversion seems to be one of the most
important functionalities required to assure more flexibility in the next generation optical
networks, since wavelength converters, which are the key elements in future WDM
networks, can reduce wavelength blocking and offer data regeneration.
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Fig. 14. Evolution of the Q-factor and the BER for different values of the input power.
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Fig. 15. Evolution of the eye extinction ratio and the eye opening factor for different values
of the input power.
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Fig. 16. Evolution the eye diagram, the Q factor and the BER by changing the order of the
Bessel low pass filter "m" for an input power equal to -39 dBm.

6. Conclusion

In this chapter, an investigation of SOA nonlinearities and their applications for future
optical networks are presented and discussed. We have shown that intrinsic and extrinsic
SOA parameters, such as the bias current, the active region length, etc. play an important
role in the SOA gain dynamics. As results, high saturation output power, which is especially
preferred in WDM systems, can be achieved by increasing the bias current or by using short
SOAs. An accurate choice of these parameters is very important for the determination of the
best device operation conditions to achieve the desired functionality based on SOAs and
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exploiting their linear or saturation operating regime in a variety of different applications
for all-optical signal processing and in long-haul optical transmissions.

We have also analyzed the impact of SOA parameter variations on the polarization rotation
effect, which is investigated referring to a numerical model that we developed based on the
Coupled Mode Theory and the formalism of Stokes. Subsequently, it is shown that the
azimuth and the ellipticity parameters undergo changes according to injection conditions.
Our model agrees well with available experimental measurements that have been carried
out in free space and also reveals the conditions for the validity of previous simpler
approaches.
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1. Introduction

1.1 SOAs as nonlinear elements in Mach-Zehnder Interferometers

Although SOAs have been initially introduced as integrated modules mainly for optical
amplification purposes, they have been widely used in all optical signal processing
applications, like all-optical switching and wavelength conversion, utilizing the exhibited
nonlinearities such as gain saturation, cross-gain (XGM) and cross-phase modulation (XPM).
These nonlinear effects that present the most severe problem and limit the usefulness of
SOAs as optical amplifiers in lightwave systems can be proven attractive in optically
transparent networks. The origin of the nonlinearities lies in the SOA gain saturation and in
its correlation with the phase of the propagating wave, since the carrier density changes
induced by the input signals are affecting not only the gain but also the refractive index in
the active region of the SOA. The carrier density dynamics within the SOA are very fast
(picosecond scale) and thus the gain responds in tune with the fluctuations in the input
power on a bit by bit basis even for optical data at 10 or 40 Gb/s bit-rates (Ramaswami &
Sivarajan, 2002).

If more than one signal is injected into the SOA, their nonlinear interaction will lead to XPM
between the signals. However, in order to take advantage of the XPM phenomenon and
create functional devices, the SOAs have to be placed in an interferometric configuration
such as a Mach-Zehnder Interferometer (MZI) that converts phase changes in the signals to
intensity variations at its output exploiting interference effects. Semiconductor Optical
Amplifier-based Mach-Zehnder Interferometers (SOA-MZIs) have been widely used in the
past years as all-optical high speed switches for signal conditioning and signal processing,
mainly due to their low switching power requirements and their potential for integration
(Maxwell, 2006). Using this type of switch, a set of processing operations ranging from
demultiplexing (Duelk et al.,1999) to regeneration (Ueno et al., 2001) and wavelength
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conversion (Nielsen et al. 2003) to optical sampling (Fischer et al. 2001) and optical flip-flops
(Hill et al. 2001, Pleros et al. 2009) has been demonstrated, highlighting multi-functionality
as an additional advantage of SOA-MZI devices. Within the same frame, SOA-MZI devices
have proven very efficient in dealing with packet-formatted optical traffic allowing for their
exploitation in several routing/processing demonstrations for optical packet or burst
switched applications, performing successfully in challenging and demanding
functionalities like packet envelope detection (Stampoulidis et al, 2007), packet clock
recovery (Kanellos et al, 2007a), label/payload separation (Ramos et al, 2005), burst-mode
reception (Kanellos et al, 2007a, 2007b) and contention resolution (Stampoulidis et al,
2007).A brief description of the most important SOA-MZI signal processing applications and
their principle of operation is provided in the following paragraphs.
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Fig. 1. Single MZI basic functionalities: a) wavelength conversion b) demultiplexing c)
Boolean logic (XOR) operation d) 2R regeneration e) Clock recovery (CR) f) Packet envelope
detection (PED)

