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Abstract

We study the nonlinear response and signal-processing capabilities of distributed
feedback semiconductor optical amplifiers, and seek to advance their application to
optical communication networks.

Bistability occurring for optical signals tuned near a Bragg resonance is useful for
switching and memory applications, but traditionally exhibits a limited wavelength
range. We relax this constraint by varying the grating pitch along the length of the
distributed feedback amplifier. A transfer-matrix method is developed for simulat-
ing this improvement, and for studying changes in the shape of the hysteresis curve
throughout this wavelength range. We predict a new hysteresis-curve shape on reflec-
tion, and show how the grating-pitch variation can suppress or enhance this shape.

Optical memory based on bistability is useful for sequential signal-processing
applications, but previous control techniques operate with wavelengths only in the
vicinity of the bistable-signal wavelength. We propose, model, and demonstrate con-
trol techniques via auxiliary optical signals that exhibit a very wide wavelength range.
Set and reset signals vary the refractive index in opposite ways and shift the upward-

and downward-switching thresholds, respectively, of the hysteresis curve through the
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holding-beam input power, which is kept constant. We develop a numerical model
and an experimental system to investigate the performance of the all-optical flip—flop
pertaining to speed, power, polarization, and response to back-to-back ‘set’ pulses.
We propose and numerically simulate a sequential processing application to fiber-
optic networks — data format conversion from high-speed, return-to-zero signals to
low-speed, non-return-to-zero signals.

We demonstrate data-wavelength conversion to a signal wavelength of 1547 nm
(in the vicinity of the Bragg wavelength) from initial data signals at 1306 nm, 1466
nm, and 1560 nm. This research demonstrates that cross-phase-modulation-based
conversion using signals that generate charge carriers (e.g., those at 1306 and 1466
nm) can be implemented in gain-biased amplifiers, a principle that is applicable to
other semiconductor-optical-amplifier-based data-wavelength converters. We also
demonstrate how to select the converted-data polarity and to achieve a digital-like

transfer function.
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Chapter 1

Introduction

1.1 Motivation: All-Optical Processing
in Optical Communication Networks

Optical communication systems have ushered in an information age of unparalleled
capacity and growth. In such systems, data is represented by optical pulses and is sent
along low-loss silica fiber. Optical signals currently carry about 6.5 petahits (
bits) per day over global public networks [1]; the majority of this data is for internet
services such as graphics, video, music, and text, whereas the more traditional voice
data is already a minority [2]. Demand for internet services will continue to fuel
the growth in the capacity of fiber-optic communication systems. The capacity over
public networks is expected to grow to between 64 and 160 petabits per day within
the next two years (2001-2002) [1].

The successful delivery of information through such networks requires the optical
signals to be manipulated processeds some way; processing applications include
amplification, regeneration, retiming, multiplexing and demultiplexing, reshaping,

and routing. Commonly, data is processed by being converted from optical to elec-
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trical signals, electronically processed, and then converted back to optical signals for
transmission [2] (i.e., data is converted from the optical layer to the electrical layer
and then back to the optical layer).

Electronic processing techniques, however, may not continue to be cost effective
when they are scaled up to accommodate the growth in network capacity. In the
mid-1990s, the technique of wavelength-division multiplexing (WDM), in which the
capacity of a single fiber is increaséd times by simultaneously using” differ-
ent signal wavelengths [3], began to be implemented in fiber-optic communications
systems. Using electronic regeneration for signals within WDM systems, however,
would require demultiplexing the wavelength channels, detecting and electronically
regenerating each individual channel, and then multiplexing all wavelength channels
back together again; electronic processing would therefore be costly in high-capacity
systems with large channel coukt[4]. WDM systems became affordable, in part,
by the use of erbium-doped fiber amplifiers (EDFAS) to amplify data sigatatise
optical layer[5], without electronic conversion.

Optical-processing techniques will continue to be implemented in optical net-
works as long as they meet a capacity demand at a lower cost than electronic means
[2]. An example of a promising application for optical processing is data-wavelength
conversion, where data is transferred from one signal wavelength to another (see
Chapter 7 for a discussion on the utility of data-wavelength conversion in WDM sys-
tems). Although data-wavelength conversion in the electrical domain is economical
at present-day data rates of 10 gigabits/second (Gb/s) and slower, it is expected to be
prohibitively more expensive at faster data rates [4]. All-optical techniques (in which

only optical signals are used) have been used to demonstrate data-wavelength con-
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version at speeds as fast as 100 Gb/s while using relatively inexpensive components
[6].

This thesis explores the nonlinear response and all-optical signal-processing ca-
pabilities of distributed feedback (DFB) semiconductor optical amplifiers (SOAS),
and seeks to advance their application to optical communication networks. A history

of research on DFB SOAs is presented in the following section.

1.2 Historical Review of Research in
Resonant-Type Semiconductor Optical Amplifiers

Semiconductor optical amplifiers (SOAs) possess many characteristics that make
them well suited for all-optical signal-processing applications. Gain saturation is
accompanied by a significant change in the refractive index; this carrier-induced
nonlinear refractive index has been estimated to have an effective Kerr nonlinear-
ity ny ~ 1072 cm?/W [7], seven orders of magnitude greater than the value,of

in silica fiber. SOAs also have the advantages of being compagt( m> active
volume), integrateable with other devices, and operable at any wavelength used in
fiber-optic communication systems [8]. Furthermore, since SOAs provide amplifi-
cation (with modal gain~ 300 cnt!, four orders of magnitude larger than that of
erbium-doped silica), they allow high fan—out and high cascadability, which are gen-

eral requirements for large photonic circuits and multi-component lightwave systems

[91.
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1.2.1 Fabry—Perot Amplifiers

In the 1980s, researchers began exploring the nonlinear response of SOAs within
Fabry—Perot cavities. Such devices were readily available — they are just Fabry—
Perot diode lasers driven below lasing threshold. In 1982, Otsuka and Iwamura of
NTT presented a theoretical analysis of optical bistability in Fabry—Perot SOAs [10],
and showed that the bistable-switching thresholds decrease as the strength of the
nonlinearity increases, and as the detuning of the probe signal from the resonance
decreases. Within a year, optical bistability was experimentally demonstrated in a
GaAs semiconductor operating at Q.8 by groups at the University of Tokyo [11]

and NTT [12].

In 1985, research groups from British Telecom Research Laboratories (Adams,
Collins, Henning, O’'Mahony, Westlake, and Wyatt) and GTE Laboratories (Sharfin
and Dagenais) reported new theoretical and experimental findings, and contributed
over 15 journal papers on bistable Fabry—Perot SOAs by the end of 1987. Researchers
have investigated basic bistable behavior (e.g., switching and hysteresis) [11], [13]-
[21], multistability [22], and differential gain [11], [23], as well as applications for
optical communications and computing, such as data-wavelength conversion [24]—
[26], wavelength-division demultiplexing [27], [28], optical limiting [17], [23], signal
regeneration [26], logic gates [9], [17], neural-network processing [29], and memory
[23], [30]. Bistability was demonstrated in InGaAsP/InP amplifiers at 1310 nm [31],
and at 1550 nm [14], as well as in bulk [11], strained quantum well [32], and multi-
guantum well [33] active regions.

Bistable switching was found to occur at optical powers three orders of magnitude
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smaller than those of bistable passive semiconductors (which operate via the Kerr
nonlinearity) [34], at switching powers 1:W [14], [31]. Thus, these devices easily
operate at power levels available in fiber-optic communication systems. The largest
reported on—off ratio for the switched signal has been 5:1 [35], and the largest optical
gain through the Fabry-Perot SOAs has been 20 dB [23].

Rise and fall times of the switched output power have been measured to be as
small as 0.5 ns [35], which are on the order of the carrier lifetime 1 ns. Rise
and fall times were predicted to ocdaisterthan the carrier lifetime for high-finesse
cavities driven near 98% of lasing threshold [36]. Nonetheless, the repeatability of
the bistable system is ultimately limited by the carrier lifetimdor example, slow
repeatability manifested as a substantial closing down of the bistable hysteresis curve
even for an input signal having a 4-ns sinusoidal modulation period [37]. Repeata-
bility is limited because, for example, although the initial fall time may a fraction
of the carrier lifetime, switch—off is is followed by a relatively slow recovery to the
initial carrier density [35]. Moreover, the repeatability of the bistable system can also
be limited by a switch—on delay (from the moment of pulse impact) [38]; attributed
as “critical slowing down,” this delay is on the order of the carrier lifetime, but can
be decreased below by choosing a high input optical power, or a small spectral
detuning between the optical signal and the Fabry—Perot resonance [23].

Since typical switching times and powers avel ns and~ 1 W, respectively,
femtojoule switching energies are expected. The lowest energy reported thus far has
been 500 attojoules (0.5 ns1 xW) [35], which corresponds to about 3000 photons

for a signal wavelength of 1310 nm [27]. Fabry—Perot SOAs also exhibit a high
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optical switching energy per gain-(100 fJ), and a large switching energy per unit
surface area 1 fJ /um? [27]).

Although the optical energy for switching is low, a substantial amount of energy is
still needed to operate the SOA. Namely, an electrical bias is required to maintain the
device near lasing threshold [39]. For an injection current of 10 mA, a semiconductor
bandgap energy of 1 eV, and a carrier lifetime of 1 ns, the required electrical energy is
10 pJ. This energy must be dissipated as heat, and this dissipation limits the number
density of devices that can be placed within a given area of a single substrate. For
a power consumption of 10 mW per SOA, and assuming a practical heat-sink power
density of 1 W / cm [39], each SOA requires a minimum area of 0.012cnhhis
results in a maximum number density of 100 /?cnThus, Fabry—Perot SOAs are
limited to signal-processing applications requiring a small number of devices, and
hence to low functionality [40].

Bistable switching in Fabry—Perot SOAs also exhibits a limited spectral range
[39], [40]. This limited wavelength range has been quantified for devices biased
near 98% of lasing threshold; upward switching below 0.1 mW was found to span
a spectral range of less than 0.02 nm [20]. While some applications can make use
of the narrow spectral response (e.g., wavelength-division demultiplexing [28]), this
sensitivity to operating wavelength generally limits the application of such devices

[17], [40].

1.2.2 Distributed Feedback Amplifiers

The all-optical signal-processing applications discussed in the previous section on

Fabry—Perot amplifiers can also be achieved using other kinds of “resonant-type”
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SOAs. In contrast to the “lumped” feedback occurring at each end of a Fabry—Perot
cavity, feedback can be “distributed” along the SOA by using a built-in diffraction
grating, as shown in Fig. 1.1. The resultigigtributed feedbackOA exhibits Bragg
resonances, as opposed to Fabry—Perot resonances. Dispersive optical bistability
in nonlinear distributed feedback structures was first predicted in 1979 by Winful,
Marburger, and Garmire for a device utilizing the Kerr nonlinearity [41]. In 1985,
bistability was demonstrated using a DFB SOA, utilizing the strong carrier-induced

nonlinearity of active semiconductors [42].

AVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAY
]

Figure 1.1: Schematic of a distributed feedback semiconductor optical amplifier. The grating is typi-
cally fabricated outside of the gain region (shaded grey).

From 1986-1987, researchers presented a time-dependent model for bistability
in DFB SOAs, simulated bistable switching (including the switch-on delay), discov-
ered a difference in the shape of the hysteresis curve for bistability at either side of
the photonic bandgap [43], predicted a variety of shapes of the hysteresis curve on re-
flection [17], experimentally demonstrated an upward-switching powep®¥143],
and showed a relatively large on—off contrast ratio of 10:1 [44]. Further investigations
demonstrated how a spike during upward switching dominates the output-pulse shape
as the signal wavelength is detuned away from the Bragg resonance [45], and showed

how a non-zero reflectivity at the SOA facets enhances bistable switching at one edge
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of the photonic bandgap [46]. Optical bistability was also observed in studies of res-
onant amplification using uniform [47] and 4—shifted [48] gratings. In addition,
although largely unexplored, the same issues discussed above for Fabry—Perot de-
vices also apply to DFB SOAs, and the same conclusions can be drawn regarding the
switching speed and repeatability, switching energy, number density, and wavelength
range of operation.

The relatively low number of investigations into the nonlinear response of DFB
SOAs compared with Fabry—Perot SOAs is perhaps because of the availability of
the latter during the mid-1980s. Fabry—Perot devices are easy to fabricate; cavities
are formed simply by cleaving the semiconductor, and the semiconductor material
is grown without stopping to create the feedback structure (i.e., facets). DFB SOAs
require a more complicated fabrication procedure; Bragg gratings are created using
techniques such as interferometric exposure or electron-beam lithography [49], and
the growth of the semiconductor material is typically arrested during grating forma-
tion.

Despite these difficulties in fabrication, DFB SOAs have distinct advantages.
Bragg gratings can be incorporated directly into a larger waveguide structure, al-
lowing integration onto a single substrate with other photonic gates [43]. In addition,
gratings also have more features that can be re-designed in pursuit of improved per-
formance; such features include the grating’s shape (e.g., period and depth [50]) and
composition (e.g., modulation of the refractive index, gain, loss, or any combina-
tion thereof [51]). These changes would come, however, at the probable expense of
increasing the difficulty of fabrication.

These two kinds of resonant-type SOAs also differ in the number of strong res-
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onances occurring within the SOA gain curve; Bragg gratings provide only a few
strong modes, whereas Fabry-Perot cavities generally supports many. (The relatively
small number of modes was the main reason for the development of DFB SOAs, more
commonly used above threshold as DFB lasers.) This inherent spectral filtering prop-
erty of DFB SOAs reduces the background noise, which appears as a DC offset and
lowers the on—off switching ratio [9]. Also, since Fabry—Perot cavities have many
modes, the strongest modes are determined by the gain curve and lie at the gain peak.
The wavelengths of the dominant resonances of DFB SOAs, however, can be fabri-
cated to occur anywhere in the SOA gain spectrum. This is advantageous since the
strength of the carrier-induced nonlinearity varies along the gain curve; DFB SOAs
thus allow a tunable strength of the nonlinearity.

In summary, nonlinear optical processing in resonant-type SOAs has the follow-

ing advantages:

¢ low optical power and energy

amplification

availability

wavelength compatibility with fiber-optic communications

integrateability (for DFB SOAS)

While these advantages motivate us to use DFB SOAs for all-optical processing, the

following limitations must be considered:

e wavelength range of operation



1.3. OVERVIEW OF THESIS 10

e speed
e number density

Advancing the application of DFB SOAs to fiber-optic communication systems by

addressing these limitations is a major undercurrent of this thesis.

1.3 Overview of Thesis

1.3.1 Principle of All-Optical Processing

The two key ingredients used for nonlinear optical processing in DFB SOAs are

symbolized by the right-hand side of the equation for the Bragg wavelength [52]

Here, the Bragg wavelengtty of a first-order grating is proportional to the grating
periodA and the refractive index. The grating period\ symbolizes the existence

of Bragg resonances key ingredient that provides resonant optical amplification, as
shown in Fig. 1.2. The refractive indexis nonlinear, and symbolizeéke potential

for optical signals to shift the spectral location of the Bragg resonand&sth of

these key ingredients are coupled to the SOA gain; changes in gain will change the
strength of a Bragg resonanaed shift its spectral location. Thinking in terms of the
Bragg resonance and its signal-induced spectral shift is insightful, and we will use
these concepts throughout the thesis.

This thesis explores the nonlinear response exhibited by DFB SOAs, and seeks to
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advance their application to optical communication systems and networks. Much of
our work focuses on overcoming the limited wavelength range of operation of such
devices; we attack this issue by investigating new aspects of each key ingredient.
Namely, we vary the Bragg periad along the length of the DFB SOA to increase
the spectral range of the bistable signal. And, we demonstrate how to inaease
decrease the refractive indexvia auxiliary optical signals; this allows the bistable

state of optical memory to be controlled over a very wide wavelength range.

1.3.2 Outline

Chapter 2 builds the foundation of our theoretical analyses. We derive coupled-mode
equations for the optical signal that interacts with the Bragg grating, and derive a rate
equation for the SOA gain. A small-signal, steady-state solution is also presented; al-
though the optical processing of interest is nonlinear and time-dependent, this simple
solution provides physical insight into nonlinear behavior, and is used later in com-

puting nonlinear solutions. After formulating the small-signal solution as a transfer

30+
20+

104

Transmittivity (dB)

-104

~2nm

T T 1 T rWavelength
A

Figure 1.2: Bragg resonance structure of a DFB SOA, centered about the Bragg wavelength (for a
uniform grating without&cet reflections).
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matrix, we show how the strength and spectral location of the Bragg resonances de-
pend on gain.

Chapter 3 begins our investigation of optical bistability, a phenomenon in which
an optical signal processes itself. We discuss the physical mechanism of bistability,
and develop a transfer-matrix method to calculate the steady-state bistable behav-
ior. With this model, we account for the intensity distribution along the DFB SOA,
and study the spectral range, spectral uniformity, and shape of the hysteresis curve
on transmission and reflection. The steady-state solutions help to introduce physi-
cal concepts used throughout the thesis, and to quantify the spectral limitations of
bistability.

Chapter 4 explores the effects of nonuniform gratings on optical bistability in
DFB SOAs, with an emphasis on increasing the spectral range of the bistable signal.
We begin by discussing generalizations to the transfer-matrix method that incorpo-
rate grating nonuniformities. We then study how varying the grating pitelong the
device (i.e., spatial chirp) increases the spectral range of bistability, while simultane-
ously altering the switching powers, spectral uniformity, and shape of the hysteresis
curve.

Chapter 5 begins our time-dependent analysis of optical bistability. We develop
a simple model for the bistable system based on the governing equations presented
in Chapter 2. Predictions from the time-dependent model are compared to those
from the steady-state model of Chapter 3, and the time-dependent hysteresis curve
is shown to warp as the modulation frequency of the input signal is increased. The
model developed here serves as the basis for simulating all-optical processing in the

following chapter.
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Chapter 6 presents an experimental and numerical study of all-optical flip—flop
operation, a processing technique based upon optical bistability. In the first section,
we discuss novel control techniques that use auxiliary optical signals to set and reset
the bistable output state, and we extend the model presented in Chapter 5 to simulate
flip—flop operation. The new control techniques use cross-phase modulation (XPM)
to shift the spectral location of the Bragg resonance relative to the bistable signal,
thereby shifting the hysteresis curve relative to the bistable signal’s input power. In
the second section, we present our experimental system, discuss its operation and
limitations, and demonstrate basic flip—flop operation using the new control tech-
niques. In the third section, we investigate the flip—flop’s performance, addressing is-
sues such as speed, power, polarization, and response to back-to-back set pulses. We
end this chapter with an application of the flip—flop to high-speed optical communi-
cation systems — conversion of high-speed return-to-zero (RZ) signals to low-speed
non-return-to-zero (NRZ) signals. This application overcomes the three limitations
summarized at the end of Section 1.2.2.

Chapter 7 investigates data-wavelength conversion, where an input data-signal
shifts a Bragg resonance onto or off of another signal via XPM. This process may be
assisted by bistable switching, although memory does not occur. We focus our study
on 1310-to-1550 nm conversion, discussing the principle of operation, performance,
and features such as selecting the converted-data polarity and achieving a digital-
like transfer function. Then, we demonstrate wavelength conversion between signals
within the 1550-nm spectral window, and compare our research with other all-optical

techniques.
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Chapter 8 summarizes the main findings and conclusions of the thesis, and dis-

cusses possible avenues for future research.
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Chapter 2

Theoretical Foundation

2.1 Introduction

In this thesis, we study the nonlinear behavior of an optical signal interacting with a
Bragg grating and the carrier density of a DFB SOA. In this chapter, we present equa-
tions that govern this interaction: namely, a rate equation incorporating the effect of
the signal on the carrier density, and coupled-mode equations describing the effect of
the grating on the signal. The latter are derived from first principles from Maxwell’'s
equations. We present a simple solution to this set of equations, and use it formulate
a transfer matrix. The transfer matrix is then used to show how the Bragg resonances

depend on the small-signal gain.
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2.2 Coupled-Mode Equations

We begin our analysis of the propagation of an optical signal through a DFB SOA

with Maxwell's equations. In the MKS system of units, these are [53]

. OB

VxE = —— (2.1)
L . 9D

VD = p, (2.3)
V.B = 0, (2.4)

whereJ is the current density; is the charge density, is the electric fieldH is

the magnetic fieldD is the electric-flux density, ang is the magnetic-flux den-

sity. The current and charge densities are sources of the electric field, and the flux
densities arise within the SOA in response to the electric and magnetic fields. For
non-magnetic media, such as the SOA, the flux and current densities can be written

in terms of the fields using the following constitutive relations [53]:

D = «f+P, (2.5)
B = uH, (2.6)
J = o€, (2.7)

wheree, andy, are the vacuum permittivity and permeability, respectivelis the
conductivity, andP is the induced electric polarization.

A wave equation governing the propagation of optical fields can be derived as
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follows. Taking the curl of Eg. (2.1) and applying Eq. (2.6) yields

VxVxE= —(V x H). (2.8)

This can be written entirely in terms of the electric fi€land electric polarizatio®
using Egs. (2.2), (2.5), and (2.7). Restricting our attention to source-free regions of
space, thereby neglecting free charges-(0) and free currentsj = 0), and using
a common vector identity [53], the wave equation becomes
. 1926 1 9P

VLYV E) = S (2.9)

wherec is the speed of light in vacuum and satisfi€és= 1/(couo). We further
simplify the wave equation using Egs. (2.3) and (2.5), and knowing that the resulting
polarization source ter¥ - P is negligible in most cases of practical interest [55];
the electric fieldf thus satisfies the following standard wave equation, driven by the
second time derivative of the induced electric polarization:

18 1 0P

- . (2.10)

Vi —
c? ot? €oc? Ot?