1.1.1 Wavelength converters

An important class of application area for SOA-MZIs is wavelength conversion both for RZ
and NRZ data formats, offering also 2R regenerative characteristics to the wavelength
converted signal as a result of their nonlinear transfer function. Several schemes were
developed during the decade of the 1990s (Durhuus et al. 1994), and many others have been
proposed since then ((Stubkjaer, 2000; Wolfson et al. 2000; Leuthold, J. 2001; Nakamura et al.
2001; M. Masanovic et al. 2003; Apostolopoulos et al. 2009a).

Figure 1(a) depicts the standard WC layout employing a single control signal that is inserted
into one of the two MZI arms causing a gain and phase variation only to one of the two CW



A Frequency Domain Systems Theory Perspective for Semiconductor Optical Amplifier
- Mach Zehnder Interferometer Circuitry in Routing and Signal Processing Applications 55

signal components. This configuration offers the advantage of reduced complexity but is
liable to result in pulse broadening and significant patterning effects due to the unbalanced
gain saturation in the two SOAs, severely limiting the operational speed of the device
especially when NRZ pulses are used. In the case of RZ signal formats, unequal SOA gain-
induced speed restrictions can be overcome by the well-known “push-pull” architecture that
employs two identical control signal entering the two SOAs with a differential time delay. In
the case of NRZ data format, these effects are partially compensated in the bidirectional
push-pull scheme, which employs two identical control pulses travelling in opposite
directions through the two MZI branches, while further improvement is achieved by the
recently proposed Differentially-biased NRZ wavelength conversion scheme that provides
enhanced 2R regenerative characteristics (Apostolopoulos et al. 2009a,b).

1.1.2 All-optical logic gates

The successful employment of SOA-MZIs in all-optical Boolean logic configurations has
been the main reason for referring to SOA-MZIs as the all-optical version of the electronic
transistor. All-optical logic gates based on SOA-MZI structures using cross phase
modulation have demonstrated several interesting merits, i.e. high extinction ratio,
regenerative capability, high speed of operation, and low chirp in addition to low energy
requirement and integration capability. Particular attention has been paid to the all-optical
XOR gate that forms a key technology for implementing primary systems for binary address
and header recognition, binary addition and counting, pattern matching, decision and
comparison, generation of pseudorandom binary sequences, encryption and coding. This
gate has been demonstrated at 40 Gb/s (Webb et al. 2003) using SOA-MZI schemes. Figure
1 (c) presents the principle of Boolean XOR operation. Moreover, Kim et al. proposed and
experimentally demonstrated all-optical multiple logic gates with XOR, NOR, OR, and
NAND functions using SOA-MZI structures that enable simultaneous operations of various
logic functions with high ER at high speed (Kim et al, 2005).