We prefer to manipulate the wave equation in the frequency domain. Taking the

Fourier transform of the wave equation (2.10), we obtain

2
=, = w
V2E(z,y,2,w) + gE(x,y,z,w) =———P(z,y,z,w), (2.112)



2.2. COUPLED-MODE EQUATIONS 18

where

E(:z;,y,z,w) = / g(x,y,z,t)emdt, (2.12)

o0

ﬁ(:z;,y,z,w) = / ﬁ(:z;,y,z,t)emdt. (2.13)

o0

The response of the medium to the electric field is governed by
P(w) = eox(w)E(w), (2.14)

where we assume that the medium is isotropic so that the susceptipibtgcalar
[55].
Using the medium-response equation (2.14), the frequency-domain wave equa-

tion is given by
V2E(w) + Se(w)E(w) = 0, (2.15)
where the complex dielectric functiefw) is given by
c(w) =1+ x(w). (2.16)

Equation (2.15) is the Helmholtz equation, and is valid for nonlinear media and arbi-
trary electric fields.

For fields passing through a SOA, it is convenient to write the dielectric function
ase = ¢,+ ¢, in terms of background, and active-regiom, contributions [55], each

of which can be complex valued. In odistributed feedbacBOA, a built-in grating
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runs parallel to, but outside of, the gain region, where it intersects the transverse mode
of the optical field. The grating is quantified by its periodor similarly by its spatial
frequencyss = 7 /A, commonly called the Bragg wavenumber. We account for the
grating in the Helmholtz equation by writing the background dielectric functi@as

e, = 6 + Aey,, Whereg, is constant in along, and the spatially varying portiof¢,

is represented by the following Fourier series:

Aey(,y,2) = cp(x,y)exp(ipg%z) = ez, y)exp(ip2Bpz).  (2.17)
p#0 p#£0

We consider a modulation in only tineal part of the dielectric function, thus yielding
a so-called “index-coupled” grating.

The optical field that interacts with the Bragg grating is represented by
g(x,y,z,t) = ZRe{ﬁ(x,y,z,t)} =V+ )7*, (2.18)

where Ré} represents the real part ands the analytic-signal representation of the

electric field [56]. The analytic signal is expressed as

—

V(esyozt) = aF (0, y)U(z 1) exp(—iwol), (2.19)

UGzt) = Exzt)exp(ifz) + 6z 1) exp(—ifz),  (2.20)

whereu is the unit vector along the transverse-electric (TE) orientation of polariza-
tion, F'(x, y) is the transverse distribution of the fundamental mode supported by the
waveguidel{(z, t) is the slowly varying longitudinal field distributio, = nwy/c =

ny is the modal wavenumbet, is the modal refractive index, ang is the central
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angular frequency of the optical field. In the longitudinal direction, the field scatters
off of the Bragg grating and is therefore conveniently decomposed into a foéyard
and backward, propagating field. The optical field is described in the frequency

domain by applying a Fourier transform:

o0

E(:z;,y,z,w) = / dtg(x,y,z,t)em, (2.21)

o0
o0

= /_ dt WF (x,y)U(z,t)expli(w — wo)t] + c.c., (2.22)

o0

= uF(z,y)U(z,w—wo) + aF"(2,y)U"(z,w + wo), (2.23)
where

U(z,w—wg) = /_OO dt U(z,t) expli(w — wo)t]. (2.24)

o0

We drop the final term of Eq. (2.23) [57]; this term correspondﬁ*twvhereas the
analytic signah? alone is sufficient to describe the optical field. From a physical
standpoint, we neglect the final term by assuming that the medium does not respond
at rates on the order of the optical frequency. The electric field in the frequency

domain is then given by
E(w) = aF(x,y)[Fi(z,w —wo)exp(+ifz) + Fp(z,w — wp) exp(—ifz)]. (2.25)

Inserting the optical-field expression (2.25) into the Helmholtz equation (2.15)

yields equations for the transverse and longitudinal fields. The transverse field
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F(z,y)is governed by

*F9*F

922 T o2 B + [z, y)85 = B2IF = 0. (2.26)

This equation provides the transverse-field profilas well as the modal refractive
indexn [55], and it is assumed thdt is not affected by the grating perturbatios.

The longitudinal field is governed by

dE;

dE,
. exp(18z) — e exp(—ifz) =

26V //dxdy Al (2.27)
x[Erexp(ifz) + Eyexp(—ifz)],

where the right-hand side is normalized by = [ [ dzdy|F|?, all integrations
are performed over the grating region, and the second-order derivatives have been
dropped sincév; and F, are assumed to vary slowly. We replate by the Fourier
series given by (2.17), and separate the result into two equations in the rotating frames

exp(+ifz) andexp(—ifz):

dd% = kb exp[—2i(8 — OB)z], (2.28)
d
—% = ikEyexp[2i(S — OB)z], (2.29)

where we have kept only the most closely phase-matched terms. The forward- and

backward-propagating fields are coupled by

_ 2
2ﬁv//alacaly les (2, )| | F|, (2.30)

where we have note that andc¢* ; are equal since the modulatidyy, is real valued,
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and where we set the phase offseof the coefficient; = |¢;| exp(i¢y) to zero. In
this thesis, we assume that the coupling coefficierd real-valued, neglecting the
small imaginary part of [55]. We refer the reader to Ref. [54] for a more general
form of the coupling coefficient that includes the effects of a gain grating.

Having defined the coupling coefficientind the transverse-field equation (2.26),
we prefer to re-write the coupled-mode equations (2.28) and (2.29) in terms of the

slowly varying field enveloped and B, defined in the time domain with

Ulzt) = E(zt)expliBz) + Elz, 1) exp(—ifz), (2.:31)

= A(z,t)exp(ifpz) + B(z,t)exp(—ifpz). (2.32)

The corresponding frequency-domain field envelopes are determined in the same
manner as Eq. (2.24). The frequency-domain, coupled-mode equations in terms of

the field envelopesl and B are

W — il - Be)A+ixb, (2.33)
_w — ilB— Be)B + irA. (2.34)

The modal wavenumbet = n 3, contains many contributions particular to active
semiconductor media. In particular, the refractive index in SOAs is dependent on the
carrier densityN. To make this apparent, we expand the modal refractive index
n = ny +n, into a background part, and a contribution from the SOA active region
n.. Both the reak! and imaginary.!’ parts ofn, = n/, + in” depend on the carrier

density. A very important parameter for active semiconductor media is the ratio of
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the change in the real part of the refractive index, to the change in the imaginary

part of the refractive index\n” [58]:

Ang/ An,

= An” = ~20 Ag’

(2.35)

where we have introduced the power ggin= —25,n”. Expanding the gaig =
(dg/dN)[N — Ny] and the refractive index = ng + (dn/dN)[N — N(0)] as linear
functions of the carrier density/, evaluated at transparenéy = N,, the ratioa

becomes

dn/dN

=2 .
o= =200 TN

(2.36)

In our simulations, we assume thatdoes not depend on the carrier density; this
common approximation greatly simplifies the theoretical analysis of bistability [34],
but possibly hides actual behavior since the carrier density can take on a range of
values between transparency and lasing threshold during bistable switching.

The quantitya is commonly known as the linewidth enhancement factor, and
represents the change in the real part of the refractive index for a given change in the
imaginary part. In any medium, the real and imaginary parts are coupled, and the
strength of this coupling can be calculated using the Kramers-Kronig relations. In
active semiconductors, this coupling is very strong — gain saturation is accompanied
by significant changes in the refractive index, and this is a nuisance for applications
such as semiconductor lasers. However, for our researisithe nonlinearity that is

the basis for nonlinear processing.
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Changes in the refractive index with carrier density are most often attributed to a
carrier-induced shift of the gain edge, [59], anomalous dispersion, and gain compres-
sion. A change in carrier density also affects the refractive index through free-carrier
absorption [60], but this effect is usually dominated by the gain-edge contribution
[59]. The refractive index also depends on temperature, but we operate at speeds
(> 10 MHz) where sluggish temperature effects average out.

Using the linewidth enhancement factarthe wavenumbes for DFB SOAs can

be written as

. Oling

= 9 — ) .
6—66_12(1 )+ 5 (2.37)

wheres, = [gn, is the background modal wavenumber, and a loss tegmhas
been phenomenologically added to account for loss mechanisms such as free-carrier
absorption and scattering [55]. Before returning to the time domain, we expand the

background wavenumbey in a Taylor series aboui:

d 2
Bo(w) = B+ %(w — wo) + % dfj (w—wo)?+... (2.38)
~ G4 Ui(w ~ wp), (2.39)

g

where each derivative of the Taylor expansion is evaluated-atw,, v, = dw/df3,
is the group velocity, and high-order terms are neglected since they produce little
change for pulses passing through the small lengtR(0 1m) of the SOA [7].

Using Egs. (2.37) and (2.38), the couple-mode equations in the frequency domain
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are given by

A=) 5 By + Lo - w0) — 1200~ i) + A 4 inB, (2.40)

dz g
_dB(w —wo) _ 16, — s + i(w —wo) —id(1 —ia) + 19 B 4 ik AL (2.41)
dz v 2 2

Spontaneous emission into the counter-propagating modes is neglected since it is

assumed to be much weaker than the optical signal [34].

Taking the inverse Fourier transforfi'( /) defined by

Ffw -l = - [ Z d(w = wo) flw = wo) expl—i(w—wo)t],  (242)
the couple-mode equations in the time domain are
aa_f 4 j_gaa_f — iAAtiRB, (2.43)
_aa_lj %aa_lf — IAB kA, (2.44)
where
A=6— @'gu —ia) + @'O‘i;. (2.45)
The detuning parametéris given by

2mmy _m _ 2amy 2mn (2.46)

5:66_ﬁB: \ X— b\ )\B7

where) = 27¢/wy is the free-space optical wavelength, and= 2nA is the Bragg
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wavelength of a first-order grating. In taking the inverse Fourier transform, we rec-
ognize that the gain spectrum is much broader than that of the optical signal; the
latter acts like a Dirae function and allows the convolution integral involving the
two quantities to be easily performed. The gain terim the time domain is thus
evaluated at the optical-signal frequengy
The detuning is related to the free-space signal wavelengsuch that, for con-
stantn, and A, smaller values of detuning correspond to longer signal wavelengths.
We have defined the detuning parametén beindependentf gain. This allows us
to easily isolate the dependence on the small-signalgaini.e., changing,, while
keepingd constant, does not change the wavelength. Many previous studies defined
a detuning parameter thatdependenon the small-signal gaip, (e.g., [10], [17],
[22], [34]); using these formulations to calculate, for example, the bistable hysteresis
curve for different values aof,, while fixing the value ob, results in a different signal
wavelengthh for each hysteresis curve, and yields qualitatively misleading results.
The gaing experienced by the optical modes is related to the carrier deNidiy

[55]

g(x,y,2,t) = Ugmar = Ua[N(z,y,2,t) — Ngl, (2.47)

wherel is the optical confinement factor and represents the fraction of the transverse
intensity distribution|F'(z, y)|* that falls within the gain-region areld’d, and W
andd are the width and thickness of the gain region, respectively. The material gain
gmat = (N — Np) is assumed to be linear function of the carrier denaifywith its

slopea = dg/dN (the differential gain) evaluated at transparenGy The precise
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wavelength dependence of the gain is suppressed because the gain is assumed to be
flat over the spectral range of interest] nm); also, we do not expect the wavelength
dependence to significantly alter the optical-processing techniques modeled in this
thesis.

To complete our theoretical foundation, we need to know how the carrier density

responds to an optical signal.

2.3 Carrier-Density Rate Equation

The carrier densityV is the density of electron-hole pairs, and is based on the as-
sumption of charge neutrality between the conduction-band electrons and valence-
band holes [55]. For time scales longer than the intraband relaxation +n@e06

ps), the dynamics of the carrier density in both SOAs and semiconductor lasers has

been successfully modeled by a rate equation [55]

ON J N I

whereD is the diffusion coefficient, and the right-hand side consists of various mech-
anisms that create or eliminate electron-hole pairs. The first term represents electri-
cal injection of carriers, wherg is the injected current density amds the electric
charge. The second term accounts for spontaneous and nonradiative recombination
mechanisms, whereis the carrier recombination lifetime. Although this lifetime is
dependent on the carrier density (through spontaneous emission and Auger recom-

bination) we neglect this dependence to simplify our analysis [61]. The final term
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accounts for stimulated recombination of electron-hole pairs by the optical signal,
wherel: is Planck’s constarit divided by2r, andl = (€ - €), is the optical intensity,
where(e); indicates temporal averaging over many optical peribds..

The carrier rate equation can be simplified considerably since the diffusion length
(~ 2um) is longer than the gain-region thickness  0.15¢m and of the same order
as the widthiW ~ 2um (for an index-guided device). Here, the diffusion length
represents the distance traversed by a conduction-band electron before it recombines
with a hole from the valence band. An average value of carrier density is therefore
used in the transverse dimensions; averaging the rate equation (2.48) over the active-

region aredV d yields

dN J N a o 9 9
L T LN N ZIAR + BP) (2.49)

whereN is now understood to be averaged over the transverse dimensions, and the

optical confinement factdr and the mode cross sectioerare given by

W d
r = //d:z;dy|F(:1;,y)|2/a, (2.50)
o = 77dxdy|F(x,y)|2. (2.51)

Carrier diffusion, which has been dropped from Eq. (2.49), is also assumed to
smooth out the spatial holes burned by counterpropagating fields (with typical period

~ 0.2um), allowing the interference terms of the intensity to be neglected. The car-
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rier density is assumed to otherwise vary slow enough that the préduci’ N/dz>
is negligible.

Since the carrier density enters the coupled-mode equations through the modal
gaing, itis convenient to formulate a gain rate equation using Eq. (2.49) and (2.47):

dg _
Ty =90~ [1 + P] g. (2.52)

The quantitygy, = I'aNo(J — 1) is the small-signal value of, andJ = J7/ed N,
is the current density normalized to its value required to achieve transparency. The
normalized optical powep is given by

[AG)P +|B()o _ Pa+t Ps

P =
Psat Psat 7

(2.53)

where PP, = |A|*0c and P = |B|?c are the optical powers of the individual field
envelopes, and®.,. = hwWd/(Tal') is the saturation power. The gain rate equation
(2.52) also provides information on phase change experienced by the signal, since the
carrier-density-dependent portion of the wavenumber is givebnwby: —ag/2. The

gain rate equation (2.52) along with the coupled-mode equations (2.43) and (2.44)

govern the nonlinear response of DFB SOAs.

2.4 Small-Signal, Steady-State Solution

In this section, we solve the gain rate equation (2.52) and coupled-modes equations
(2.43) and (2.44) for the simple case of small powéisg{ F..;) and for input signals

that vary much slower than the inverse of the carrier lifetimguch that a steady state
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is achieved. In the steady-state, the governing equations become

g = g/(1+7P), (2.54)
dA

— = 1AA+ kB, (2.55)
dz

—C;—B = 1AB+i1xA. (2.56)
z

Furthermore, for small signal powers, the gain equation is simply

g = Go. (2.57)

For uniform gratings (i.e., gratings wheteand ~ do not vary along:), the
coupled-mode equations (2.55) and (2.56) are ordinary differential equations with

constant coefficients. The general solution is given by

A(z) = Arexp(ivz) + Agexp(—ivz), (2.58)
B(z) = Bjexp(iyz)+ Bsexp(—ivyz), (2.59)

where
Y = \/A2 — /{;2 =, Yo = — AQ — /iz = -7 (260)

are the eigenvalues of the coefficient matrix of the coupled-mode equations, and
A1, A, By, and B, are constant coefficients. The following relations between these

coefficients are obtained by substituting the general solutions into the coupled-mode
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equations:

Ay = Byr, (2.61)
By = A, (2.62)
N (2.63)

wherer can be interpreted as the effective reflectivity of the grating [$B]ote that

the effective reflectivity is the same for each expression (2.61) and (2.62) because the
coupling coefficient is the same for each coupled-mode equation (2.55) and (2.56).
The reflectivity is not the same for cases where different coupling coefficients arise,
such as for complex-coupled DFB devices [34sing the effective reflectivity, the

counterpropagating fields are

A(z) = Arexp(ivz) + rBrexp(—iyz), (2.64)

B(z) = rAjexp(iyz) + Byexp(—ivz), (2.65)

where the remaining coefficients and B, are determined by the appropriate bound-

ary conditions.

2.5 Transfer-Matrix Formulation

In this section, we use the small-signal, steady-state solutions (2.64) and (2.65) of the
governing equations to construct a transfer matrix. This matrix transfers the forward-

and backward-propagating fieldd @nd B) from the input facet (defined as =
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—//2) to the output faceto(= 7/2), i.e.,

[A(M)] - [21 EH [22:%;] - (2.66)

To solve for theTr,,, matrix elements, we first evaluate the solutions (2.64) and

(2.65) at the input facet to obtain the following expressions for the coefficients:

A(=1/2) —rB(—(/2)
(1 —r?)exp(—iyl/2)’

B(—0/2) —rA(—(/2)

A= (1 —r?)exp(+ivl/2)

BQZ

(2.67)

Substituting the expressions fdr, and B, into Egs. (2.64) and (2.65) evaluated at

the output facet readily yields the following transfer-matrix elements:

T, = 1_1r2[exp(¢w)_r%xp(_wz)] (2.68)
Ty = —ﬁ[exp(iw)—exp(—wz)] (2.69)
Ty = —|—1jr2[exp(i’y€)—exp(—i’y€)] (2.70)
Ty = 1jrz[exp(—i’yﬁ)—rzexp(i’yﬁ)]. 2.71)

2.6 Bragg Resonances

Using a transfer matrix, we now study the output power of a low-power signal (such
that P < P.,) from a uniform-grating DFB SOA. Assuming a single input signal
incident at the left-hand facet defined to bezat —//2, the boundary conditions
areA(—//2) = h and B(¢/2) = 0. Using these conditions with the transfer matrix

Eqg. (2.66), we obtain the following expressions for the transmitti¥ifyand reflec-
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Table 2.1: Parameter values used in simulations.

Physical Quantity Symbol | Value
Device length L 300m
Active—region width w 2um
Active—region depth d 0.15um
Differential gain a 6 x 107!¢ cm?
Transparency carrier density| N 0.4 x 10®* cm™
Internal losses Cint 0
Coupling coefficient K 100 cnt!
Linewidth enhancement factor « 5
Carrier lifetime T 0.2ns
Saturation power Paat 10 mW
Confinement factor I 0.32
Modal refractive index n 3.4
Mode cross section o 10 yum?
Signal wavelength A 1.55pum

tivity R,
AP |1 ] B(—1/2)| Ty |°

Ty_‘ z =7 Ry_‘ih _‘—T—m , (2.72)

which are described solely in terms of the transfer-matrix elements

The transmittivity7, as a function of normalized detunirdd. for several val-
ues of gain is shown in Fig. 2.1. Other parameter values used in this calculation
and throughout this thesis are given in Table 2.1; as a reference, a spectral width of
0L = 1 corresponds to 0.37 nm (about 46 GHz) for a 3@@ong DFB amplifier
operating near 1.5hm. This figure shows that Bragg resonances occur at either
side of the photonic bandgap, a region of relatively low transmission in the center of
the resonance spectrum. The photonic bandgap is centered at the Bragg wavelength

Ap = 2An, where the corresponding Bragg detuning is giverwpy, = gLa/2.
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The Bragg wavelength, photonic bandgap, and Bragg resonances all shift to higher
values of detuning (smaller values of wavelength) as the gain is increased because of
the associated decrease in refractive index, represented by the linewidth enhancement
factora. The shift of these features for a change in gaipare given in terms of the

changes in the Bragg wavelengih gz and Bragg detuning\és as

Ap = B Aga AdyL = D9Le (2.73)
T 2 2
30- _
gL =12

—~ ° 0.9
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Figure 2.1: Evolution of the small-signal transmittivity spectrum with change in gain.

The resonance structure shifts as the small-signal gais varied because we
have defined the detuning parametdo beindependenof the linewidth enhance-
ment factora and gaing, as per Egs. (2.45) and (2.46). Other formulations (e.qg.,
[52]) define a detuning parameter tiatludesthe gain-dependence of the refractive;
suppressingy in this way leads to a horizontal axis that is a function of the (phys-
ically uninteresting) wavelength within the materkal:, and the Bragg resonances

do not shift position [52]. The ability to shift the Bragg resonances relative to the
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input-signal wavelength is a key concept for the signal processing considered in this
thesis, and we therefore prefer to make this shifting explicitly apparent in the graphs
we present.

In addition to the spectral shift, the Bragg resonances grow as the gain is in-
creased. The peaks will continue to grow until infinity, where infinite transmittiv-
ity (finite output for zero input) is interpreted as lasing threshold [62]. Beyond the
lasing-threshold value of gain, the peaks decrease; lasing action is not actually pre-
dicted to occur because we have neglected amplified spontaneous emission (ASE)
in our model. Therefore, we must take care to remain below lasing threshold so
that our simulations are physically valid. In our simulations, we typically drive the

small-signal gainy, to provide a 30-dB peak transmittivity.

30
20

10

Small-Signal Reflectivity (dB)

-4 -2 0 2 4 6 8
Normalized Detuning oL

Figure 2.2: Evolution of the small-signal reflectivity spectrum with change in gain. Reflectivity reso-
nances at the stop-band edges reshape from a peak to a dip, and shift to longer signal wavelengths, as
gain is decreased.
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Lasing threshold can also be determined by the reflectivity resonances, which also
reach infinity. As the gain is decreased from lasing threshold, however, the reflectivity
resonances behave quite differently than the transmittivity resonances, as shown in
Fig. 2.2. For large amounts of gain (enough to approach lasing threshold), reflectivity
resonances occur as peaks at both edges of the photonic bandgap, as seen in Fig. 2.2
for g,L ~ 1.2. As the gain is decreased, the reflectivity peaks begin to diminish, and
dips appear at wavelengths slightly farther away from the bandgap. This reshaping
of the reflectivity resonances is apparent in Fig. 2.2¢fdr = 0.6. With decreased
gain, the peaks completely disappear and the dips push downwardj.fef 0 (the

case of passive filters), the reflectivity resonances are deep dips.

2.7 Conclusion

In this chapter, we presented the theoretical foundation of our research. We derived
a set of equations that govern the counterpropagating optical fields (2.43) and (2.44)
and the SOA gain (2.52). We solved these equations for the steady-state, low-power
regime where gain saturation can be ignored. Using this simple solution, we con-
structed a transfer matrix, which will be used in Chapter 3 to study optical bistability
and in Chapter 4 to study the effects of nonuniform gratings. In the present chap-
ter, we used the transfer matrix to study the small-signal gain dependence of the
Bragg resonances. The small-signal behavior of the Bragg resonances will prove to
be insightful to understand even thenlinearresponse of DFB SOAs investigated

in upcoming chapters.

The transmittivity and reflectivity spectrums clearly show two major effects of
gain (or, likewise, the carrier density). First, as the gain is decreased, the refractive
index increases and the photonic bandgap and Bragg resonances shift to longer wave-
lengths (i.e., smaller values of the detunif)g This coupling between the gain and

refractive index is represented by the linewidth enhancement factord gives rise
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to the dispersive optical bistability studied throughout this thesis. Second, the gain
also changes the height of the Bragg resonances. On reflection, this has the signifi-
cant effect of inverting the resonance from a peak to a dip at low gain. This inversion
gives rise to a wide variety of shapes exhibited by the hysteresis curve on reflection,

as will be shown in the following chapter.
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Chapter 3

Optical Bistability:
Steady-State Analysis

3.1 Introduction

Optical bistability can be used for all-optical processing applications such as logic
[9], switching [11], optical limiting [17], memory [23], and signal regeneration [26].

A common place to begin the analysis of bistable systems is with the calculation of
the steady-state response [63]. This response provides a benchmark for the time-
dependent response, and its description introduces many concepts used throughout
this thesis. We begin by developing a transfer-matrix method, to take into account
variations in optical power within the DFB SOA and to calculate steady-state bista-
bility. We discuss the physical process of bistability, as well as its spectral range,

spectral uniformity, and shape of hysteresis curves on transmission and reflection.

3.2 Physical Process of Bistability

Optical bistability is characterized by an input-output transfer function that doubles
back on itself, as shown in Fig. 3.1 for the average power within a DFB SOA. We
describe thisteady-stateransfer function as a “hysteresis curve,” even though the

term “hysteresis” implies dependence on the previous temporal state of the system.
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This description will be justified in Chapter 5, where we show agreement between

the steady-state and time-dependent solutions.

o
o
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Figure 3.1: Average-internal-power hystereses for two signal wavelengths. The longer signal wave-
length pL. = 6.085 via Eqg. (2.46)] exhibits higher switching thresholds. Dashed portions of curves
are unstable.

Bistable switching in DFB SOAs occurs via a positive-feedback loop involv-
ing the gain-dependent refractive index, a Bragg resonance, and the internal opti-
cal power. An optical signal enters the amplifier with a wavelength longer than that
of a Bragg resonance. The optical signal saturates the gain and shifts the photonic
bandgap and the associated Bragg resonances to longer wavelengths. If a Bragg res-
onance shifts onto the signal wavelength, the internal optical power increases even
more. As aresult, the refractive index continues to increase, and the resonance shifts
even farther. This positive feedback loop for the internal optical power moves the
Bragg resonance fully through the signal wavelength. The resulting jump experi-
enced by the internal power is indicated by the up—arrow in Fig. 3.1.

The reverse process occurs at the down—arrow. If the incident power is lowered so
that the signal wavelength returns to the peak of the Bragg resonance, a subsequent
decrease in incident power allows the gain to partially recover, thereby decreasing

the refractive index. The Bragg resonance, in turn, shifts to shorter wavelengths and
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away from the signal wavelength, decreasing the internal power further. This positive
feedback loop shifts the resonance off of the signal wavelength and the internal power
switches downward. These upward and downward switching processes give rise to

the a S-shaped hysteresis curve, a common shape exhibited by many bistable systems.

3.3 Transfer-Matrix Analysis

Optical bistability occurs as the gain of the SOA is saturated by the optical power
within the device. We calculate the steady-state power distribution along the DFB
SOA via a transfer-matrix method [64]. For this method, an amplifier of lehgth
treated as a series of smaller sections of lerigdnd each section is represented by
transfer matrixy/ of the kind constructed in Section 2.5.

The series of transfer matrices maps an input-field vecter at — /2 to the

output-field vector at = + /2 in the following manner:

] , (3.1)

where we have explicitly written the gain-dependence of each matrix of a series of
M matrices. The first matrif (g¢;) transfers the input field vector and generates a
new field vector at a lengthinto the device. Subsequent application of the trans-
fer matricesT (¢2)—7 (gar) yields an internal-field distribution with/ — 1 samples
spaced at a distande Equation (2.53) can then be used to obtain the corresponding
internal-power distribution.

The internal power along the device saturates the SOA gain. The gain, however,
is used to calculate transfer-matrix elements, which are used to compute the optical-
power distribution. To account for this nonlinear behavior, we solve for the gain and

power profiles along the device using the following iterative approach:
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1. Afirst-order approximation of the internal-power distribution is calculated as-

suming no gain saturation, i.@.= go.

2. An approximate value of the power within each subsection is calculated by

simply averaging the power values at each end of the subsection.

3. The gain for each section is recalculated using equation (2.54) and the power

value from step 2.

4. New, power-modified transfer matrices are calculated for the amplifier by using
the saturated gain from step 3 and Egs. (2.45), (2.60), and (2.63).

5. The internal-power distribution is recalculated using the transfer matrices from

step 4.

6. Steps 2-5 are repeated until the deviation from the previous power distribution

is smaller than the desired error.

We find that 15 iterations (for 8 sections) are typically enough to obtain less than
0.1% deviation in the optical power from one iteration to another.

To calculate the bistable hysteresis curve, the initial field vector used to compute
the internal-power distribution is not taken to be the field vector at the input facet,
since this field leads ttwo stable solutions at the output facet. Instead, the power
computation begins with an assumadputfield vector and the inverse of each trans-

fer matrix is applied as follows:

et | T T T T T [V

(3.2)

whereT, is the (chosen) transmitted powet, is the (calculated) reflected power,
P, is the (calculated) input powet,,, is the (calculated) input-field phase, apgis

the (calculated) reflected-field phase. To map out the hysteresis curve, the transmitted
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powerT7), is varied from zero to a sufficiently large value to move beyond the region of
bistability. Such a transfer-matrix method had been never been used to study optical
bistability in DFB SOASs, although a similar method was presented for Kerr-nonlinear
devices [72], where an analytic expression for the internal power was used instead of
an average-power approach as in step 2 above.

To determine the number of matricd$ required for a sufficient sampling of
the internal power, we monitored the hysteresis curve as a function of increasing
M. Typically, only 8 matrices{/ = 8) were required before convergence; for the
hysteresis curves presented in this thesis, wellise 30. For a 300zm-long SOA,

each section then has a lengta 10m.

3.4 Spectral Range and Uniformity

Using the transfer-matrix method, we plot the transmitted power in Fig. 3.2(a) for
gl = 1.19815 anddL = 6.785; upward switching occurs near 24V, and the
signal experiences an on-state gain of about 15 dB. To examinentire spectral

range of switching, we plot the input powers required for upward and downward
switching (i.e., the turning points of the hysteresis) as a functian.oh Fig. 3.2(b)

[65]. The two spectral regions apparent in the figure, referred to simply as the long-
and short-wavelength sides of the stopband, exhibit a spectral range of about 2 and
2.74L, respectively. This corresponds to a spectral range of 0.73 nm (91 GHz) and
0.98 nm (123 GHz), respectively, for a 3@@a-long device operating near 1.55.

The low-power onset of switching for each of the two spectral regions shown
in Fig. 3.2 occurs at a value of.. near a small-signal transmittivity peak shown in
Fig. 2.1 (for the high value af, ). The switching powers increase for smaller values
of L, which correspond to larger initial separations between the Bragg resonance and
the signal wavelength; larger powers are required to shift the Bragg resonance to a

spectral location where the positive feedback loop is seeded.
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Figure 3.2: (a) Bistable transmission #®f = 6.785. (b) Upward- and downward- switching input
powers plotted over the entire spectral range of bistability.

Switching powers in Fig. 3.2(b) range fromAV to 10 mW. A more important
spectral range is that for which the upward-switching power remains below a level
that is practical for optical communication systems. We choose this power level to
be 0.1 mW. The spectral range of switching below 0.1 mW is only 6/53Jor about
0.19 nm (23 GHz), for switching at both sides of the photonic bandgap.

The switching powers in this low-power spectral range vary by about two or-
ders of magnitude; the greatest change (or, the poorest degree of spectral uniformity)
occurs near the onset of bistability. Accompanying these changes in the switching
powers are changes in other features of the hysteresis curve such as the on-state pow-
ers and on-off switching ratios. To investigate the spectral uniformity of the bistable
hysteresis, we consider arange of 12.5 GHz (0.1 nm), which corresponds t@ 0.275
The long-wavelength end of this spectral range is chosen so that its upward-switching
power is equal to 0.1 mW.

Bistable output behavior over 12.5 GHz on both sides of the stop band is shown
in Fig. 3.3 [66]. A 4.17-GHz separation is chosen between the signal wavelengths of
each hysteresis curve. A greater spectral uniformity in terms of switching powers is
evident for transmission on the short-wavelength side. Each hysteresis curve overlaps
with its adjacent hysteresis curve (although not with the others). Moreover, a single

power level separating on- and off-transmitted powers can be defined over the entire
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Figure 3.3: Bistable output spanning a spectral range of 12.5 @Hz{ 0.275) for optical signals
incident on the long- (left figures) and short- (right figures) wavelength side of the photonic bandgap.
The wavelength spacing between each hysteresis is 4.17 GHz.)

spectral range. Transmission on tbag-wavelength side is less uniform across the
spectral range. The hysteretic turning points of two adjacent curves barely touch, and
a common power level separating on- and off-transmitted powers cannot be defined.
The spectral evolution of the hysteresis curve on reflection is much more dra-
matic, and is included in Fig. 3.3, below the transmission curves for the same wave-
lengths. Although there is greater overlap between switching-threshold powers on the
short-wavelength side, the reflective hysteresis shape does not remain uniform. For
signal wavelengths tuned away from the onset of bistability, the shape of the hystere-
sis curve warps into a loop. As a result, the on—off switching ratio at 0.1 mW is less

than 1.3. This warping behavior on reflection is discussed in detail in the following

section.
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3.5 Reflective Bistability

The hysteresis curve on reflection from DFB SOAs exhibits a variety of shapes [17],
[67]. This variety is intriguing, in part, because each shape potentially supports a dis-
tinct signal-processing application [17]. The shapes are also important to understand
because, whether or not the switching features are utilized in processing applications,

they occur nonetheless and yield an unexpected nonlinear response.
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Figure 3.4: Reflected-power hysteresis shapes under conditions identical to those of Fig. 3.1. The
inset shows a hysteresis for an even longer signal wavelength. All signal wavelengths are on the
short-wavelength side of the stop band. Where the stable branches (solid lines) become unstable, the
reflected power switches to the other stable branch at the same incident power.

The reflected hysteresis curves, corresponding to the same conditions as the
average-internal power curves in Fig.3.1, are shown in Fig. 3.4 [67]. Although the
internal-power curves are are both S-shaped, the reflected-power hystereses take on
different shapes. While the hysteresis curve for the shorter wavelength (.785)
is S-shaped, the longer wavelength signal exhibits a loop-shaped hysteresis curve. A
third qualitatively different hysteresis shape, for an even longer wavelefgth=(

4.685), is given in the inset.
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Each reflective hysteresis shares the same switching threshold powers as its
corresponding average-internal-power hysteresis. The unstable region, which con-
nects these thresholds, can therefore be determined straightforwardly. The switching
thresholds are the same because reflective bistability is supported sgnieposi-
tive feedback loop as the internal hystereses (i.e., one involvingt&eal power).

The switching thresholds increase as the signal is initially tuned farther from the
Bragg resonance because the Bragg resonance must be shifted farther to seed the pos-
itive feedback loop. Thus, by the time bistable switching occurs, more gain saturation
has taken place. This gain saturation significantly affects the reflection resonances,
as discussed in Section 2.6, and will likewise affect the shape of the hysteresis curve.
This dependence on gain for resonant-type SOAs is a feature that does not (necessar-
ily) exist for switching devices based on a passi¥& nonlinearity.

For signal wavelengths initially tuned close to a cavity resonance, a low inter-
nal power is required to seed optical bistability. The relatively low internal power
during the positive feedback loop allows the gain to remain relatively high under sat-
uration. Thus, the reflectivity resonance is a peak during the positive feedback loop.
Moreover, we find (using the saturated gain profile) that the reflectivity resonance
spectrally overlaps the cavity resonance, which is also shaped like a high peak. Since
the cavity and reflectivity resonances are similar, the reflected power switches in the
same manner, as evident by the S-shaped hysteresis curve of Fig. 3.4. The on—state
of this hysteresis after upward switching exhibits about 13-dB amplification.

In contrast, signal wavelengths initially tuned far from the cavity resonance re-
quire higher optical powers to seed the positive feedback loop. The correspondingly
large internal powers sufficiently saturate the gain that the reflectivity resonance is
a dip during the switching process. As the reflectivity resonance shifts to longer
wavelengths, the reflected signal power drops accordingly. Thus, the reflected power
switches downward even though the average internal power switches upward. This

behavior gives rise to an inverted-S-shaped hysteresis curve, like the one in the inset
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of Fig. 3.4. The on-state typically exhibits no amplification since the gain is strongly
saturated. Notice that the high-incident-power tail of this hysteresis pushes down
beyond the switching thresholds. The signal is simply experiencing the deepening
reflectivity dip.

The remaining hysteresis curve of Fig. 3.4 is shaped like a loop. The top of the
loop is unstable and switching occurs down from both sides [17] from on—states of a
few dB in amplification. The loop-shaped hysteresis curve occurs in a spectral range
between the hystereses shapes described above. For these signal wavelengths, the
internal powers saturate the gain to levels where the cavity resonance is reshaping
from a peak to a dip (seg L = 0.6 in Fig. 2.2). The reflectivity peak and dip
straddle the central wavelength of the cavity resonance, with the peak slightly closer
to the stop band.

For reflection from the short-wavelength edge of the stop band, as in Fig. 3.4, the
reflectivity resonance peak occurs at a longer wavelength than the cavity resonance.
Since the bistable signal is initially tuned to the long-wavelength side of the internal-
power Bragg resonance, the reflectivity peak may completely pass through the signal
wavelength, resulting in an increase and then decrease in the reflected power. This
kind of a mismatch between the internal and output resonances was shown to gives
rise to loop-shaped hystereses in other nonlinear media as well [68], [69]. For DFB
SOAs, downward switching on the high-incident-power side of the hysteresis is facil-
itated by the reflectivity resonance dip. As the stop band shifts to longer wavelengths,
this dip shifts into the optical signal. Moreover, gain saturation during the positive
feedback loop will push the dip to lower values of reflectivity while quenching the
resonance peak.

An interesting feature of the loop-shaped hysteresis curve is that its shape is qual-
itatively different for reflection at the two edges of the stop band. Onldhg
wavelength edge, the loop occurs predominaatigerthe stable-power branches.

The bottom portion of the loop is unstable and upward switching occurs at both sides,
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Figure 3.5: Bistable behavior of the reflected power for three signal wavelengths dantpe
wavelength edge of the photonic bandgap. The middle curve is a new hysteresis shape — a loop
that occurs below the stable branches.

as shown in Fig. 3.5; aloop shape of this kind on the long-wavelength side of the stop
band was not found in previous studies. Here, we have left out the full spectral evolu-

tion of the hysteresis curve to focus on the looplat= —2.675. During the transition

from one hysteresis shape to another, upward and downward switching may occur, in
general, on either side of loop-shaped hystereses.

The origin of such a loop may be understood as follows. For reflection from the
long-wavelength edge of the stop band, the reflectivity resonance peak and dip strad-
dle the central wavelength of the cavity resonance withdipeat the longer wave-
length. Therefore, as the photonic bandgap shifts to longer wavelengths, the bistable
signal is affected first by the reflectivity dip and then the peak. Consequently, the
reflected signal decreases and then increases, giving rise to the particular shape of
the hysteresis loop. In our calculations for Fig. 3.4, we find that even though the

bottom of the reflectivity dip is not reached, the reshaping of the reflectivity reso-
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nance is sufficient to initially pull the reflected power down. The resulting on—off
switching ratios are small. Moreover, since the summit of the reflectivity peak is not

encountered, large amplification is not realized.

3.6 Conclusion

In this chapter, we discussed the steady-state, bistable response of DFB SOAs. A
transfer-matrix method, which incorporates the optical power distributed along the
amplifier, was presented to analyze such behavior. We began by calculating the entire
spectral range of bistability for typical parameter values, and found that it spanned
about 1 nm on either side of the photonic bandgap; the wavelength range of bistabil-
ity was limited because this type of bistability is a resonant phenomenon. Over this
range, the shape of the hysteresis curves, in terms of its switching threshold powers
and output powers, varied significantly. The most dramatic change occurred on re-
flection, where the familiar S—shaped hysteresis curve was warped into a loop-shaped
or inverted S-shaped curve for different wavelengths.

The wide variety of shapes exhibited by the reflected-power hysteresis curve oc-
curred because the change in refractive index, which gives rise to bistable switching,
was accompanied by gain saturation. The decrease in gain, in turn, transformed the
reflectivity resonances from peaks to dips, thereby changing the reflected power. The
shapes of the hysteresis curve were dependent on wavelength because signal wave-
lengths that were initially further detuned from the Bragg resonance required more
power to seed bistability, and thus incurred greater gain saturation.

For applications to fiber-optical communications, we closely examined bistable
switching for input powers below 0.1 mW. We found the spectral range of low-power
switching to be only 23 GHz for switching at either side of the photonic bandgap.
Moreover, this low-power region exhibits poor spectral uniformity. We studied the

variation of the bistable hysteresis curve over a 12.5-GHz spectral range on reflec-
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tion and transmission, for signal wavelengths on both sides of the photonic bandgap.
Even in the case of greatest spectral uniformity (transmission on the short-wavelength
side), the switching thresholds cease to overlap for two hystereses detuned by about
8 GHz. This wavelength sensitivity may limit the performance of optical memory,

for example, where the bistable signal must be tuned between the switching thresh-
olds. In Chapter 4, we seek to increase the spectral range and improve the spectral

uniformity of the hysteresis by varying the grating period along the built-in grating.
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Chapter 4

Nonuniform Gratings

4.1 Introduction

Bistability in DFB SOAs and other resonant-type SOAs exhibits a narrow wavelength
range of operation [39]. In the previous section, we quantified this by examining the
switching thresholds; switching below 0.1 mW was shown to occur over a 23-GHz
spectral range at either side of the photonic bandgap. We also found that the bistable
hysteresis changed significantly over a 12.5-GHz spectral range. In this chapter, we
seek to increase the spectral range of low-power switching and to improve the spectral
uniformity.

The narrow spectral range in DFB SOAs occurs because bistability is based on
a Bragg resonance. We seek to broaden the spectral range by varying the Bragg
wavelength along the length of the device, i.e., by continuously changing the grating
period. This grating nonuniformity is commonly referred to as spatial chirp, since
the spatial frequency of the gratimg = 7 /A varies along the device. The effect of
spatial chirp has been studied previously in systems exhibiting dispersive bistability
based on the Kerr nonlinearity [70]- [73]; however, these projects focused on such
topics as the reduction of switching-threshold powers and the development of a new
method of analysis, rather than the improvement in spectral range.

We begin this chapter by discussing a general formalism to incorporate spatial
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chirp and other grating nonuniformities into the transfer-matrix method. To illustrate
the flexibility of this method, we study the small-signal and bistable response of a
phase-shifted DFB SOA, both with and without spatial chirp. We then examine the
effect of spatial chirp on the wavelength range and spectral uniformity of bistability.
This investigation leads us to uncover a host of notable effects, including dramatic

changes in switching powers and in the shape of the hysteresis curve.

4.2 Transfer-Matrix Analysis

For Bragg-grating devices, one way to tailor the output response is to introduce
nonuniformities into the periodic structure [50], [62], [72], [74]- [77]. Typical
nonuniformities include variation in the grating period (spatial chirp), grating depth
(taper), and abrupt phase shifts of the grating corrugation. To simulate the effects of
these nonuniformities on the output spectra of DFB devices with moderate grating
depth, it is common to use a transfer-matrix method based on a pair of coupled-
mode equations [62], [72], [75]- [77]. In this section, we extend our transfer-matrix
method, developed in Chapter 3 for the study of optical bistability, to incorporate

grating nonuniformities.