1.1.3 All- Optical 2R/3R regeneration

All-optical regeneration is employed at the input of an optical node in order to relieve the
incoming data traffic from the accumulated signal quality distortions and to restore a high-
quality signal directly in the optical domain prior continuing its route through the network.
2R regeneration generic layout comprises a SOA-MZI interferometer configured in
wavelength conversion operation and powered with a strong CW signal. The saturated
SOAs in combination with the interferometric transfer function of the gate exhibit a highly
non-linear step-like response and the configuration operates as a power limiter (Pleros et al.
2004), forcing unequal power level pulses to equalization. SOA-MZIs have been usually
utilized as the nonlinear regenerating elements in several optical 2R regeneration
experiments up to 40Gb/s (Apostolopoulos et al,2009a). The block diagram of this setup is
shown in Fig. 1(d). All-optical 3R regeneration combines the 2R regeneration module, acting
as a decision element, with a clock recovery unit, an important subsystem that produces
high-quality data-rate clock pulses. The decision element is used for imprinting the
incoming data logical information onto the “fresh” clock signal. The clock recovery process
has been demonstrated to perform with different length 40Gb/s asynchronous packets,
using a low-Q FPF filter with a highly saturated SOA-MZI gate (Kanellos et al. 2007a). The
block diagram setup of the clock recovery subsystem is shown in Fig. 1(e).



56 Advances in Optical Amplifiers

1.1.4 DEMUX and Add/Drop multiplexer

Demultiplexing and add/drop multiplexing have been among the first applications areas of
SOA-MZI devices, successfully providing the required wavelength and/or data-rate
adaptation at the node’s front-end. The use of SOA-MZI configurations has initially been
demonstrated for demultiplexing purposes from 40 to 10 Gbit/s (Duelk et al., 1999). Figure
1(b) presents the experimental set-up used for the demultiplexing operation.

1.1.5 Burst-Mode Receiver

Burst-mode reception (BMR) is a highly challenging yet necessary functionality on the way
to optical packet and burst-mode switched networks, as it has to be capable of adapting to
and handling arriving packets with different phase alignment and optical power levels,
ensuring at the same time successful regeneration at the intermediate network nodes or
error-free reception at the end-user terminals. SOA-MZI-based designs have been already
presented in several 2R and 3R setups to simplify the BMR circuit design, whereas the
interconnection of four cascaded SOA-MZI gates has led also to the first BMR architecture
demonstrated at 40Gb/s (Kanellos et al. 2007a). Each one of the four SOA-MZI modules in
this BMR setup provides a different functional task, namely wavelength conversion, power
level equalization, clock recovery and finally regeneration or reception.

1.1.6 Optical RAM

Buffering and Random Access Memory (RAM) functionality have been the main weakness of
photonic technologies compared to electronics, mainly due to the neutral charge of photon
particles that impedes them to mimic the storage behavior of electrons. The first all-optical
static RAM cell with true random access read/write functionality has been only recently
feasible by exploiting a SOA-MZI-based optical flip-flop and two optically controlled SOA-
based ON/OFF switches (Pleros et al. 2009), providing a proof-of-principle solution towards
high-speed all-optical RAM circuitry. The optical flip-flop serves as the single-bit memory
element utilizing the wavelength dimension and the coupling mechanism between the two
SOA-MZIs for determining the memory content, whereas the two SOAs operate as XGM
ON/OFF switches controlling access to the flip-flop configuration.

1.1.7 Contention resolution

Packet envelope detection is performed by extracting the envelope of the incoming optical
packets (Figure 1(f)). All-optical PED has been demonstrated using an integrated SOA-MZI
(Stampoulidis et al. 2007). In these experiments the PED circuit consists of a passive filter in
combination with an SOA-MZI gate operated as a low-bandwidth 2R regenerator. The PED
circuit generates a packet envelope, indicating the presence of a packet at the specific
timeslot. The same experimental work has demonstrated contention resolution in the
wavelength domain, using the PED signal to wavelength-convert the deflected packets
(Stampoulidis et al. 2007).