4.2.1 Grating Nonuniformities

To incorporate grating-phase shifts, a matrix designed to shift the phase of the optical
field is inserted between two transfer matrices corresponding to uniform subsections

on each side of the phase shift [76]. The phase-shifting métrsxgiven by

o= ((;Z’ J*), (4.1)

wherey = exp(i¢) contains the phase shiftexperienced by the optical field, and

* represents the complex conjugate. As an example, we considershifted DFB
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SOA. The matrix series of this device can be written as

T & T

L
z)] : (4.2)

whereT is a transfer matrix representing an amplifier segment of lebgthl. /2, L
is the total length of the DFB SOA, angl= 7 /2 is the phase shift experienced by
the optical field.

The nonuniformity we focus on in the latter half of this chapter is spatial chirp; a
DFB SOA with a linearly chirped grating is depicted in Fig. 4.1. The P—direction is
defined to be the direction for which an incident optical field seemereasein the
grating’s spatial frequencys = 7 /A (i.e., the Bragg wavenumber). Likewise, an
optical field incident in the N—direction sees, by definition, a decrease in the spatial
frequency of the grating. (“P” and “N” indicate positive and negative chirp, respec-
tively, in our notation.) The P— or N—direction is specified in computations by the
sign of the chirp parametér, introduced by using

(- L/2)

Bp(z) =0 +C R (4.3)

where/3; is the average Bragg wavenumber. A positive (negative) valdéadrre-
sponds to the P—direction (N—direction), and the magnitude presents the total
change i3z (=)L along the device. For example, a value@f = 10 corresponds to
a total variation injg of about 0.24% for a 30@m-long device.

For small variations in the period of the grating, the coupled-mode equations
(2.55) and (2.56) remain unchanged except that the the detuning parametgr—
#s now becomes dependent. (A similar argument can be made for tapering the
coupling coefficient:.) The linear spatial chirp considered above is written as

- L)

8(2) =8 — 0=, (4.4)
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Figure 4.1: Schematic of a DFB SOA with a linearly chirped-grating, indicating the P—dire€tipn (
0) and N—direction' < 0).

wheres is the average detuning and the magnitud€ akpresents the total change
in 6(z)L along the device.

To incorporate spatial chirp into the transfer-matrix method, the continuous
change in the detuning parameters approximated by a step-like distributio#;
is constant for each transfer matrix (as required!), but its value is incremented in a
step-like manner from one matrix to the next. A series\bftransfer matrices is

written in the following manner [compare with Eq. (3.1)]:

= T((SMng) T(52792) T((Sl?gl)

3)
%)] . (4.5)

Since we seek to model a continuously varying grating, we discard the phase mis-
match between sections of constant length that occurs between for such a step-like
distribution of§.

The accuracy of this step-like approximation is improved by increasing the num-
ber of matrices\/ while decreasing the length of each subsectiowe find that the
output spectrum of a continuously chirped structure With< 20 converges for as
few as 8 subsections. Unless otherwise noted, we we have used 30 sections in our

calculations; considering a 3Q0n-long device, each section represents: i
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4.2.2 Small-Signal Amplification

Before considering a DFB SOA, it is instructive to discuss results for a non-
semiconductor amplifier for which = 0. The transmission spectrum of)g4-
shifted DFB non-semiconductor amplifier is shown in Fig. 4.2(a). The transmission
peak centered &t = 0, caused by the abrupt phase shift in the grating, benefits the
most from the distributed feedback; @d. is increased (by increasing the pump cur-
rent), the central transmission peak grows significantly more than any other spectral
region. In the figure, we use values ®fl. that yield peak transmittivities of 0, 10,
20,and 30 dB4, 1 =0, 0.4360, 0.5854, and 0.6339, respectively).

30
20

10 -

Transmittivity (dB)

oL

Figure 4.2: Small-signal transmittivity of g/ 4-shifted DFB SOA, showing the effect of The small-
signal gairy, is varied to give a peak transmittivity of 0, 10, 20, and 30 dB; the inset shows the change
in this peak value as a function g§ L.

The effect of the linewidth enhancement factoon the transmission spectrum is
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to produce a shift proportional to the change in gain, and is given by Eq. (2.73). This
shift is apparent in Fig. 4.2(b), where= 5. The shift between transmission peaks
decreases for higher values of gain because less increaskeimneeded for a 10-dB
increase in the transmittivity [see inset of Fig. 4.2(b)]. The capability of tuning the
transmission peak via direct variation®fl. (i.e., pump current) enriches the device
applications of semiconductor amplifiers. For example, this tunability has been used
as the basis of a tunable filter with resonant optical amplification [47].

As an example of the effect of linear spatial chirp on the transmission spectra of a
DFB SOA, we add this nonuniformity to the/4-shifted amplifier considered above.
For the unchirped case, the wavelength corresponding to the Bragg wave number
experiences the greatest feedback and exhibits the most amplifier gain. Feedback
for this wavelength, though, is reduced when chirp is introduced because the Bragg
wavelength is varied throughout the device. As a result of lower feedback, higher
values of the small-signal gaig . are required to realize peak transmission values of
10, 20, and 30 dB. This effect can be seen in Fig. 4.3, where we show the wavelength
dependence of the amplifier transmittivity for a linearly chirpgd}-shifted DFB
SOA with ¢ = 20, wherego L = 1.4200, 2.1912, and 2.4914, respectively. Since
higher gain is required, the transmission spectrum is consequently shifted to higher
values ofé compared to the casé = 0 [see Fig. 4.2(b)]. The transmittivity peaks
also widen, also resulting from the decrease in feedback to the center of the peak.
When comparing Fig. 4.3 and Fig. 4.2(b), note thatwaelengthsorresponding
to the values of are determined by Eq. (2.46); the wavelength of any peak from
Fig. 4.3 can be made to coincide with the wavelength of any peak from Fig. 4.2(b) by
considering, for example, devices of two different grating peribds

The example of & /4-shifted DFB SOA with and without spatial chirp also illus-
trates that grating nonuniformities can alter the lasing threshold. In particular, the 30-
dB transmittivity peak for the chirped-grating case occurreg at~ 2.5; this value

of the small-signal gain is over twice that needetbsethe unchirped device. From
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Transmittivity (dB)

Figure 4.3: Small-signal transmittivity of/4-shifted DFB SOA with spatial chirp. The small-signal
gaing, is varied to give a peak transmittivity of 0, 10, 20, and 30 dB; the inset shows the change in
this peak value as a function gf . for the chirped and unchirped cases.

a computational perspectivanyvalue ofg, . can be used in calculations, but only
one that lies below lasing threshold is physically valid, since we have ignored ASE
in our model. Thus, care must be taken during the study and design of nonuniform-
grating DFB SOAs to keep track of the lasing threshold, an issue that does not exist
for passive Kerr-nonlinear devices. When comparing the bistable characteristics of
devices with different grating uniformity, we set the normalized small-signal gain

go L to deliver a small-signal transmittivity of 30 dB, as a general rule.

4.2.3 Nonlinear Response

To study the nonlinear response of the DFB SOA, we calculate the internal-power
distribution, as discussed in Section 3.3. As an example of how the internal power
can vary throughout a nonuniform-grating device, we show the internal power for a
A/4-shifted DFB SOA with and without spatial chirp in Fig. 4.4. In each case we,
have plotted the distribution for three valuesiofThe center value of the normalized

detuningé.L is chosen to match the transmittivity peak/( = 1.58 and 6.2 for the
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uniform and chirped gratings, respectively); the quanfity.. = (6 — 6.)L is the

mismatch from the center value of the detuning.

P/P,,

Figure 4.4: Internal power of &/4-shifted DFB SOA for three values éf (a) without and (b) with
spatial chirp.

For the uniform-grating case, the signal’ed /. = 0 is strongly localized within
the device at the location of the phase shift. Detuning away from this wavelength
results in the reduction of the power peak within the device, as shown in Fig. 4.4(a).
The power within the amplifier is further distorted by the incorporation of linear spa-
tial chirp. ForC' = 20, the phase-shift-induced peak at the center of the amplifier is
almost completely flattened, and the power near each amplifier facet is higher than at
the center. In addition, the power distribution is asymmetric ablout = 0. As seen

in 4.4(b), the short-wavelength side recovers a prominent peak in the center, whereas
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the long-wavelength side obtains its lowest value at the center of the amplifier and
exhibits higher power near each amplifier facet.

We now turn to comparing the bistable response for chirped and unchirded
shifted DFB SOAs. Starting at a value ©f near the onset of bistability { = 67/,
decreasing) . will push the switching threshold to larger powers as discussed in
Chapter 3. This is evident in Fig. 4.5(a), where the valug,éfis chosen to yield
an unsaturated peak transmission value of 30 dBgdnid decreased from/’ = 1.5
until the switch-on input power reaches an upper limit of about 1% of the saturation

power P,,;; a detuning range of approximately .3 exists for this region of low-
threshold bistable switching.
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0.000 0.002 0.004 0.006 0.008 A

Transmitted Power / P

T
0.000 0.002 0.004 0.006 0.008 0.010
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Figure 4.5: Spectral evolution of the bistable hysteresis curve igdeshifted DFB SOA, (a) without
and (b) with spatial chirpA = §L’ — 6 L.

The addition of positive linear spatial chirp to the grating of/d phase-shifted
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DFB SOA increases the range of wavelengths that support low-threshold bistable
switching, for an amplifier driven to provide the same unsaturated peak amplifier
gain of 30 dB. This is seen in Fig. 4.5(b), where we show the bistable hysteresis
curve forC' = 20. As in Fig. 4.5(a), the highest value of thé (4 ' = 6.0) is chosen

to be near the onset of bistability afnd is decreased until the switch-on input power
reaches 1% of the saturation power. The rang&/o¥alues is now 0.9, three times
wider than that of the non-chirped case.

Since the transmittivity spectrum of a DFB SOA shifts with the direct variation
of gain (see Fig. 4.2), it is possible to tune the bistable hysteresis curve for a fixed
wavelength. To illustrate this, we first considey/a-shifted amplifier without spatial
chirp, and choose the value &f that is 0.3) L less than the value for which bistabil-
ity begins. Fig. 4.6(a) shows the hysteresis curve of this amplifier for four values of
gain, beginning from the value gf L that yields an unsaturated transmission peak of
30 dB. As seen in the figure, gain tuning allows the switching powers to be selected.

Using the additional degree of freedom provided by gain-tuning, we can compare
the bistability characteristics with and without spatial chirp by maintaining a fixed
value ofé L and varyinggo L (in contrast to Fig. 4.5, where the opposite was per-
formed). Using the value ofL that is 0.3 less than the value for which bistability
begins, the switch-on input power is much lower for the cdse 20 than for the
non-chirped device, if each device is driven to provide a 30 dB unsaturated transmis-
sion peak (compare the solid lines of Fig. 4.5). The switch-on input powers of the two
devices can be set equal by varying the gain of each amplifier. As shown in Fig. 4.6,
approximately equal switch-on powers exist for the two devices at input powers just

higher than 0.2% of the saturation power.
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Figure 4.6: Gain tuning of the hysteresis curve for/d-shifted DFB SOA, (a) without and (b) with
Spatial chirpAgoL = goL — HOLSOdB-

4.3 Chirped-Grating DFB SOAs

4.3.1 Spectral Range

The spectral range of bistable switching and the spectral uniformity of the hysteresis
shape were found to be limited for the uniform grating studied in Section 3. As
seen above for phase-shifted devices, spatial chirp can increase the spectral range of
switching; we will investigate improvements to the spectral range and uniformity of
a non-phase-shifted DFB SOA in this section.

Since the Bragg wavenumber varies along the length of a chirped-grating device,
the feedback within the structure is significantly altered. An increase in the amount
of linear chirp weakens the feedback such that the lasing threshold increases [75].

Likewise, the amount of gain required to maintain a transmittivity peak that provides
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30 dB of small-signal amplification also increases. Fof= 0, 5, 10, the required
values ofy, L are 1.198, 1.508, and 2.206, respectively, and are used in Fig. 4.7 to plot
the small-signal transmittivity spectra. The shift of the photonic bandgap to higher
values of normalized detuning. accompanying an increase ig/l. results from
definingd L to be independent of the carrier density [see Eq. (2.46)], as explained
in Section 2.6. While comparing the bistable response, all amplifiers are driven to

provide 30-dB small-signal amplification.

30- (b)
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Figure 4.7: Small-signal transmittivity spectra for chirped-grating DFB SOAs, Mith= 0, 5, 10.

The effect of spatial chirp on the entire spectral range for switching at either side
of the photonic bandgap is shown in Fig. 4.8 [65]. The switching powers are given
in terms of the normalized powet (left axis) and for a specific value d@f,,; = 10
mW (right axis). Linear spatial chirp tends to increase the spectral range of bistable
switching for signals incident in either the P-direction or N-direction. The largest per-
cent increase in the spectral range occurs at the long-wavelength side of the photonic
bandgap for signals traveling in the N-direction. Foe —10, a 92% increase results
in a spectral width of . = 3.97. The broadest total spectral range in Fig. 4.8, how-
ever, is exhibited by switching at the short-wavelength side of the photonic bandgap
for C = —10,and is 5.0, or 1.86 nm (232 GHz). The blue shift of the low-power
onset of switching follows the shift of the photonic bandgap with increasing gain, as

shown in Fig. 4.7.
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Figure 4.8: Spectral range of bistable switching for optical signals incident in the (a) P—direction and
(b) N—direction of a chirped-grating DFB SOA. The long-wavelength side of (h)'fer —10 exhibits
the lowest overall switching power and the broadest spectral range of low-power switching.

Although signals incident on the short-wavelength side of the photonic bandgap
with ¢' = —10 exhibit the broadest total spectral range, switching powers tend to
increase as compared to the unchirped case. This is consistent with the effect of
spatial chirp in passive Kerr-nonlinear devices for switching at the center of the pho-
tonic bandgap [70]. Most notably, the low-power onset of bistability increases with
spatial chirp. Considering switching powers less than 0.1 mW, the spectral range is
only 0.3646Z, or 0.13 nm (16 GHz). Usin@,,;, = 10 mW, the 0.1-mW power level
corresponds to 0.P and is indicated by the dotted lines in Fig. 4.8.

For optical signals on the short-wavelength side of the photonic bandgap and
traveling in theP—direction, switching powers tend tiecreasewith spatial chirp.

This is also consistent with studies in passive Kerr-nonlinear devices for switching

at the center of the photonic bandgap. In particular, the onset of switching gradually
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decreases with increasing spatial chirp and is about@Vifor ¢' = 10. Since
the onset of bistability has dropped, the spectral range of low-power switching has
increased; the low-power spectral range is twice as wide as for the unchirped grating.
For switching at théong-wavelength side of the photonic bandgap, optical signals
incident in both directions see a decrease in the onset of switching with an increase
in spatial chirp. Most notably, fof' = —10, the switching power at the onset of
bistability drops below the very low level of 10 nW — two orders of magnitude
lower than its value fof' = 0. Consequently, this case exhibits the widest spectral
range of low-power switching; the spectral range is 1.B{0.5 nm, or 62 GHz), an

increase of 2.7 times from the unchirped case.

4.3.2 Spectral Uniformity

We can infer the spectral uniformity of the bistable hysteresis curve from the
switching-threshold curves in Fig. 4.8. For low-power switching near 0.1 mW, the
horizontal separation between curves is greatest on the long-wavelength side of the
photonic bandgap for the cagé| = 10. A wide horizontal separation corresponds

to a greater overlap of bistable hysteresis at different valuéd.ofMoreover, this

side also exhibits large vertical separation between the switching-power curves; the
correspondingly wide hystereses are useful for optical memory because it accommo-
dates a flexible power level of the holding beam. Because of these advantages, we
will focus on the long-wavelength side of the photonic bandgap.

For optical signals traveling in the N—direction, bistability exhibits high unifor-
mity over a spectral range of 12.5 GHz [66]. As seen in Fig. 4.9, there is a region
of input powers that is common to all hysteresis curves. Thus, a signal with an input
power falling within this region can have a wavelength anywhere within this spec-
tral range and still function as a holding beam for optical memory. In particular, the

switch-off powers exhibit only a small spectral dependence.
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Figure 4.9: Bistable output over a 12.5-GHZ.(= 0.275) spectral range fé¥ = —10 (N—direction).
Spectral uniformity is improved over the unchirped case shown in Fig. 3.3.

For the N-direction, we are also able to define a common power level separating
on- and off-output powers for both transmission and reflection. Moreover, reflective
bistability exhibits a large degree of uniformity in the output power of the on-state.
We expect that this is beneficial for switching, since all spectral components of a
pulse would experience similar output powers.

This improvement in the spectral uniformity of the hysteresis curve is partially a
result of the decreased switching power at the onset of bistability. Since the onset of
bistability is pushed below 10 nW, the operating powers near 0.1 mW are far from
the region where the hysteresis curve changes dramatically. For comparison, bistable
hysteresis curves near the onset of bistability are shown in Fig. 4.10. Here, the sub-
microwatt switching powers and greater-than-30-dB on-state gains are intriguing, but
the spectral uniformity is so poor that the curves (separated by only 4.17 GHz) barely
touch.

For optical signals traveling in the P—direction, the hysteresis curves overlap, but
only over a small input-power region, as seen in Fig. 4.11. An interesting feature
of optical bistability in this direction is that reflection exhibits loop-shaped behavior

over the entire 12.5-GHz spectral range. The prevalence of the loop-shaped hystere-
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Figure 4.10: Bistable hysteresis curves near the onset of bistability for—10, exhibiting subxW
switching thresholds, high gain-(30 dB), but poor spectral uniformity.

ses is common for signals traveling in the P—direction on the long-wavelength side of

the photonic bandgap, and will be discussed in detail in the following section.
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Figure 4.11: Bistable output over a 12.5-GHz spectral range for the P—direCtienl(0).

4.3.3 Reflective Bistability

Spatial chirp has a major effect on reflective bistability in DFB SOAs because it

changes the saturation behavior of the reflectivity resonances [67]. To illustrate this
change, it is instructive to examine the small-signal regime. For optical signals inci-
dent in either the P—direction or the N—direction, reflections from the two edges of
the photonic bandgap exhibit remarkably different behavior, as seen by the reflectiv-

ity spectra shown in Fig. 4.12.
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Figure 4.12: Small-signal reflectivity spectra for several values of the small-signaygaifor the

(a) P—direction and (b) N—direction of a linearly chirped DFB SOA with = 5. Note how a deep
reflectivity dip can be realized near one edge of the photonic bandgap for a relatively high value of
gain (gL = 1.1).

Reflectivity resonances exhibit peaks in spite of a reduction in gain for short-
wavelength signals incident in the P—direction [Fig. 4.12(a)] and for long-wavelength
signals incident in the N—direction [Fig. 4.12(b)]. According to Yamada [75], each
of these signals has a wavelength that matches the Bragg wavelength away from the
input facet, and therefore travels deep into the amplifier before being reflected; the
increased gain-length product results in the persistent reflectivity peak.

For these two enhanced-reflection cases, we find that the reflectivity resonances
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remain spectrally overlapped with the resonances formed by the average internal
power. As a result, the reflected-power behavior mimics that of the internal power,
and only S-shaped hystereses occur [67]. Fig. 4.13 shows the spectral evolution of
reflective bistability at the long-wavelength edge of the photonic bandgap for optical

signals incident in the N-direction. The inverted-S- and loop-shaped hystereses do

not appear.
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Figure 4.13: Spectral evolution of the reflected-power hysteresis for optical signals incident in the
N-direction near the long-wavelength-edge of the photonic bandgap. Parameters are the same as
in Fig. 4.12, except thajy . = 1.5081. The inverted-S- and loop-shaped hystereses do not occur
(compare with Fig. 3.5).

In contrast, aimncreasen spectral range for inverted-S- and loop-shaped hystere-
ses occurs for an optical signal with a wavelength that matches the Bragg wavelength
near thanputfacet of the DFB SOA. This condition is satisfied for long-wavelength
signals incident in the P—direction [Fig. 4.12(a)] and for short-wavelength signals in-
cident in the N—direction [Fig. 4.12(b)]. Here, the reflectivity resonance peak readily

diminishes with gain saturation. Moreover, we find that the reflectivity resonance dip
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is the most prominent for aon-zerovalue of gain. In Fig. 4.12, large reflectivity
dips occur forg,L. = 1.1. Increasing the amount of spatial chirp tends to increase
the value of gain for which the dip is most prominent. Gain saturation via the optical
signal now has an even larger effect on the reflected-power hystereses.

A consequence of the readily inverted resonance peak is that loop-shaped hystere-
sis curves occur at smaller incident powers. Fig. 4.14(a) shows a loop-shaped hys-
teresis for an optical signal on the short-wavelength edge of the photonic bandgap,
incident in the N—direction of a chirped-grating DFB SOA. The hysteresis is similar
in shape to that of Fig. 3.4, but the switching powers are one order of magnitude
smaller, at 20+W for P,,;, = 10 mW. The loop-shaped hysteresis curves not only
occur for smaller incident powers, but also exist over a wider spectral range than for
the unchirped case.

As discussed in Section 3.5, the high-incident-power tail of the reflected-power
hysteresis pushes down for signal wavelengths on the short-wavelength side of the
photonic bandgap. For the chirped-grating case, a deep reflectivity dip can affect
the optical signal during the bistable switching process, allowing the bottom of the
hysteresis tail to approach zero reflected power. An example is given in Fig. 4.14(b),
for a longer optical wavelength than in Fig. 4.14(a). Downward switching occurs
from an on-state of about 4-dB amplification with an on—off switching ratio of about
30.