1.2 Progress in fabrication and integration: technology overview

The large variety of signal processing and routing applications demonstrated during the last
decade by means of SOA-MZI-based circuitry has been mainly a result of the remarkable
progress in monolithic and hybrid photonic integration. This has allowed for increased
integration densities at high-speed channel rates, offering at the same time the potential for
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multiple SOA-MZI interconnection even in cascaded stages (Zakynthinos et al.2007,
Apostolopoulos et al. 2009b), lower cost, smaller footprints and lower power consumption.
The silica-on-silicon hybrid integration platform developed by the Center for Integrated
Photonics (CIP, U.K.) has been proven a technique of great potential, enabling flip-chip
bonding of pre-fabricated InP and InGaAsP components, including SOAs and modulators,
on silicon boards with low loss waveguides (Maxwell et al. 2006). This technique relies on
the design and development of a planar silica waveguide acting as a motherboard, which is
capable of hosting active and passive devices, similar to the electronic printed circuit board
used in electronics. The active elements of the device are independently developed on
precision-machined silicon submounts called “daughterboards.” In the case of SOA-MZI
development, the daughterboards are designed to host monolithic SOA chips and provide
all suitable alignment stops. The daughterboard consists of a double SOA array and is flip
chipped onto the motherboard. This platform has led also to the implementation of
multielement photonic integrated circuits, paving the way towards true all-optical systems
on-chip that can yield both packaging and fiber pig-tailing cost reduction while retaining
cost effectiveness through a unified integration platform for a variety of all-optical devices.
Toward this milestone, SOA_MZI regenerators integrated on the same chip with bandpass
filtering elements have been shown to perform successfully in WDM applications (Maxwell
et al. 2006), while high-level system applications have been demonstrated by making use of
the first quadruple arrays of hybridly integrated SOA-MZI gates (Stampoulidis et al. 2008).
Monolithic integration has also witnessed significant progress, presenting Photonic Integrated
Circuits (PICs) that incorporate several active and passive components, being capable of
meeting different performance requirements on a single chip. A buttjoint growth-based
integration platform was explored to incorporate both high- and low-confinement active
regions in the same device. To this end, monolithically widely tunable all-optical differential
SOA-MZI wavelength converter operating at 40Gb/s have been implemented (Lal et al. 2006),
whereas the device functionality was extended by incorporating an electrical modulation stage
yielding a monolithic Packet Forwarding Chip (PFC). These structures enabled the successful
realization of three major high-rate packet switching functions in a single monolithic device,
allowing for simultaneous tunability, all-optical wavelength conversion, and optical label
encoding. Monolithic integration holds also the record number of more than 200 passive and
active elements integrated on the same functional chip, leading to the first 8x8 InP monolithic
tunable optical router capable of operating at 40-Gb/s (Nicholes et al. 2010).

1.3 Modeling and Theory approaches so far

Despite the significant progress in SOA-MZI-based applications and the maturity reached in
this technology during the last years, its theoretical toolkit is still missing a holistic
frequency domain analysis that will be capable of yielding a common basis for the
qualitative understanding of all SOA-MZI enabled nonlinear functionalities. Although
single SOAs have been extensively investigated using both time- and frequency-domain
theoretical methods (Davies, 1995, Mark et al.1999), SOA-MZI theory has mainly relied on
time-domain simulation-based approaches (Melo et al. 2007) employing customized
frequency-domain analytical methods only for specific applications (Kanellos et al 2007b).
However, it is well-known from system’s theory that a unified frequency-domain
argumentation of the experimentally proven multifunctional potential of SOA-MZIs can
allow for simple analytical procedures in the performance analysis of complex SOA-MZI-
based setups, leading also to optimized configurations. The modulation bandwidth
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enhancement of the SOA-based Delayed Interferometer Signal Converter (DISC) through
chirp filtering (Nielsen et al 2004) and its associated subsequent applications are timely
examples for the research strength that can be unleashed by a solid theoretical frequency
domain model. This chapter aims to introduce a frequency-domain description of the SOA-
MZI transfer function providing a solid system’s theory platform for the analysis and
performance evaluation of SOA-MZI circuitry. The following sections have been structured
so as to introduce the mathematical framework required for the SOA-MZI transfer function
extraction, to present its application in several SOA-MZI architectural designs and, finally,
to use it in the analysis and evaluation of well-known complex SOA-MZI-based devices
exploiting well-established system’s theory procedures.

2. Theory development

2.1 SOA-MZI all-optical wavelength conversion generic layout

SOA-MZI all optical wavelength conversion is the fundamental operation for the
interferometric devices, as it represents either a stand-alone key network application or an
essential sub-system functionality to be employed in larger and more complicated
processing systems. The principle of operation of the SOA-MZI AOWCs relies on splitting
the injected CW input signal into two spatial components that propagate through the two
MZI branches and are forced to interfere at the output coupler after experiencing the
induced SOA carrier density changes and the associated cross-gain (XGM) and cross-phase
modulation (XPM) phenomena imposed by the control signals. In this way, the optical data
signal serving as the Control (CTR) signal into the SOA-MZI is imprinted onto the CW input
beam, resulting to a replica of the inserted data sequence carried by a new wavelength and
emerging at the Switched-port (S-port) of the MZIL

Fig. 2(a-c) illustrates all possible configurations of SOA-MZI-based wavelength converters
and their principle of operation, with their classification being determined by the type of
signals injected into the SOA-MZI. Fig. 2(a-c) illustrate the operation principle for each
corresponding case. Fig. 2(d-f) show the amplitude and phase of the upper (x) and lower (y)
cw components with the red solid line and the dotted lines, respectively, after passing
through the SOA devices at the impulse of an NRZ pulse.
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Fig. 2. Description of the SOA-MZI wavelength conversion configurations: (a) standard, (b)
push-pull and (c) differentially biased.
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To this end, Fig. 2(a) illustrates the simplest configuration called the standard SOA-MZI
scheme, employing a strong continuous wave (CW) signal at A commonly inserted into
both SOA-MZI branches after passing through the input 3 dB coupler. A weak data signal at
A2 is inserted into the upper branch as the control (CTR) and is responsible for altering the
gain and phase dynamics of the upper branch CW signal by stimulating the cross-gain
(XGM) and cross-phase modulation (XPM) phenomena on the upper SOA. Finally, the two
CW components traveling along the upper and lower SOA-MZI arms interfere
constructively at the output 3 dB coupler, yielding the wavelength converted signal at the
switched port. As shown in Fig.2(a), only the amplitude and phase of the upper CW
component are affected (red line) due to the carrier modulation imposed by the input
control pulse (CTRy), whereas the amplitude and phase of the lower CW component remain
constant (dotted line) and they are only subject to the waveguide propagation loss. The
result of the interference between the two output CW components is the wavelength
converted output signal shown at the top right corner, suffering though from slow rise and
fall times due to the slow gain recovery time of the SOA. The second SOA-MZI wavelength
conversion scheme is illustrated in Fig.2(b) and is called the PUSH PULL configuration. In
this scheme, the control signal is split through a coupler and the two parts of the signal are
fed as the control signals CTRx and CTRy of the upper and lower branches of the SOA-MZI
after experiencing a differential time delay At. In this way, the gains of the two SOAs are
suppressed at different time instances separated by At, while the optical powers of the
controls signals may be adjusted properly in order to induce a differential phase shift close
to i rad (Fig.2.b) for the time fraction that the optical pulses of the two control signals are
not overlapping in time. The output wavelength converted signal is dominated by this
differential phase shift and appears at the switched port of the SOA-MZI. The width of the
output optical pulse is strongly dependent on the differential time delay At, while the rise
and fall times are shorter compared to the standard operation since the symmetrical gain
saturation at the upper and lower SOA-MZI arms cancels out the slow recovery time of the
SOAs. The switching speed of the push-pull SOA-MZI configuration will increase as At
reduces and the switching window shrinks, enabling in this way high operational speeds.
However, the requirement for At delay between the two control signals enforces the
availability of empty time durations within a single bit-slot, rendering this scheme suitable
only for RZ optical pulses.

The differentially biased scheme illustrated in Fig. 2(c) employs again two identical control
signals entering the respective MZI arms, enabling again for their individual tuning of their
power levels prior injected into the SOAs. However, the two control signals are now
coinciding in t