For thelong-wavelength side of the photonic bandgap, a deep reflectivity dip also
affects the optical signal during bistable switching. This causes the hysteresis loop
to push down toward zero for the loop- and inverted-S-shaped hysteresis curves, as
shown in Fig. 4.15 for signals incident in the P—direction. The on—off switching ra-
tios at the low-incident-power side are greater than 30 for the outer hysteresis curves,
which span a spectral range & = 0.6. This corresponds to a spectral width of
about 27 GHz for a 30@m-long device operating near 1.55. Within this spectral

region, the reflective hysteresis obtains an on—off switching ratio in exces$s,as
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Figure 4.14: Reflected-power hysteresis curve for optical signals incident in the N—direction with
wavelengths on the short-wavelength side of the photonic bandgap. The switching thresholds for the
loop-shaped hysteresis in (a) are an order of magnitude smaller than those of Fig. 3.4(b). The on—off
switching ratio exceeds 30 for the high-incident-power side of the hysteresis curve in (b).

exhibited by the middle hysteresis of Fig. 4.15. In spite of these excellent switch-
ing ratios, amplification has been lost since the peaked-reflectivity resonance is not

encountered by the optical signal.

4.3.4 Large Amounts of Chirp

For large amounts of spatial chirp, resonances away from the photonic bandgap tend
to become stronger. This is apparent in Fig. 4.7;|f0f = 10, the outer resonances
provide about 20-dB amplification. One consequence is that strong outer resonances
can give rise to bistable switching in tkamespectral region as a neighboring res-

onance [65]. This behavior is seen in Fig. 4.8 for the ddse —10 in the spectral
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Figure 4.15: Reflected-power hysteresis curves for signals incident in the P—direction with wave-
lengths on the long-wavelength edge of the photonic bandgap. The on—off switching catalsho®
for the low-incident-power side of the middle hysteresis.

region from 8.1 to 8.6 L. Here, optical signals experience two hystereses in their
transmitted power, as shown in Fig. 4.16 &dr = 8.4. This behavior has interest-
ing applications as a three-level optical memory, or optical switch. We expect that
a prudent choice of device parameters (e.g., spatial ¢hirpoupling coefficienk)

will bring the switching powers of both bistable regions closer, for practical device
operation.

For large amounts of linear spatial chirp, resonances away from the photonic
bandgap can become strong enough that they exhibit the lowest lasing threshold [75].
This behavior is shown in Fig. 4.17 fgr'| = 15 for a value ofyy . = 2.74, equivalent
to 98% of the lasing threshold. Under such conditions, the inner resonances are
unable to provide 30-dB amplification. Hence, the outer resonances should be used
for high-gain optical switching. As stated above, from a computational perspective,

any value of g /. can be used in calculations, but only one that lies below lasing
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Figure 4.16: Double bistability occurring for a large chirp valug€of —10.

threshold is physically valid for our model. Thus, care must be taken during the

study and design of chirped-grating DFB SOAs to track the lasing threshold.
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Figure 4.17: Transmission through a DFB SOA wii¢i = 15 driven at 98% of its lasing threshold,
exhibiting strong secondary resonances.

4.4 Conclusion

In this chapter, we investigated the effects of grating nonuniformities on the bistable

performance of DFB SOAs. Our analysis extended the transfer-matrix method dis-
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cussed in Chapter 3 to account for grating nonuniformities such as phase shifts, spa-
tial chirp, and amplitude taper. In particular, we found that spatial chirp can increase
both the spectral range of low-power switching and the spectral uniformity. To find
this improvement, we considered switching on both sides of the photonic bandgap,
and in both directions along the linearly chirped device; we predicted that the largest
improvement occurs for reflected signals incident along the N—direction (the direction
of increasing grating period), on the long-wavelength side of the photonic bandgap.
This conclusion is based on reasonable values of the device parameters, and on con-
sidering switching powers below 0.1 mW.

A total linear variation of about 0.24%((| = 10) increased the spectral range of
switching by 2.7 times to a range of 1.37. For a 300xm-long device operating
near 1.55:m, this spectral range is 0.5 nm (62 GHz), as opposed to 0.19 nm (23
GHz) for an unchirped device. Furthermore, over a spectral range of 12.5 GHz,
the bistable hysteresis exhibited a small variation in the output powers of the upper
branch of the hysteresis curve, a clear separation of upper and lower output-power
branches, and a region of common input powers. Taking the application of optical
memory as an example, the common input-power region allows flexible alignment of
the holding beam, which must fall between the switching thresholds of the hysteresis
curve. Moreover, the clear separation of upper and lower output-power branches
of the hysteresis curve allows the on-state and off-state to be well defined over the
12.5-GHz spectral range.

Spatial chirp also had a dramatic effect on the shape of the hysteresis curve on
reflection. The inverted-S and loop shapes discussed in Chapter 3 can either be elimi-
natedor enhanced, depending on the direction of incidence of the signal and depend-
ing on which side of the photonic bandgap the signal falls. In particular, for signals
travelling in the P—direction on the long-wavelength side of the photonic bandgap,
the reflectivity resonance pushed toward zero reflectivity during the bistable switch-

ing process. For a chirp parameter|6f = 5, this resulted in an on—off switching
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ratio of at least 30 over a range of 27 GHz, with the maximum switching ratio ex-

ceeding 10:1.
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Chapter 5

Optical Bistability:
Time-Dependent Analysis

5.1 Introduction

The steady-state model for bistability in DFB SOAs developed in Chapters 3 and 4
is useful for studying many aspects of bistability, such as the spectral range, spectral
uniformity, shape of hysteresis curves, and dependence on grating nonuniformities.
We now shift our focus to the temporal behavior of optical bistability. In this chapter,
we develop a simple model of the bistable system that serves as the basis for simulat-
ing all-optical processing in Chapter 6. We also compare results with the steady-state
model, and discuss the change in the shape of the hysteresis curve resulting from fast

input-power modulation.

5.2 Time-Dependent Model

The time-dependent behavior of dispersive bistability in DFB SOAs can be studied
with the coupled-mode equations (2.43) and (2.44) for the bistable signal and the
gain rate equation (2.52) that embodies the SOA carrier dynamics. This system of
nonlinear, coupled, partial differential equations can be greatly simplified, while re-

taining insightful solutions, by applying some approximations common to the study
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of optical bistability; namely, the mean-field approximation [10], [78], the uniform-
gain approximation [43], and the adiabatic elimination of the optical signal [36], [43].
A model using these approximations has been previously presented for DFB SOAs
[43], and used to study pulses that undergo bistable switching. In this section, we
apply these approximations to our form of the governing equations given in Chapter
2.

The gain rate equation (2.52) can be simplified by assuming thaavwemge
value of the optical power is sufficient to calculate the saturated gain [12], [43]. This
is a sensible approximation for a uniform-grating DFB SOA because the summed
intensity of the coupled modes can result in a nearly uniform saturated-gain distribu-
tion [43]. (Such an approximation was avoided in the steady-state model since it was
used to study nonuniform gratings.) Using the mean power, and assuming a uniform
steady-state gaig, the gaing itself no longer varies along the amplifier. An equa-
tion for the uniform gain can be derived by averaging the rate equation (2.52) over

the length of the amplifief.:

d(g) (Pa) + (PB)

T =9~ {1 + T] (9), (5.1)

where the angled brackets indicate longitudinal averaging. For the final term, we have
factored the average of the gain—power products into the average of their arguments;
such a factoring scheme (of the field and medium response) has been referred to as
the mean-field approximation [78].

The powers’, andPg [defined in Eq. (2.53)] foundin Eq. (5.1) are obtained from
the coupled-mode equations (2.43) and (2.44); analytic solutions to these equations
are possible if we apply some common assumptions. Under the approximation that
the average power is sufficient to calculate the gain (as discussed above), the gain
becomes uniform along the amplifier, and thus we may use its average(yaline

the coupled mode equations [12], [43].
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To further simplify the coupled-mode equations, we assume that the field en-
velopesA and B adjust instantaneously to changes in the SOA gain [36], [43]. The
optical fields therefore attain their steady state quickly, allowing the time derivatives
todropin Egs. (2.43) and (2.44). The bistable system dynamics are hence determined
solely by the gain rate equation (5.1). This adiabatic approximation is valid when the
unobstructed signal-transit timé (v, ~ 0.003 ns) through the amplifier is much
shorter than the carrier lifetime (= 0.2 — 1 ns), and shorter than the rise and fall of
the input-field envelopé(t).

Under the adiabatic and uniform-gain approximations, the coupled-mode equa-
tions (2.43) and (2.44) become ordinary differential equations (of independent vari-
ablez) with constant coefficients. The general solutions for the counterpropagating
fields, as given by Egs. (2.64) and (2.65), are

A(z) = Arexp(ivz) + rBrexp(—iyz), (5.2)
B(z) = rAjexp(iyz) + Byexp(—ivz), (5.3)
where
ro= (v=A)/k, (5.4)
v = VA? k2, (5.5)
A = 5—@'%(1 —m)+¢o‘§”. (5.6)

Applying the boundary conditions of an input-field enveldge) at one facet, i.e.,
A(z = —L/2,t) = h(t)and B(» = L/2,t) = 0, and assuming that anti-reflection
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(AR) coatings nullify the facet reflections, the counterpropagating field envelopes are
, cos(v€) + A sin(yE)
ycos(yL) — tAsin(yL)’

ik sin(y€)
— |
b ycos(yL) — tAsin(yL)’ (5.8)

A =

(5.7)

where¢ =z — /2.
Using the field envelopes (5.7) and (5.8), the optical pow&rand P are

Py = Py(lcosh(2v;£)0; — sinh(27;£)02 + cos(2v,£)0s — sin(27,£)04] , (5.9)
Py = Py(|k|?* [cosh(27;€) — cos(2v,€)], (5.10)

wherePy(t) = |h(t)|?c is the input powery = v, + iv;, and

= v+ AAT (5.11)
O, = A"+ ~"A, (5.12)
0 = 7" — AA™ (5.13)
0, = i(yA*—y*A), (5.14)

¢ = [cosh(2v;L)0; + sinh(2v;L)0, + cos(2v, L)03 + sin(2, L)0,]~ (5.15)

To obtain the average power within the SOA, the solutions (5.9) and (5.10) are

integrated over the device lengthto yield:

(Pa) = Poc {sinh(Z’yiL)Gl + [cosh(2v; L) — 1]6s N sin(2+,L)0s 4+ [1 — COS(ZVTL)](%} 7

27; L 27, L
sinh(2y;L)  sin(2v,.L)

P = P, 2 —
<B> o< 4] [ 27; L 27, L

Substituting these expressions for the average powers into the gain rate equation (5.1)

adiabatically eliminates the internal optical powers; the resulting ordinary differential
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equation has only a single dependent variabje, and is relatively simple to solve
numerically. For the simulations shown here, we solve the equation using a variable-
order technique and limit the estimated numerical error to 0.1% for each integration
step. Once the average gdy) is calculated for all time, the solution vector can be
used to obtain the bistable output power.

Analytic expressions for the bistable transmitted poér) = P4(z = L/2,1)
and reflected poweR(t) = Pg(z = —L/2,t) can be found using Egs. (5.9) and
(5.10), respectively:

= PoC2(y; + 7)), (5.16)
R = Pyl|k|*[cosh(2y;L) — cos(27,L)]. (5.17)

An example using the transmitted-power expression (5.16) is shown in Fig. 5.1.
To trace out the hysteresis, we used a sinusoidal input pdwg) = p[l —
cos(2wt/T,,)], wherep = 0.6 mW is the input amplitude and,, = 10°r is the
modulation period. A slow period was chosen to simulate steady-state behavior; the
correspondingly large integration step sixé = 1007 skips over transient behavior
at the switching thresholds, which is addressed in the following section.

By plotting the input—output transfer function (i.e%, vs. T), as shown in
Fig. 5.1(a), explicit time dependence naturally drops. The dynamic hysteresis, un-
like the steady-state case, can be decomposed into its time-dependent components,
as shown in Fig. 5.1(b). Hysteresis is apparent in the decomposed input and output
pulses — the switch off power is different from the switch on power because the
system is affected by its past state. When we use the term “hysteresis” for the steady-
state solutions calculated in Chapters 3 and 4, we have in mind the behavior produced

by the time-dependent model.
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Figure 5.1: (a) Bistable hysteresis curve on transmission using the time-dependent model. (b) Input
and transmitted powers plotted as a function of time.

5.3 Hysteresis

Using a long modulation period df,, = 10°r, we compare solutions from the time-
dependent and steady-state models for reflective bistability on the short-wavelength
side of the photonic bandgap in Fig. 5.2. The switching powers for the time-
dependent case are higher — the whole hysteresis curve is shifted toward higher
powers. The upward-switching thresholds are about 16% greater for the two small-
est values of the normalized detunifg, whereas the downward-switching thresh-

olds are nearly 50% greater. This increase may be an error resulting from using the
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average-power distribution to calculate the saturated gain. Such an approximation
was found to result in larger switching-threshold powers (by 15 %) in bistable Fabry-
Perot SOAs [13].
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Figure 5.2: Comparison of reflective hystereses from steady-state (dashed lines) and time-dependent
models.

Although the switching thresholds generated by each model are different, the
switching behavior of each hysteresis curve is qualitatively the same; the time-
dependent model faithfully produces even the loop-shaped and inverted-S-shaped
hysteresis curves. We therefore expect the simple dynamic model to provide qualita-
tively accurate solutions in general.

To create a hysteresis curve using the time-dependent model, an input-power,
time-dependent waveform is first used as an initial condition to calculate an output-

power waveform. The output solution represeatttialpower levels achieved by the
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signal. Thus, upon creating the input—output transfer function, the unstable branch,
which is apparent in the steady-state solution, does not occur.

The switching thresholds of the hysteresis curve begin to vary as the modula-
tion period7;, is decreased, as shown in Fig. 5.3 Tor/7 = 10°,10*,10%, 10°, and
10~2. As the modulation period is decreased, the power required for upward switch-
ing increases. Even &t, /7 = 10*, the switching threshold is 5% greater than for
T, /7 = 10%; for T,,/7 = 10°, the upward switching power has increased by over
2000%. As the modulation period is decreased, the downward-switching threshold
shifts to lower powers and the hard switching edge smooths off to a gradual slope.
Eventually (at7,,/r ~ 10~!') the downward-switching transition is so smooth that
threshold powers are difficult to define.

For modulation periods df,, /7 = 10*,10%, and10°, spiking occurs during up-
ward switching. For these cases, the time stgpused in numerical calculations
(defined asAt/T,, = 107*) is equal or less than. Spiking behavior of this sort
is common in simulations of dispersive bistability in resonant-type SOAs [23], [36],
[43], and occurs as the optical signal passes through the peak of the Bragg resonance
[43], [45]. The peak of the spike is enhanced in simulations as an artifact from the
adiabatic elimination of the bistable signal from the system dynamics [23].

For short modulation periods beginningtatr, spiking does not occur, and the
hysteresis curve is shaped like an oblong loop. As the period is decreased further,
the loop closes down, and eventually becomes a line, as sedf), for= 1072 in
Fig. 5.3. This closing down behavior at short modulation periods was first noted by
Westlake et al. [37] for bistability in Fabry—Perot SOAs, where the hysteresis closed
down at7}, ~ 2r.

The closing down of the bistable curve suggests that the hysteretic response of the
DFB SOA cannot be used for optical memory at repetition rates faster than the inverse

of the carrier lifetimer [37], [36]. However, the slow repetition rate of memory does
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Figure 5.3: Dependence of the hysteresis curve on the modulation ggriog 10¥, where the
integers near the peaks are the values.of

not prevent such devices from finding applications in high-speed communications, as

shown in the following chapter.

5.4 Conclusion

In this chapter, we developed a time-dependent model of the bistable DFB SOA sys-
tem. We arrived at a simple model by adiabatic elimination the optical signal in the
governing equations, and by assuming that the average power in the SOA is sufficient
to determine the saturated gain. We found that this model yields higher switching-
threshold powers than those obtained from the steady-state model (which did not use
an average power), but that the shapes of the hysteresis curves qualitatively agree for
long signal-modulation periods. For modulation periods approaching the carrier life-
time 7, the hysteresis shape changed dramatically, and new features such as spiking
and closing down of the hysteresis curve became prominent. Despite these features,
the hysteretic nature of optical bistability in DFB SO&siseful for high-speed mem-

ory applications, as shown in the following chapter.
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Chapter 6
All-Optical Flip—Flop

6.1 Introduction

All-optical techniques for processing lightwave-communication signals have ad-
vanced considerably in recent years. Intensive research has produced practical all-
optical devices for tasks such as data-wavelength conversion [6], regeneration [79],
and demultiplexing [80]. In an analogy to electronics, these devices exiifibi-
nationallogic [81] — i.e., the output is determined by the existing state of the input
signals. Using the example of data-wavelength conversion, the output power at the
converted wavelength changes in response to the input data of the original wave-
length; as the input signal subsides, the converted power returns to its initial state,
thus replicating the data.

Digital signal processing in electronic systems makes use of combinational and
sequentialogic [81]. The output signal from devices exhibiting sequential logic is
determined by the existing state of input signaitgl the state of past input signals
— it exhibits memory. The basic building block of sequential processing in electri-
cal systems is called a flip—flop [81], which exhibits bistability and is controlled by
auxiliary signals.

In an attempt to bring the advantages of sequential processing to the optical layer

(i.e., for optical signals, without electronic conversion), optical bistability has been
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Figure 6.1: All-optical flip—flop. Optical output is controlled by optical input signals.

investigated as a means of realizing an all-optical flip—flop [23], [30], [82], [83]. The
basic idea of an all-optical flip—flop is represented in Fig. 6.1; a bistable, latchable
output power is controlled by optical signals. Early work on optical bistability was
motivated, in part, by the possibility of optical computing, in which arrays of optical
flip—flops would be used for processing. However, recall that the number density
of SOA devices is limited by heat dissipation (as discussed in Section 1.2), thereby
making SOA-based large-scale processing inferior to electronic processing. Here,
we bypass this limitation for optical processing by investigating applications to fiber-
optic communications in which even a single flip—flop is useful.

All-optical flip—flop operation has been demonstrated using Fabry—Perot SOAs
by Ogasawara et al. [23] and by Inoue [30]. Set and reset were performed in their
experiments by either by varying the holding-beam input power (set: [23], [30]; reset:
using a ‘negative’ optical pulse [23]), or by modulating the holding beam via a closely
tuned (0.008 nm) auxiliary signal (reset: [30]). Thus, these control techniques have a
very limited wavelength range.

In this chapter, we present new optical-control techniques to set and reset a
resonant-type SOA-based optical flip—flop using control signals that exhibit a very
wide wavelength range of operation. We begin by discussing a commonly referenced

control technique based on varying the holding-beam input power [23]. Then, we dis-
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cuss the physical mechanism of our control technique (thatmatesly on changing

the holding-beam input power) and simulate its operation. All-optical flip—flop op-
eration is achieved using the experimental system described in the following section.
We then investigate different aspects of flip—flop performance, such as polarization
and power requirements, to gauge the practicality for lightwave systems. We close
the chapter by considering an application of such a device — data-format conversion

from high-speed RZ signals to low-speed NRZ signals.

6.2 Principle of Operation

6.2.1 Control using Holding Beam

The two output states of an optical flip—flop based on optical bistability in a resonant-
type SOA are simply where the signal’s input powgrintersects the two branches
of the hysteresis curve, as shown in Fig. 6.2%at= Py. The output power of the
signal can be set and reset betwdgp and P,¢ by varying F, through the upward
and downward switching thresholds, respectively [23]; we discuss and simulate this
process to introduce key concepts and to facilitate comparison with our new control
techniques.

The input powelr is initially located between the switching thresholds, like
in Fig. 6.2. Optical set can be performed by increasing the input power beyond the
upward switching threshold [23], [30], and can be understood as follows. An increase
in optical power within the SOA stimulates recombination of electron-hole pairs (i.e.
gain saturation), which increases the refractive index; the signal thereby increases its
own wavenumber and optical phase. This self-phase modulation (SPM) shifts the
photonic bandgap and Bragg resonances to longer wavelengths. As a Bragg reso-
nance moves onto the signal wavelength, the internal optical power increases even

more. Bistable upward switching occurs when a positive feedback loop (between the
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Figure 6.2: Flip—flop output states. Two stable transmission st&tgsand FP.g, occur for a single
input powerPy.

internal optical power, nonlinear refractive index, and Bragg resonance) causes the
Bragg resonance to shift through the signal wavelength, providing resonant ampli-
fication for the signal. Set operation is shown in Fig. 6.3, where we have used the

time-dependent model developed in Chapter 5. This input power is given by
Py =Pyl +05f(t—1)—0.5f(t —13)], (6.1)
where the perturbatiofi(t — ¢,.) to the average input powéty is given by
flt = o) = exp{=[(t — t.)/W,]*}, (6.2)

and the parameter values are given in Table 6.1.

The signal’s output power remains at a high lekg| (corresponding to the upper
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Figure 6.3: Flip—flop operation based on the holding beam. (a) The holding-beam inputgoiser
varied beyond the switching thresholds to (b) set and reset the bistable transriission

hysteresis branch) even after its input power returns to the initial Biatas shown

in Fig. 6.3. Although the bistable signal provides the same input power, the larger
output is achieved because the new Bragg-resonance location provides resonant am-
plification. The relatively larger optical power within the SOA, in turn, maintains the
amount of carrier-density depletion required to hold the Bragg resonance in place.
The latching occurs on the short-wavelength slope of the Bragg resonance, which
(unlike the long-wavelength slope) is stable if perturbed; for example, a momentary

increase in the input power will increase the refractive index and shift the resonance
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Table 6.1: Parameter values for flip—flop control via holding beam.

Quantity Symbol | Value
Mean input power Py 0.02 mw
Carrier lifetime T 0.2ns
Set pulse center t 23 ns
Reset pulse center 2 63 ns
Integration step size At 2 ps

away from the holding-beam wavelength, resulting in a reduction of power and mov-
ing the resonance back to its original location.

The flip—flop is reset by decreasing the input power of the holding beam beyond
the downward switching threshold of the hysteresis curve. The resulting decrease
in the internal optical power allows the carrier density to recover, thedebyeas-
ing the refractive index. SPM shifts the Bragg resonance to shorter wavelengths and
back toward the holding-beam wavelength. As the resonance peak passes the signal
wavelength, a positive feedback loop (acting in the opposite manner as for upward
switching) shifts the Bragg resonance to even shorter wavelengths and lowers the out-
put power toF,g. In terms of the input powek,, reset is achieved by the application
of a ‘negative’ optical pulse [23], as shown in Fig. 6.3.

Using the input and output powers of Fig. 6.3 to assemble a nonlinear transfer
function, we find the interesting hysteresis-curve shape shown in Fig. 6.4 (solid lines).
The largest features of Fig. 6.4 correspond to the relatively narrow spikes of Fig. 6.3.
Likewise, the long time interval of the ‘on’ state in Fig. 6.3 is condensed to a point
on the hysteresis curve of Fig. 6.4; the time aspect of the input and output fields is
lost in the bistable hysteresis curve.

Moreover, the new hysteresis curve does not closely resemble the ‘ordinary’ hys-
teresis curve of Fig. 6.2, calculated using a slowly varying sinusoidal signal, and

shown with dotted lines in Fig. 6.4. Although the actual shape of the hysteresis curve
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Figure 6.4: Transfer functions for the flip—flop operation shown in Fig. 6.3 (solid lines) and the slowly
modulated hysteresis curve of Fig. 6.2 (dotted lines).

depends on the modulation rate and peak power of input signal, the locations cor-
responding to ‘on’ and ‘off’ states are the same for both curves shown in Fig. 6.4.
Thus, the initial figure 6.2 is justified, since its purpose was to show the existence of
two stable states corresponding to a single input pawgerlong modulation period

T,, was selected to produces a familiar-looking shape.

6.2.2 Control using Auxiliary Signals

For the flip—flop operation described in the previous section, the holding beam pro-
vides the power used to latch the flip—flapd initiates set and reset via SPM. We
seek to relegate the control functionality to auxiliary optical signals. Separating hold-
ing and control functionality is advantageous because the holding-beam source can
then be optimized solely for wavelength and power stability. Furthermore, set and
reset can then be performed directly by signals from an optical network. Such a sys-
tem is depicted in Fig. 6.1, where the box labelled “Flip—Flop” contains the bistable
system comprised of the holding beam and DFB SOA. Ideally, set and reset can be

performed over a wide wavelength range; hence, control signals can come from a va-
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riety of wavelength channels in modern-day wavelength division multiplexed (WDM)
systems, where the channel spacingi6.8 nm.

The general principle we use to relegate control to auxiliary signals is to re-
place the holding-beam self-phase modulation (SPM) discussed in Section 6.2.2
with auxiliary-signalcrossphase modulation (XPM). The set signal, like the hold-
ing beam, falls within the SOA gain spectrum and hence stimulates recombination
of electron-hole pairs. Recombination causes gain saturation and an increase in the
refractive index evemt the holding-beam wavelengtihus, the set signal modu-
lates the wavenumber and phase of the holding beam; this kind of XPM has been
used in other geometries and applications, including data-wavelength conversion in
SOA-integrated Mach-Zehnder interferometers [89], as well as clock recovery and
clock division in nonlinear optical loop mirrors [61].

For our application, the increase in refractive index pushes the photonic bandgap
and Bragg resonances to longer wavelengths. Upward switching occurs when the
Bragg resonance has been shifted at least enough to seed the positive feedback loop
for upward bistable switching. In terms of the hysteresis curve, using XPM to shift
the Bragg resonance toward the holding-beam wavelength corresponds to pushing the
switching thresholds to lower powers. Switching occurs once the upward-switching
threshold has been brought to the holding-beam input paweras depicted in
Fig. 6.5.

After the set pulse passes through the SOA, the hysteresis curve returns to its
initial shape, but now the output power falls on the higher braneh,atas depicted
in Fig. 6.5. The post-switching location of the Bragg resonance provides resonant
amplification of the holding beam, resulting in a larger output power and sufficient
internal power to lock the resonance in place, as described in Section 6.2.1.

The flip—flop is reset by pushing the hysteresis curve to higher powers, allowing
the downward-switching threshold to reach the holding-beam input power, as de-

picted in Fig. 6.6. The hysteresis curve can be shifted in this way by signals that are
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Figure 6.5: XPM-based set. (a) The transmitted power (indicated by the circle) is initially low for a
fixed input powerPy. (b) XPM (+A¢) caused by a set signal pushes the hysteresis curve to smaller
powers, thereby switching the transmission to a higher power. (c) After the set signal passes, the
hysteresis curve relaxes to its initial shape, with the transmitted-power state on the higher hysteresis
branch.

absorbedby the SOA, giving their energy to electrons that are then excited into the
semiconductor conduction band. This gain pumping is accompaniedibgraase
in the refractive index and optical phase at the holding-beam wavelength. As the
refractive index decreases, the Bragg resonance shifts to shorter wavelengths; reset
occurs when the Bragg resonance shifts enough to cause the positive feedback loop
that results in downward bistable switching.

XPM-based reset is qualitatively different from the SPM-based reset in that the

former increases the carrier density directly by the application of optical power (i.e.,
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Figure 6.6: XPM-based reset. (a) High initial transmitted power (indicated by the circle). (b) XPM
(—A¢) caused by a reset signal pushes the hysteresis curve to larger powers, and the transmitted power
drops to the lower hysteresis branch. (c) After the reset pulse passes, the hysteresis curve relaxes to
initial shape, and transmission remains at the lower power.

a ‘positive’ optical pulse). For SPM-based reset, on the other hand, the carrier den-
sity increases through the natural recovery of the SOA gain as the internal power of
the holding beam is reduced. This internal power can be reduced either by using a
negative optical pulse (as shown in Fig. 6.3) [23], or by interfering the holding beam
with a closely tuned auxiliary signal [30]. The interfering-signal technique shifts the
bistable switching thresholds to higher powers while the holding-beam input power
is constant and can be achieved at relatively low reset-beam powers, but requires a

close matching between the holding and reset wavelengths of about 0.008 nm. The
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XPM-based reset technique, on the other hand, can be achieved over a wide wave-
length range ¥ 160 nm), but requires higher powers Q.7 mW) [85], as will be
described in Section 6.4.

Our goal in modeling the XPM set-reset techniques is to show hysteresis-curve
shifting and ultimately flip—flop operation by incorporating the control signals in a
simple, phenomenological manner. The Betand reset:, fields pass through the

DFB SOA without interacting with the index grating, and can be expressed as

Es(z,y,z,1) = Re{¢F(x,y)S(z,t)exp(ifsz)exp(—iwst)},  (6.3)

s

Er(x,y,z,t) = Re{éF(x,y)R(z,t)exp(ifrz)exp(—iwnt)}. (6.4)

The polarization vectot and the transverse field(«, y) are assumed to be the same
as those of the holding bearfi,and R are the slowly varying field envelopes, and
Bs andjr are the wavenumbers. The set-signal optical frequerdglls within the
SOA gain curve, and the reset-signal frequengyfalls outside of the gain curve, on
the higher-frequency side.
The control signals affect the bistable output power of the holding beam by chang-
ing the SOA carrier density; we account for these signals by expanding the rate equa-

tion (2.48) as follows

ON J N 1 [S [R
— 2 2 _ . _ — - _ — —= A
DV*N + . . a(N — Ny) a(N — Ny) . +n . (6.5)

The first three terms on the right hand side are found in the rate equation (2.48) of
Section 2.3. The penultimate term accounts for stimulated recombination of electron-
hole pairs by the set signal having an intendity The final term accounts for the
reset signal, having an intensity, andn characterizes its absorption by the valence-
band electrons.

The set-signal term within the rate equation (6.5) is functionally similar to the
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holding-beam term, both of which deplete the carrier density. In general, the amount
of gain experienced by these signals will depend on their detuning from the SOA
gain peak, the spectral location of which shifts with changes in the carrier density.
We ignore these gain-curve dependent effects because we do not expect them to sig-
nificantly alter the flip—flop behavior.

Interference terms produced by the set signal were also dropped. Nonlinear fre-
guency mixing is not appreciable from the sub-milliwatt input powers used in ex-
periments. In addition, we have avoided a close detuning (0.008 nm) between the
set signal and holding beam in our experiments which can reset the flip—flop (as dis-
cussed in Section 6.2.1). Spatial interference was neglected because carrier diffusion
is assumed to smooth out the longitudinal spatial holes.

To account for carrier generation by the reset signal, we consider the SOA to
be an ideal four-level system. The reset-signal photons are absorbed by electrons
occupying the 1st level (bottom of the valence band). These electrons jump to the
fourth level (top of the conduction band), where they quickly rekaxi(ps) to the
3rd level (bottom of conduction band) and become part of the carrier deNsity
Thus, the absorbed photon flyx/(hwr) in EQ. (6.5) represents a transfer of energy
from the reset signal to the carrier density. To simplify our study, we assume that
this energy-transfer process has perfect efficiency, and we ignore the depletion of
the ground-state electrons (i.e.is constant). The increase in gain due to the reset-
signal termin the gain rate equation resemblasi, which accounts for the electrical
injection of carriers.

We simplify the carrier-density rate equation (6.5) in the same manner as dis-
cussed in Chapter 5 for Eq. (2.48). Averaging over the transverse dimensions of the
active region introduces the optical confinement fattand the mode cross section
o; since the transverse-mode proffiéz, y) is assumed to be the same for the hold-
ing beam and the control fields, the confinement fattand mode cross sectian

are also identical. We also assume that the average optical power is sufficient to cal-
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culate the carrier density, and invoke the mean-field approximation. Using the gain

expression (2.47), the resulting gain rate equation is

Td<9> _90‘|‘77<PR> _ 1_|_<PA>‘|‘<PB>_|_ (Ps)

dt N PRsat Psat PSsat

(9), (6.6)

where Ps = |S|*o, Pr = |R|?0, n = Ty, Pessar = hwsWd/(7al'), and Preay =
hwpWd/(Tal).
The control-signal powerBs and P can be obtained from the following propa-

gation equations

6PS 1 6PS -
aPR 1 8PR -
0 Ton o — Mw ©8)

wherevs andvy, are the group velocities for the set and reset signals, respectively. As
in Chapter 5, we assume that the SOA responds to the average of the signal powers,
which allows the modal gainto be replaced by its average valge. This is a more
severe approximation for the control signals than for the holding beam because the
former do not scatter off of the grating and therefore have an exponential variation
in z. Nonetheless, eliminating thedependence of such travelling-wave signals is a
common simplification for the study of nonlinear phenomena in SOAs [61], and is
especially suitable for a qualitative analysis and for a small gain—length product.

The propagation equations (6.7) and (6.8) can be further simplified by assuming
that the control signals respond instantaneously to changes in the carrier density. As
discussed for the holding signal, this adiabatic approximation is valid when the transit
time (L /v, =~ 0.003 ns) through the amplifier is much shorter than the carrier lifetime

(7 =~ 0.2-1 ns), and shorter than the rise and fall of the input-field envelopes. Under
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these approximations, the control-signal equations become

ary

dﬁ = _77PR- (610)
dz
Applying the boundary condition®s(z = —L/2,t) = Ps(t) and Pr(z =

—L/2,t) = Pro(t), the solutions to Egs. (6.9) and (6.10) give the control-signal

distributions along the amplifier:

w|h

Ps = Psgexp {g (6.11)

]
Prn = PRoexp{ n(z +§)] (6.12)

Integrating Eqgs. (6.11) and (6.12) over the length of the amplifier, we obtain

(Ps) = Psoe)ip(”f]q#, (6.13)
(Pr) = PROM%L(_”L). (6.14)

A short control pulse (e.g4 8 ps) can abruptly change the carrier density on
a scale much smaller than (e.g., a few ps [61]), thus invalidating the adiabatic
elimination of the optical signals over this time interval. After such an abrupt change,
however, the carrier density recovers at a rate governed by the carrier lifetime
the time scale used for the adiabatic approximation, and our model is valid. The
validity of the adiabatic approximation can also be threateneddbyvayvarying set
signal as well as the continuous-wave (CW) holding beam itself. By operating these
signals at high powers, the carrier density responds to an effective carrier lifetime

r.rs = 7/(1 + Pr/Pa:) [61], which can approach the signal transit time §ps).
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The internal power”; in our simulations, however, does not exceed the saturation
power, so our model remains valid for the cases considered here.

The control signals interact with the carrier-density energy spectrumebt
localized energies, namelyiws and iwr. However, localized changes in carrier
density at these energies are quickly distributed throughout the energy spectrum by
intraband scattering in less than 1 ps. For longer time scales, the change in the SOA
gain-curve spectrum, for a given change in the carrier degsity is therefore inde-
pendent of the control signal’s optical frequency; i.e., the gain specjtumnis ho-
mogeneously broadened. The accompanying change in the refractiveinde)
at the holding-beam frequency is given by a Kramers-Kronig relation:

Anfwo) = =2 [ g 29

2 420
7T 02 — w§
z=0

(6.15)

where() is the running-frequency variable, the integral is performed in accordance
with the its principle value, and\g is negative for a change due to gain saturation.
Since the change in the SOA gain-curve spectihim is independent of the control
signal’s optical frequency (for a given change in the carrier dersity), the change

in the refractive indexAn(wy ) is also independent of the control signal’s frequency.
Since the linewidth enhancement factds proportional to the ratio of these changes,

it is also independent of the control-signal frequency. Thumramorvalue ofa is

used in the coupled-mode equations to transfer changes in gain (doggignal) to
changes in the refractive index at the holding-beam frequency.

Our model is now complete. The control-signal powers (5.16) and (5.16) are used
within the modified gain rate equation (6.6). Once the gain is calculated for all time,
the solution vector is used to find the holding-beam output powers using Egs. (5.16)
and (5.17) derived in Section 5.2.

We used this model to show how the hysteresis curve shifts in Fig. 6.5 and 6.6 un-

der the application of CW set and reset signals, respectively [84]. The initial and final



6.2. PRINCIPLE OF OPERATION 99

Table 6.2: Parameter values for flip—flop control via control signals.

Set saturation power Psgar | 10 MW
Reset saturation power | Preat | 11.8 mW
Reset absorption nl |23

Set-pulse gaussian order] N | 4
Reset-pulse gaussian orderM | 4

Set Peak Power S; | 0.1 mw
Reset peak power R; | 1.02mW
Set time center ts |23ns
Reset time center tr | 63ns
Set Width Ws | 1ns
Reset Width Wgr | 1ns

hystereses [parts (a) and (c)] are identical to the hysteresis curve of Fig. 6.2, and do
not include control signals. The same parameter values are used in Fig. 6.5(b), except
for a CW set signal withPs, = 84uW. For Fig. 6.6(b), this set signal was replaced

by a reset signal having a peak powerféf, = 1.2 mW, other parameter values

are given in Tables 6.1 and 6.2. We used a large integration step\size 1007

which skips over the transient behavior at the switching thresholds. Such behavior

is not central to our discussions regarding the stable output states [Fig. 6.2, 6.5, 6.6,

6.16(b)], but is included in the context of flip—flop operation (Fig. 6.3, 6.7, 6.17).

The model correctly simulates all-optical flip—flop operation; namely, the set sig-
nal switches the holding beam to a higher output-power state, which is maintained
for a duration longer than the set-pulse width, and the holding beam power returns to
its lower state upon the application of the reset pulse. As an example, we use input
control pulses of the form

Psolt) = Siexp {— [(t— ts) /WS]QM} , (6.16)
Pro(t) = Riexp {— [(t — tp) /WR]QN} : (6.17)
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whereS; and R; are the input amplitudess andty define the center of the pulses,

Ws and Wy are proportional to the pulse widths, andl and V are the orders of

the super-gaussian pulses. All-optical flip—flop operation is shown in Fig. 6.7, where
the control signals are defined by parameter values given in Tables 6.1 and 6.2. In
addition,, = 0.02 mW; the holding-beam input is constant for flip—flop simulations

and therefore the adiabatic-approximation condition thaf vary slowly is always

satisfied.
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Figure 6.7: Flip-flop operation via auxiliary optical signals. (a) Set and reset signals control the (b)
bistable transmissidh by varying the hysteresis curve according to Fig. 6.5 and Fig. 6.6.
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6.3 Experimental Demonstration

6.3.1 Experimental System

All-optical flip—flop operation was investigated using the experimental system shown
in Fig. 6.8 [85]. The system is conceptually divided into three sections; control-signal

generation, optical flip—flop, and detection.

control signals flip-flop detection

oscilloscope

attenuator

pulse generator

Figure 6.8: Experimental system for all-optical flip—flop demonstration.

Optical Flip—Flop

The optical flip—flop is enclosed by the hashed box in Fig. 6.8; its main ingredients
are a DFB SOA, tapered fibers for optical coupling, a holding laser, and a fiber cou-
pler. As a DFB SOA, we used a commercial DFB laser driven below lasing threshold;
the device used for all experiments whose results are reported in this thesis is charac-
terized in Appendix A. To control its temperature, the SOA chip was mounted to an
aluminum heat sink using the process described in Appendix B. The heat sink was

fastened to a brass block, which was itself connected to a thermo-electric cooler. The
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heat sink also provided the electrical contact for the N-side of the SOA, the P-side
received current through a contact probe placed on top of the SOA. The DFB SOA
was mounted to allow access to both input and transmission facets by tapered fibers.
The CW holding beam originated from an external-cavity tunable-diode laser,
having a wavelength range of 1499 nm to 1581 nm, a 0.001-nm fine adjustment,
and a maximum output power ef 6 mW. Since the holding-beam wavelength must
be located at the long-wavelength side of the dominant DFB Bragg resonance, this
tunable laser was ideal for accommodating the Bragg resonance of any DFB laser
used in the course of experiments. In front of the holding laser, a 55-dB isolator
prevented back reflections. The polarization controller was used to align the holding-
beam polarization to the transverse-electric (TE) mode of the SOA gain region, and
gave us the flexibility to explore the polarization dependence of flip—flop operation.
The holding beam was sent into the DFB SOA through one branch of a 3-dB PM

fiber coupler. The other branch accepted the optical control signals.

Control Signals

Set signal originated from an external-cavity tunable-diode laser having a nominal
wavelength range of 1520 to 1570 nm, a fine adjustment of 0.01 nm, and a maximum
power of~ 0.5 mW. We used this laser to provide the set signals, as opposed to
the holding beam, because of its inferior fine adjustment of 0.01 nm. The laser was
protected by an isolator, and its polarization was controlled for optimum coupling into
a 5-GHz LiNbQ modulator. The 8-dB insertion loss from the modulator resulted in

a transmitted power of less than 10W. An erbium-doped fiber amplifier (EDFA)

was used to boost and compensate for the loss from the modulator and the 3% port of
a fiber coupler which combined the set and reset pulse trains. In front of this coupler,
a filter removed much of the ASE noise from the EDFA, and a polarization controller
was used for flexible alignment.

The reset wavelength in our experiments fell outside the SOA gain spectrum, to
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the short-wavelength side. We found that lasers with a central wavelength near 1310
nm (for data generation in 1310-nm fiber-optic communication systems) or near 1480
nm (for EDFA pumping) were both capable of performing reset. The spectra from

these lasers with respect to the SOA gain curve are shown in Fig. 6.9.

-<— Reset Signals —

Optical Power (dBm)
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Figure 6.9: Spectra of two separate reset lasers compared to SOA gain curve.

Reset data was generated by direct modulation. We did not use the LiNb®
ulator because we did not have an optical amplifier to counteract its 8-dB insertion
loss. To obtain modulated data with high-contrast ratios, the laser was biased near
lasing threshold. To maintain as much reset-signal power as possible, the signals
were passed through the dominant port of the 97/3 PM fiber coupler.

Control data was generated by a 3.5-GHz pulse-pattern generator. To clearly
observe latching of the holding beam during the interval between the set and reset
pulses, it was important to make this interval long relative to the set- and reset-pulse
widths. Hence, a simple square-pulse train (with a 50% duty cycle) could not be
used to clearly observe memory. The 32-bit programmable pattern capability of the
pulse-pattern generator was very helpful for generating a signal train with a low duty

cycle; for example, a ‘1’ bit followed by 31 zeros provided a 1.6% duty cycle in

return-to-zero (RZ) format.
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We generated both the set and reset pulse trains simultaneously freaniee
pulse-pattern generator. One option for generating two electrical pulse trains was to
simply use a junction to separate the output along two different cables; this technique,
however reduced the output voltage to each laser and was sensitive to electrical feed-
back, promoting the generation of extraneous pulses. A separate source of pulses
was available from the inverted output p@UTPUT. However, if the output port
(OUTPUT) is set for a 1.6% duty cycle (as in the example above), the inverted output
port OUTPUT) has an unfortunate 98.4% duty cycle! We overcame this problem
by feeding the inverted electrical signal from & TPUT port into a LiINbGQ, mod-
ulatorbiased on the negative slopéits transfer function. In this configuration, the
modulator transferred the inverse of the electric signal onto the optical signal — an
electrical signal having a 98.4% duty cycle created an optical signal having a 1.6%
duty cycle. In this way, we created two low-duty-cycle pulse trains using a sin-
gle pulse generator generator. During experiments, using two separate output ports
(OUTPUT andOUTPUT) was also useful since each could be turned on and off in-
dependently of the other, allowing each signal to be individually tested in the optical
system.

The set and reset pulses, although created by the same data generator, separated
in time by traversing different path lengths before being combined by the 97/3 fiber
coupler. Since the set and reset pulse trains travelled different paths before the fiber
coupler, their relative mismatch could be tuned by changing the repetition rate of
the pulse generator. This technique allowed us, for example, to adjust the interval
between the set and reset pulses and observe unambiguous latching of the bistable
signal.

While the maximum output voltage from the pulse-pattern generator (3.3 V) ben-
eficially created strong pulses from the directly modulated reset laser, it surpassed the
voltage limit of the LiINbQ modulator. An electronic limiter was used to reduce the

input voltage into the modulator voltage to below 2 V.



6.3. EXPERIMENTAL DEMONSTRATION 105

Detection

The control signals passed through the 3-dB fiber coupler within the hashed box of
Fig. 6.8 on route to the DFB SOA. This coupler served the dual purpose of bringing
both the control and holding signals into the DFB SOA, and of creating a reference
input-pulse train for monitoring during experiments. Reference set and reset signals,
as well as the flip—flop output signals, were measured with detectors having band-
widths exceeding 20 GHz, and either a digital-sampling oscilloscope, or a 500-MHz
real-time oscilloscope. An isolator was used before each detector to protect the sys-
tem from back reflections.

The real-time and digital-sampling oscilloscopes had minimum grid spacings of
1 and 2 mV, respectively. This difference seems innocuous, but was significant for
some of the signals in our experiments. For a detector conversion gain of 10 mV
/ mW, a single oscilloscope grid requires 100 and 200 of signal power, respec-
tively. In our experiments, we used set signals as low ga#2which were therefore
difficult to observe using the digital-sampling oscilloscope.

To clearly observe the flip—flop output, which was100xW, we used an am-
plifier. Electronic amplifiers, however, were not appropriate because their low-
frequency cut—off frequency warped the flat holding-beam signal that we tried to
observe. Hence, we used an EDFA, as shown in Fig. 6.8. A tunable filter was placed
after the to remove the wideband EDFA amplified spontaneous emission (ASE) and
to block the amplified set pulses. The measured holding-beam powers given below
were scaled to give the powers within the fiber before the EDFA. Input powers were
measured in the reference arm and scaled to give the powers within the fiber before
the DFB SOA.
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6.3.2 Set—Reset Operation

Control signals for a typical experiment are shown in Fig. 6.10(a). The 1567-nm
set signals had a peak power of 2%/, and a pulse energy of 330 fJ. Reset was
performed using 1306-nm signals with a peak power of 2.4 mW and a pulse energy
of 36 pJ. The DFB SOA was biased at 97% of lasing threshold.
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Figure 6.10: All-optical flip—flop operation. (a)1567-nm set and 1306-nm reset signals controlling (b)
the output power of the 1547-nm holding beam.

Control signals toggle the holding beam shown in Fig. 6.10(b) with a 6.2-dB
contrast between 25- and 1@%V output states. Since its input power was 89, the
holding beam experiences a small fiber-to-fiber on-state gain. Note that the memory
occurs at the holding-beam wavelength of 1547 nm, which is different than the set
wavelength of 1567 nm.

The on state shown in Fig. 6.10(b) is maintained for 0.824This demonstration
of a long, static set is important because it shows unambiguous latching of the flip—
flop. A longer duration can be selected by using a pulse-pattern generator with a
larger bit-pattern memory, or a slower pulse-repetition rate. The experimental data
agrees qualitatively with simulations — gain-saturating and gain-pumping pulses set
and reset the bistable output state of the DFB SOA, respectively. This agreement

validates our understanding of the physical processes.
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6.4 Performance

In this section, we investigate the performance of the flip—flop under a variety of
operating conditions. In particular, we are interested in learning if the flip—flop is

suitable for WDM fiber-optical communications systems.

6.4.1 Wavelength Range and Power

For use in WDM systems, the flip—flop should be able to be controlled by a wide range
of signal wavelengths. Although this was not possible with previous techniques,
the XPM optical-control techniques allow flip—flop operation over a wide range of
wavelengths. Using the external-cavity tunable diode-laser, we achieved set operation
from 1533 to 1568 nm, as depicted in Fig. 6.11. The short-wavelength bound of this
range is where the set signal looses its ability to saturate the gain. The upper bound
was imposed by the poor amplification of the EDFA (in control-signal portion of
Fig. 6.8) at long wavelengths. Since 1568 nm is near the peak of the SOA gain
spectrum, we expect the set range to extend at least 20 nm to longer wavelengths
[86]. This large & 50 nm) wavelength range is ideal for WDM lightwave systems;
signals from a wide range of communication channels can serve to set the optical
flip—flop.

The set-signal wavelength range extends on both sides of the Bragg resonance;
flip—flop operation for 1537-nm set signals having a pulse power of 0.9 mW (and
energy of 18 pJ) is shown in Fig. 6.12(a) [reset pulses are the same as for Fig. 6.10].
Thus, the XPM-setting technique works for signals that interact with the carrier-
density distribution at loweor higher energies than the holding beam. Although
1567-nm set signals could be as low as@¥ (probably resulting from the high am-
plification at that wavelength), the minimum allowable optical power at 1537 nm was
85 uW. These powers are low enough to expect that optical signals directly from the

communication system can set the flip—flop without pre-amplification.
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Figure 6.11: Broad spectral range of set signals. Demonstrated spectral range of set pulses compared
to the ASE spectrum of the DFB SOA.

The broad wavelength range demonstrated for the set signal was eclipsed by that
of the reset signal. We reset the holding-beam power shown in Fig. 6.12(b) using
an EDFA-pump laser at 1466 nm (with pulse widths of 15-ns, and energies of 1.98
and 0.77 pJ for the reset and set signals, respectively). We expect that reset occurs
over the intermediate 160-nm spectral range between 1306 and 1466 nm, and extends
down to much shorter wavelengths; any optical frequency that excites electrons to the
conduction band can potentially reset the flip—flop. Most importantly, we expect that
all signals within the 1310-nm communication band can perform the reset function.
This allows communication between the two well-developed systems centered near
1550 and 1310 nm. 1306-nm reset-signal powers were typically required to be above
0.7 mW.

Flip—flop operation occurred over a holding-signal wavelength range of only

0.004 nm in our experiments (for constant signal powers). Physically, this limited
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Figure 6.12: Flip—flop operation using (b) 1537-nm set and 1306-nm reset signals, and (¢) 1567-nm
set and 1466-nm reset signals.

wavelength range is a trade off for using a resonant-based device, which beneficially
provides a high change in output power (6 dB) for small input power$qo0 ,/W).
However, by using XPM-control techniques, we have sheltered this limitation from
the global optical system, and confined it to within the box labeled “Flip—Flop” in
Fig. 6.1. Thus, from a systems point of view, the flip—flop has a very wide wave-

length range of operation.

6.4.2 Direction and Polarization

Since the role of the control signals is to change the carrier density, they are not
required to enter the SOA in a co-propagating direction with the holding beam; XPM
was observed for control pulses entering either SOA facet. We expect that control
signals can even enter from an off-axis direction [83]. Transparency regarding the
incident direction allows flexibility in designing the control-signal input system, as

well as in specifying the exiting direction of the amplified set signals.
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We also investigated dependence on the polarization. In modern-day fiber-optic
systems, the polarization of signals is not preserved during propagation. Thus, the
flip—flop should be transparent to the control-signals’ polarization. Optical reset was
found to be transparent to the polarization of the 1306- and 1466-nm signals. How-
ever, flip—flop operation was dependent on the polarization of the set pulses. The
polarization dependence for gain-saturating pulses is well known, and can be sig-
nificantly reduced by using techniques such as growing the gain-region depth to the
same scale as its width [88], or by using strained growth of the quantum wells. The
polarization of the holding beam was also crucial for flip—flop operation; this is not a

disadvantage since the holding laser can be located near the DFB SOA.

6.4.3 Set-Pulse Power

Since small powers{ 0.1 mW) are sufficient to set the flip—flop, data signals from an
optical network can easily exceed the minimum required set power. In this section,
we explore how the shape of the holding-beam output power is affected by a varied
set-pulse power.

Although flip—flop operation still occurs between two flat output stadtgsand
P.,¢, an intermediate statB, can appear during the duration of the set signal. Using
rectangular set pulses (width 4 ns), this intermediate state takes the form of a flat
ledge, as seen in Fig. 6.13(a) for a set power of 0.28 mW, and a holding-beam input
power of 0.04 mW. We analyze the set-pulse ledge by first noting that the flat level of
the ledge indicates that the system has achieved a steady state during the application
of the set pulse. Thus, we can study this ledge behavior by simulating the bistable
hysteresis curve under the influence of a CW set signal, as was used in Fig. 6.5 and
6.6 during the discussion on set and reset operation.

Using simulations, we find that a relatively large set-signal powfes & 0.28

mW) pushes the upward-switching threshold well beyond the holding-beam input
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Figure 6.13: Set-pulse ledge. (a) Ledge featirecan occur during application of set pulse. (b)
Severe hysteresis-curve shift is origin of ledge. (c) Ledge hdight P.g decreases with set power.

power Py, as seen in Fig. 6.13(b), where we have overlapped the bistable hysteresis
with and without the set signal. (All other parameter values are listed in Tables 6.1
and 6.2.) The higher branch of the hysteresis curve drops accordingly, and therefore
the output power switches frof, to .. The intermediate stat@, is significantly
lower than the final stat&,,,, which is obtained after the set pulse passes through the
device.

The large difference between the upper branches of each hysteresis curve arises

from both dispersive and gain-related effects; greater XPM pushes the Bragg reso-
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nance away from the holding-beam wavelength, and larger gain saturation diminishes
the strength of the Bragg resonance. These effects grow as the set-pulse power is in-
creased. Therefore, the height of the ledge above the lowerftatd,; diminishes
as the set power is increases, as measured and shown in Fig. 6.13(c).

For a small range of set-pulse powers, the ledge hdight P,¢, and the ledge
is not visible. The ledge also goes unnoticed for low set powers, where F,,
since the flip—flop is set without too much variation in the hysteresis-branch height.
Otherwise, set-pulse ledges will occur. Such ledges significantly warp the flip—flop
output if their temporal widths are on the same order as the interval between set and
reset signals. Relatively short set signals, however, do not significantly distort the

holding-beam output shape.

6.4.4 Relative Strength of Control Signals

In experiments and simulations, we found that the required set-signal power was
much smaller than that of the reset signal. The theoretical model presented here
provides insight into the relative strength of these processes. The phase change
experienced by the holding beam as the gain changes by an aguist given by

the change in wavenumbek¢ = —AgLa/2. Using the steady-state solution to

the gain rate equation (6.6), and isolating the effects of the optical signals, the phase

change is given by

a [gL (Pa)+ (Ps) +goL (Ps) L (Pr)
D(b 2 Psat 2 PSsat 2 PRsat 7
(Pa) + (PB) n (Ps)

Psat PSsat‘

Ap = (6.18)

Dy = 1+ (6.19)

The three terms in the bracketed expression of Eq. (6.18) represent (from left to right)
holding-beam SPM, set-signal XPM¢sxpy, and reset-signal XPM grxpy. For

the parameter values used throughout this thesis ¢, go L ~ 1.2, andnl = 2.3),
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the prefactorswgy L /2 ~ m andan L /2 ~ 27. Thus, the strength of each signal power
(within the SOA) relative to its saturation power determines the numberpifase
shifts experienced by the holding beam.

For the case of small optical powers (relative to the saturation powers), the quan-
tity Dy ~ 1. The expression for set-signal XPM can be estimated by using the
average-power equation (6.13) with the small-signal limit go and Py = 10
mW:

AQbSXPM o 0.187TP50, (620)
AQbRXPM o —0.067TPR0, (621)

where the input powers are given in mW. The phase change for the reset signal
A¢rxpm Was obtained using (6.13) for the average poweragng = 11.8 mW.

To obtain the same amount of phase shift, Egs. (6.20) and (6.21) reveal that the
reset signal must provide more power than the set signal. In addition to a smaller
saturation power, the set signals are amplified by the medium, as opposed to the
absorbed reset signal. Moreover, the effect of the holding-beam power on the XPM
phase changes (i.), > 1) makes it even more difficult for the reset XPM; whereas
the set signal sees a relatively small internal holding-beam power, the reset signal

sees a resonant-amplified holding beam, further redusitgk ey -

6.4.5 Speed

The set and reset times of the flip—flop signal shown in Fig. 6.10 are 16 ns and 24 ns,
respectively, where we used 15-ns control signals and a real-time oscilloscope with a
8-ns resolution. Using a digital-sampling oscilloscope, the fastest rise and fall times
were measured to be 300 ps and 700 ps, respectively, using 360 ps and 800 ps set and
reset pulses, respectively.

Our experimental investigation into the maximum repetition rate of the all-optical
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Figure 6.14: Flip—flop operation at 416 MHz, the high-speed limit is determined by the low modulation
bandwidth of the reset laser.

flip—flop was limited by the low modulation bandwidth of the directly modulated
reset laser (about 1 GHz). For a pulse-generator rate of 3.44 GHz, we achieved flip—
flop operation using pulse widths of 360 ps and 800 ps for the set and reset signals,
respectively, as shown in Fig. 6.14. Because of the wide reset pulses, clear flip—flop
operation required a ‘10000000’ data pattern, which resulted in a set-to-set period of
only 2.4 ns.

The physical limit to the repeatability rate of SOA devices is the inverse of the
carrier recombination lifetime. We were hopeful that our optical-control techniques
allow repetition rates faster than this limit because neither control process relies on
the natural recovery of the SOA,; set and reset signals effect a decrease and increase in
the carrier density, respectively. We have investigated high-speed flip—flop operation
with our numerical model, but have only achieved a set-to-set period of/ 9086
high speeds, the reset signal’s effect on the carrier density must exactly balance the
set signal’s effect — this balance is difficult to achieve. Such high-speed operation
is therefore probably impractical for actual fiber-optic networks because it would
require an input-power control scheme for each signal.

Although the repeatability rate seems to be ultimately limited by the carrier life-
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time, the all-optical flip—flogcan be controlled by pulses shorter than this character-
istic time As reported above, we performed set in our experiments using a 300-ps
pulse. Using simulations, flip—flop operation was achieved with pulses a fraction of
the carrier lifetime. For example, using a set signal having arQi&ing edge and

a 0.22+ width, we predicted that the flip—flop turns on within G:5as shown in

Fig. 6.15. Also shown, using a reset signal having a:0résing edge and a 2-
width, we predicted that the flip—flop turns off within 09 As shown in Chapter

5, the hysteresis curve closes down for input signals modulated sinusoidally at rates
approaching the carrier lifetime. This does not mean, as we have shown in Fig. 6.15,
that bistable memory does not work for signals with pulse widths lessthatfe

discuss the utility of using short pulses in Section 6.5.
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Figure 6.15: Flip—flop operation using a set pulse width of 6.22
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6.4.6 Back-to-Back ‘Set’ Signals

Since set signals are envisioned to be taken directly from the optical system, there
may be situations where multiple set signals enter the flip—flop before reset occurs.
(All such ‘set’ signals are referred to here as set signals, although only the first one
sees the flip—flop in its off state.) The stability and response of the flip—flop output
power to back-to-back signals is therefore important to consider.

A pulse sequence of two set signals followed by a reset signal was used in exper-
iments, as shown in Fig. 6.16(a), where the holding-beam powerRyas 0.068
mW; the response of the flip—flop is shown in Fig. 6.16(b). The first and last pulses
of this sequence perform set and reset, as expected. A ledge was produced for a set
power of 0.59 mW, as described above.

While the holding beam is in the high-output st&tg, the second set signal enters
the SOA. The flip—flop output power is reduced for the duration of the set signal, but
returns tofF,, after the signal dissipates. The notch in the output power can also be
understood from the hystereses in Fig. 6.13(b) used to describe the set-pulse ledges.
Unlike for the case of the ledges, however, the holding-beam output power begins
in the high stateP,,. The second set signal pushes the hysteresis curve to smaller
switching powers, and the output power drops accordingly.to However, since
the switching thresholds do not cross the holding-beam input power, the final output
state does not change; after the set pulse dissipates, the hysteresis curve returns to the
original shape and the holding-beam returns to an output power,of

Using our numerical model, we simulate the flip—flop response to back-to-back
set pulses. Both set-pulse ledges and notches are obtained, as shown in Fig. 6.17,
where the parameter values are the same as for Fig. 6.7, e¥ceph.6 mW, R; =
2.2mW, Ws = 0.8 ns,Wr = 0.6 ns, and p = 66 ns. The second set signal is defined
by S; = 0.6 mW, W5 = 0.8 ns, and; = 42 ns. Setand reset switching exhibit spikes,

as seen for numerical data shown in Fig. 6.7. The enhancement of the switching
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Figure 6.16: Back-to-back set signals. (a) Control signals — an additional set pulse enters the DFB
SOA between set and reset signals. (b) In response, the holding beam transmission remains stable and
only experiences a transient dip.

spikes in numerical simulations occurs as an artifact from the adiabatic elimination of
the bistable signal from the system dynamics [23]. In addition, suppression of spikes
in experimental measurements can result from the slow response of the detection
scheme [36]; our 500 MHz oscilloscope may have diminished the measured spikes.

If the output power from the flip—flop is coupled into an optical network, fiber dis-
persion is expected to fill in the notches caused by set pulses that are short compared
to the on-state duration. In this case, the notches will not persist.

These experiments on the response to multiple ‘set’ pulses also give information

on the stability of the flip—flop. The second ‘set’ pulse, with peak pow&rt mwW
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Figure 6.17: Simulated response of flip—flop to back-to-back set signals, showing a ledge and notch.

and pulse width~ 4 ns, did not cause the holding-beam output power to become

unstable and return to the the lower leyg.

6.5 Applications

The all-optical flip—flop has many features that make it suitable for WDM fiber-optic
networks, including a wide wavelength range of control signals, reasonable opti-
cal powers, polarization independence of reset and set (expected) signals, and trans-
parency to signal phase. These feataswv the flip—flop to be used in a fiber-optic

network, but do wevantto use it? That is, is there an application for it? Applications
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would have to accommodate a set-to-set repeatability rate below 10 GHz and a low
number density of flip—flops.

The memory capability of the flip—flop allows a short signal to be stretched in
time, thereby increasing its energy. For example, the 15-ns set pulses shown in
Fig 6.10 activate the memory, which is held for 824 ns; i.e., the 330 fJ input pulse was
converted to a 84 pJ pulse. This new pulse has steep sides and a flat top. Moreover,
simulations show that a short pulse having a width of 6:22n trigger the flip—flop
(Fig. 6.15). This capability may be useful for converting short pulses from a high-
speed trunk line to long, higher-energy pulses for a low-speed, local-access systems
comprised of low-cost, low-speed detectors.

Another application may be found in futuristic fiber-optic communication sys-
tems that use return-to-zero (RZ) format to transfer data over high-capacity fiber sys-
tems. Such a format would allow, for example, time-division multiplexing of signals,
and the use of solitons. While trunk lines may require such high capacities, local net-
works might still retain the non-return-to-zero (NRZ) format and a lower data rate.
Thus, a means converting high-speed RZ signals to low-speed NRZ signals would be
desired.

To achieve RZ-to-NRZ conversion with our flip—flop, the RZ signals from the
optical network are sent directly into the flip—flop and have wavelengths that set the
device. The reset signals are a generated locally (like a local optical clock), and enter
the SOA as a steady stream of pulses. Set and reset pulse trains are timed to overlap
each other, as shown in Fig. 6.18(a); the set-signal data patternis ‘11001110, and the
reset-signal pattern is simply ‘11111111

The key to operation lies in the relative strength of the set and reset signals. As
observed in experiments (Section 6.4.1) and discussed in Section 6.4.4, set occurs at
smaller powers than reset. Therefore, if both signals enter the SOA at the same time
and are of the same order of magnitude, the set signals will override the reset signals.

This reset-signal override produces an effective reset pulse train of ‘00110001.” The
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Figure 6.18: High-speed RZ to low-speed NRZ conversion. (a) High-speed, RZ signals from an optical
network act as set pulses, and a local optical clock provides reset pulses. (b) The flip—flop output is of
a low-speed NRZ format for a local-access system.

flip—flop output takes the form of NRZ data, as shown in Fig. 6.18(b). The notches
caused by consecutive set pulses are discussed in Section 6.4.6, and do not signif-
icantly affect the output since the RZ pulses are much narrower than the NRZ bit
length. The long bit length of local access systems accommodates the slow repeata-
bility rate of the DFB SOA. Applications like these make this all-optical flip—flop

appealing to fiber-optical communication systems.

6.6 Conclusion

We have demonstrated how to control the bistable output power from a resonant-

type SOA via auxiliary optical signals. Instead of varying the holding-beam input
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power, we vary the bistable hysteresis curve itself using auxiliary control signals that
shift the photonic bandgap and Bragg resonances. Separating holding and control
functionality is advantageous because the holding-beam laser can then be optimized
solely for wavelength and power stability. Furthermore, set and reset can then be
performed by signals directly from an optical network.

Control signals were found to operate at submilliwatt powers over wide wave-
length ranges> 35-nm set range and 160-nm reset range) that intersect impor-
tant communication bands centered near 1550 and 1310 nm. Hence, control signals
can come from a variety of wavelength channels in modern-day wavelength division
multiplexed (WDM) systems, where the channel spacing i8.8 nm. Control is
transparent to the direction and phase of the optical signals, as well as to the po-
larization of the reset signal. We expect that the set-signal polarization dependence
can be eliminated. Experiments were performed using a commercially available,
telecommunications diode laser driven below lasing threshold. Thus, the flip—flop’s
technology is already available.

The flip—flop is a building block for all-optical sequential processing, and we gave
two examples of possible applications to high-speed fiber-optic communications. The
flip—flop can convert high-speed RZ data to low-speed NRZ data. This application
overcomes all of the limitations of optical bistability in resonant-type SOAs summa-
rized in Section 1.2.2. Not only is the wavelength range of control signals long, but
the application of conversion permits slow repetition rates. Moreover, only a small
number of components are required — only the DFB SOA and holding laser are used.
Another application is to use the digital-memory capability of the flip—flop to stretch
a data pulse in time, thereby transforming it into a long pulse with more energy.

We also presented a simple time-dependent model which incorporates the bistable
system and control signals, and gives qualitatively accurate results, which even pre-
dict such features as notches caused by back-to-back set signals and ledges caused

by strong set-pulse powers. To arrive at a simple mathematical model, we invoked
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approximations that are common to studies of optical bistability and nonlinear SOA
dynamics. We expect the present model to be useful for further investigations into

the response of the flip—flop, as well as for applications to optical systems.
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Chapter 7

Data-Wavelength Conversion

7.1 Introduction

The capacity of fiber-optic communication systems can be increased by using
wavelength-division multiplexing (WDM), in which signals of different wavelengths
are transmitted simultaneously over a single fiber. WDM systems have already been
commercially deployed in point-to-point transport links and are beginning to be used
in multi-point networks [4]. Such systems also have the flexibility of routing signals
based on their wavelength. This allows even a single channel to be dropped from a
background of signal&ithoutelectronic conversion [4].

In dealing with multi-wavelength optical networks, the capability of transferring
data from one wavelength to another (called “wavelength conversion” in the litera-
ture) is important for many reasons. For example, a signal entering a fiber having
many wavelength channels can be converted to a pre-specified wavelength to avoid
channel contentions [4]. Moreover, a signal exiting from a high-capacity fiber having
many wavelength channels and entering a low-capacity subsystem can be converted
to a pre-specified wavelength for the subsystem; this would allow the mass production
of many subsystems with the same wavelength specifications [90]. Data-wavelength
conversion can also be used with wavelength routers to control the flow of signals

through a network.
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Currently, the most successful wavelength-conversion technique is based on elec-
tronic processing [4]; an optical signal is detected, and the resulting electrical signal
drives an external modulator for a laser at a different wavelength. This technique
beneficially regenerates the signal with a good extinction ratio and low noise, and
the converted wavelength can be one of the wide variety of wavelengths produced
by semiconductor lasers. However, the conversion speed is currently limited by the
detector and modulator t& 10 Gb/s, and achieving substantially faster speeds is
expected to be expensive.

In anticipation of the speed limitations of opto-electronic wavelength conversion,
there has been intensive research into all-optical techniques [86], [89]- [94]. In this
chapter, we demonstrate wavelength conversion using a DFB SOA. We focus on
1310-to-1550 nm wavelength conversion, which would bring flexibility to a high-
bandwidth fiber-optic network usinigoth low-loss spectral windows located near
1310 and 1550 nm. We discuss our experimental system, demonstrate 1306-to-1547
nm and 1466-to-1547 nm wavelength conversion, and explore the conversion depen-
dence on such aspects as wavelength, polarization, and data rate. Then, we demon-
strate wavelength conversion between signals within the 1550-nm spectral window,

and compare our research with other all-optical techniques.

7.2 Experimental System

We achieved wavelength conversion using the experimental system is depicted in
Fig. 7.1. The 1310-nm data was generated using a directly modulated Fabry—Perot
laser biased slightly above threshold. A polarization-maintaining 3-dB coupler, de-
signed for 1550-nm light, passed about 80% of the 1310-nm data signal toward the
DFB SOA. We used a tunable laser to provide the continuous-wave (CW) probe,
which interacted with the Bragg resonance located at the long-wavelength edge of

the DFB stop band. Optical signals were coupled in and out of the DFB SOA via ta-
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pered fibers; coupling was assisted by an anti-reflection (AR) coating (optimized for
1550-nm light) applied to the input facet of the SOA. An erbium-doped fiber ampli-
fier (EDFA) boosted the converted signal, and a tunable filter reduced the amplified
spontaneous emission (ASE). Converted signals were measured using a 25-GHz de-
tector and a digital-sampling oscilloscope with a 20-GHz sampling head. Input pow-
ers were measured at the input fiber before the DFB SOA. Converted-signal powers
were scaled by the output-branch gain to give power values within the fiber, before
the EDFA.

pul se generator

DFB SOA converted
EDFA signa

]
L 0
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Figure 7.1: Experimental system. Transmission of a CWdrbprobe beam through a DFB SOA is
modulated by a data signal at a different wavelength.

data signd

polarization
controllers

oscilloscope

isolator

7.3 1306-t0-1547 nm Conversion

We achieved 1306-to-1547 nm data-wavelength conversion in a DFB SOA by tuning
a CW probe signal near the Bragg resonance at 1547 nm [95]. The 1306-nm data
signals are absorbed by the SOA, thereby creating charge carriers within the device’s
active region. As a result, the gain and refractive index experienced by the probe sig-
nal are increased and decreased, respectively. Most notably, the strength and location
of the Bragg resonance with respect to the probe signal is changed, and this process

maps the data from the input signal to the transmitted probe signal.
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7.3.1 Polarity Selection

Two types of wavelength-converted signals are shown in Fig. 7.2, where the DFB
SOA was biased at 96% of the lasing threshold. Polarity-preserved data transfer oc-
curs for most probe wavelengths tuned on the short-wavelength side of the Bragg
resonance [e.g., at 1547.707 nm as shown in Fig. 7.2]. The probe experiences a tran-
sient increase in its transmission because the pump-induced decrease in refractive
index shifts the Bragg resonance into the probe wavelength. Transmission is also
increased by the accompanying increase in gain which strengthens the Bragg reso-
nance. We have avoided, though, pump levels that strengthen the Bragg resonance so

much that a measurable signal is generated even without a probe beam [94].
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Figure 7.2: Wavelength conversion from a 1306-nm, 622 Mb/s, ‘10110100’ NRZ input signal. Polarity
of converted signal depends on probe wavelength.

The converted-data polarity can be changed by tuning the probe-wavelength on

the long-wavelength side of the the Bragg resonance; as shown in Fig. 7.2 at 1547.749
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nm, polarity-inverted conversion occurs. In this case, the pump-induced decrease
in refractive index moves the Bragg resonameeay from the probe wavelength,
decreasing the output power. The transition between polarity-preserved and polarity-
inverted wavelength conversion is shown in Fig. 7.3, where the contrast ratio is the
ratio of the 1547-nm output power with the application of a 1466-nm signal relative

to the output power without it.
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Figure 7.3: Polarity inversion of converted data. A negative contrast ratio (in dB) indicates polarity-
inverted conversion.

7.3.2 Wavelength Range of Data Signals

Wavelength conversion will occur, in principle, for any wavelength that increases the
carrier density. In addition to the 1306-nm signals shown above, we expect that the
same device can convert data from all wavelengths in the 1310-nm communication
window. We have also demonstrated wavelength conversion using a EDFA-pump
laser at 1466 nm, establishing a 160-nm range of input-data wavelengths. The long-
wavelength limit of this spectral range is determined by the SOA gain curve, and can
be adjusted by the semiconductor composition.

Conversion is shown in Fig. 7.4 for 1466-nm input data and for both kinds of

polarity, where the DFB SOA was biased at 98% threshold, and the probe power was
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751 W. The home-made 1466-nm laser mount had a modulation bandwidth below the
low-frequency cut—off frequency (33 MHz) of the pulse-pattern generator used for the
1306-nm laser. Data signals were therefore generated by biasing the 1466-nm laser
below threshold and applying a sinusoidal current from a function generator. This
technique limited the data stream to a pulse train of 1's shaped like bullets, as shown
at the top of Fig. 7.4. In the inverted-polarity case, an asymmetry is apparent between
the two edges of the converted signal: downward switching occurs at a higher data-

input power than upward switching. This behavior is indicative of hysteresis.
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Figure 7.4: Wavelength conversion from a 1466-nm, 1 Mb/s, ‘11’ RZ input signal. Polarity of con-
verted signal depends on the probe wavelength.
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7.3.3 Linear and Nonlinear Transfer Functions

The positive-feedback loop leading to optical bistability produces a qualitative differ-
ence between the transfer functions of the two polarity types of wavelength conver-
sion, as shown in Fig. 7.5 for 1306-nm data. For polarity-preserved signals, the on—
off ratio grows almost linearly with the peak input power. [On—off ratios (for all data)
are measured using an alternating ‘10’ RZ data pattern.] However, polarity-inverted
signals exhibit a nonlinear, digital-like transfer function. The decreased probe power
within the device allows the carrier density to recover, reducing the refractive index
and shifting the Bragg resonance further away from the probe wavelength. The rela-
tively flat high- and low-contrast regions are advantageous because they can perform
signal reshaping, thereby decreasing the bit-error rate. At 155.5 Mb/s, an on—off ratio
of about 4 extends over an input-power dynamic range of 2 mW, for a device driven at

98% lasing threshold [Fig. 7.5(b)]. We expect this range to extend to higher powers.

7.3.4 Data and Probe Signals

Relatively high 1310-nm-signal powers (L mW) were required to pump the SOA,
but this power level can be reduced by optimizing the coupling efficiency (e.g., using
a 1310-nm-optimized AR coating). Many advantages occur, howbeegusehe
role of the input signal is to pump the SOA. We found extinction of the 1310-nm
signal during the conversion process. Therefore, a post-conversion optical filter is
not required to remove the injected data signal. Data transfer was also found to be
transparent to the polarization state of the 1310-nm light. Furthermore, data transfer
occurred for input signals propagating in the same or opposite direction with respect
to the probe signal.

Using a probe power of 3.8W, it was common to realize 15-dB fiber-to-fiber
conversion gain at the signal peaks (18 dB for Fig. 7.2). The on—off ratio was max-

imized by aligning the probe polarization with the transverse-electric (TE) mode of
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Figure 7.5: Transfer function of wavelength-converted signals. Polarity-preserved signals exhibit
a near-linear increase in on—off ratio, while polarity-inverted signals exhibit a digital-like transfer
function.

the SOA. We measured the wavelength range of the probe to be 0.068 and 0.02 nm
for polarity-preserved and polarity-inverted signals, respectively. Since these spectral
ranges are small, data can only be transferred to a single WDM communication chan-
nel. A fixed output-wavelength converter is useful; for example, fixed-wavelength
devices avoid channel contentions between signals merging onto a single fiber [4].
Precise alignment of the probe wavelength and DFB resonance can be achieved
by integrating both devices onto the same chip, using an electron beam to write each

grating. Alignment can also be performed by tuning the Bragg resonance via the
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injection current. Using polarity-preserved data, for example, a decrease of 0.38
mA (2% of threshold) accommodated a probe-wavelength increase of about 0.03 nm.
Similar on—off ratios were maintained at the same data rate (155 Mb/s) and even at
622 Mb/s, as shown in Fig. 7.5(c).

7.3.5 Dependence on Data Rate

As the data rate approaches the carrier lifetimé (s), the on—off ratio is expected

to decrease. For polarity-preserved conversion, however, the high optical intensity
effectively reduces this lifetime through stimulated emission. Polarity-inverted data,
with lower intensity, is compromised even at 622 Mb/s, as shown in Fig. 7.5(d) at
98% threshold (similar performance at 96%). At faster rates of 900 and 1250 Mb/s,
the on—off ratio dropped to 2.3 and 1.7, respectively. Using a ‘10110100’ data se-
guence, serious pattern effects were observed above 1 Gb/s resulting, in part, from
the modulation bandwidth of the 1310-nm diode laser. Pattern effects began near 700
Mb/s, and became large at 900 Mb/s for NRZ data, as shown in Fig. 7.6 (98% lasing

threshold), but remained small for RZ input and converted data.
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Figure 7.6: Patterning effects at 900 Mb/s for RZ and NRZ signals with a ‘10110100’ data sequence.



7.4. CONVERSION WITHIN THE 1550-NM SPECTRAL WINDOW 132

7.4 Conversion within the 1550-nm Spectral Window

Although we have focused on wavelength conversion from a shorter wavelength
(1306 or 1466 nm) to the communication spectral window centered near 1550 nm,
conversion between two signals within the 1550-nm window can also be performed
with the DFB SOA. All-optical data conversion between signals of wavelength sepa-
ration less than 50 nm has been intensively investigated since the early 1990’s (e.g.,
[89], [90]), and has advanced considerably; indeed, all-optical wavelength conversion
has recently been demonstrated at 100 Gb/s using a fully integrated and packaged de-
vice [6].

Within a DFB SOA, a Bragg resonance can be shifted on and off the probe wave-
length (polarity-preserved conversion), or off and on the probe wavelength (polarity-
inverted conversion), by using gain-saturating signals. These data signals saturate the
gain andincreasethe refractive index experienced by the probe signal, shifting the
resonance in the opposite direction as the gain-pumping 1306- and 1466-nm signals
described above. We did not study conversion within the 1550-nm window in detail,
and present here only its basic demonstration. Polarity-inverted wavelength conver-
sion at 1.25 Gb/s is shown in Fig.7.7 for NRZ signals, aV8-probe signal, and a
DFB SOA driven at 90% lasing threshold. (This high data rate was achieved using

an external LINQ modulator, inserted after the data laser in Fig. 7.1.)

7.5 Comparison with Related Research

7.5.1 1310-t0-1550 nm Wavelength Converters

The performance of our 1310-t0-1550 nm conversion technique is on par with other
demonstrations [91]-[94]. For example, the measured on—off ratios (OORSs) are sim-
ilar: a nonlinear optical loop-mirror technique [93] provided a value of 6 (‘10011100

RZ at 76 Mb/s); a split-contact device [94] provided 2 [pseudo-random binary-
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Figure 7.7: Polarity-inverted wavelength conversion from 1560 nm to 1547 nm using ‘10110100’
NRZ data at 1.25 Gb/s.

sequence (PRBS) at 155 Mb/s), and below 2 (*10’ RZ at 700 Mb/s); a difference-
frequency technique [92] and the XPM technique of Ref. [91] were not reported with
OOR values, but the later implied poor performance by mentioning methods of im-
provement. For our converter, we measured OORs of 4, 2.3, and 1.7, at 155.5, 900,
and 1250 Mb/s, respectively, using ‘10’ RZ data.

A unique feature found in our all-optical conversion experiments is the inherent,
digital-like transfer function shown in Fig. 7.5. Digital transfer functions are benefi-
cial because they produce output pulses of equal peak power, regardless of the input
power, as long as it surpasses the threshold region. Moreover, the flat tail of the
transfer function is useful for suppressing noise. Conversely, wavelength converters
based on interferometric techniques, for example, have an inherently periodic transfer
function and typically exhibit a poor dynamic range of the input data power.

Our 1310-to-1550 nm conversion technique is similar to another method that used
a split-contact, Fabry—Perot SOA [94]. In such a device, a section in front of the SOA
was biased as an absorber for 1550-nm and 1310-nm light. 1310-nm signals entered
the absorbing region and moved charge carriers to the conduction band, thereby in-
creasing the gain experienced by the 1550-nm probe signal. We expect that the re-

sulting change in the refractive index was the basis of their data conversion. Both
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kinds of data polarity were reported; although a digital-like transfer function was not

reported, we expect that one can be achieved.

7.5.2 Interferometric-based Wavelength Converters

Many wavelength-conversion techniques make use Mach-Zehnder Interferometers
(MZIs) [6]- [91]. The role of the interferometer is to interfere the probe signal with
itself, creating phase conditions of high and low output power. The data signals en-
tering the interferometer change the phase experienced by the probe signal via XPM,
thereby changing its output power. Our configuration of wavelength conversion can
be thought of as substituting the MZI with a diffraction grating — the key is a device
that produces interference of the probe signal. Any resonant-type SOA will work; in-
deed, in 1987, wavelength conversion was demonstrated within the 1550-nm spectral
window using Fabry—Perot SOAs [24]- [26]. Resonant-type SOAs are compact, but
cannot make use of the carrier-lifetime-defying tricks implemented in MZI devices,
such as placing an SOA in each branch of the interferometer [79].

To achieve 1310-t0-1550 nm wavelength conversion, we use signatgetheriate
charge carriers and decrease the refractive index. Other wavelength converters based
on XPM operate via the the reverse process: cadegietingsignals that increase
the refractive index [86], [89], [91]. We expect that these converters can also be used
“in reverse” with carrier-generating signals to allow 1310-t0-1550 nm wavelength

conversion.

7.5.3 All-Optical Flip—Flop

Wavelength conversion demonstrated in this chapter is closely related to the all-
optical flip—flop operation discussed in Chapter 6. Indeed, cross-phase modulation
(XPM) processes via carrier-depleting signals (for 1550-nm-window conversion) and

carrier-generating signals (for 1310-to-1550 nm conversion) were used in tandem as



7.6. CONCLUSION 135

set and reset signals, respectively (see Section 6.2.2 for a discussion). The flip—flop
behavior can be thought of as a kind of data-wavelength convenstormemory—

the input data is not replicated at the new wavelength, but rather, stored as a new
output state.

Memory occurs if the probe beam (i.e., holding beam) is initially tuned within the
hysteresis, as shown in Fig. 6.2. Setting the probe beam at the low-input-power side
of the hysteresis allows XPM wavelength conversion using carrier-depleting signals
(1550-nm-window conversion), and setting the probe beam at the high-input-power
side allows XPM wavelength conversion using carrier-generating signals (1310-to-
1550 nm conversion); the transfer function of both cases will be nonlinear, assisted
by the positive feedback loop that leads to bistable switching. Without hysteresis,
memory cannot occur, but data-wavelength conversion can still be achieved; exam-

ples are given in Fig. 7.2 (middle plot), and Fig. 7.5 (a) and (c).

7.6 Conclusion

Using a DFB SOA, we transferred data to a 1547-nm signal (which is in the vicinity
of the Bragg wavelength) from initial data signals at 1306 nm, 1466 nm, and 1560 nm.
Initial data signals at 1560 nm were converted using a gain-saturating XPM technique
that has been used in other geometries (e.g., MZI [89]). Conversion from the shorter
wavelengths of 1306 and 1466 nm, however, was performed using a gain-pumping
XPM technique in which the data signals decreased the refractive index.

The polarity of the converted signal can be selected by the relative location of
the probe wavelength with respect to the Bragg wavelength. For polarity-inverted,
1306-t0-1547 nm conversion, we measured a digital-like transfer function and an
on—off ratio of 4 at 155.5 Mb/s. Conversion from short wavelengths (1306 and 1466
nm) was also found to be transparent to the input-data polarization. The converted

on—off ratio reduced to values of 1.7 and 2.5 at 1.25 Gb/s, for input data at 1306
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and 1560 nm, respectively (where the 1306-nm data was limited, in part, by the
modulation bandwidth of the data laser). The speed of the conversion process is
ultimately limited by the carrier lifetime. Unless a way is developed to improve or
bypass this limitation, it is unlikely that the techniques demonstrated in this chapter
will outperform opto-electronic data-wavelength conversion.

Although the speed of this conversion process is currently limited by the car-
rier lifetime, our research has demonstrated two general principles: 1) XPM-based
wavelength conversion using carrigenerationcan be implemented in gain-biased
SOAs, and 2) bistable systems can give rise to a data-wavelength conversion process
that exhibits a digital-like transfer function. Both principles are applicable to other
data-wavelength conversion schemes. XPM via carrier-generating signals can be ap-
plied to any SOA wavelength converter currently based on XPM via carrier-depleting
signals (e.g., [89]), and would significantly increase their wavelength range of opera-
tion. Carrier-generating signals may also be effective in nonlinear materials governed
by the free-carrier plasma interaction [96]. In addition, the highly beneficial digital
transfer function can be sought out in other systems that exhibit bistability for the

application of data-wavelength conversion.
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Chapter 8

Concluding Remarks

8.1 Overview

This thesis explored the nonlinear response of DFB SOAs, and advanced their ap-
plicability to fiber-optic communication networks. In this chapter, we summarize
four research areas: the spectral range of optical bistability, the shape of the bistable
hysteresis curve, all-optical flip—flop operation, and data-wavelength conversion. In
each section, we review our major findings, and suggest ideas for future research. We

close this chapter with a summary of major contributions.

8.2 Spectral Range of Bistability

As discussed in Section 1.2, the bistable response of typical DFB SOAs exhibits
a limited wavelength range. In Chapter 3, we quantified this range by calculating
the switching-threshold powers of bistability. We found that switching below 0.1
mW occurs over only a wavelength range of 0.19 nm, and is accompanied by a poor
spectral uniformity exhibited by the bistable hysteresis curves. In Chapter 4, we
improved the spectral range of bistability by introducing spatial chirp into the Bragg
grating. We showed that a linear variation in the grating period of 0.24% nearly

triples the spectral range of low-power switching. Spatial chirp breaks the directional
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symmetry through the DFB SOA, and we investigated both directions of propagation
for signal wavelengths on both sides of the photonic bandgap; the aforementioned
improvement in spectral range occurs for optical signals tuned to the long-wavelength
side of the stop band and sent into the device in the direction of increasing grating
period. For such signals, the spectral uniformity of the bistable hysteresis curve is
also improved; a common input power can be selected that falls within the hysteresis
curve of signal wavelengths spanning 0.1 nm, and the high and low output powers
are well defined over this range.

Demonstration of these improvements to the spectral range and uniformity awaits
future research. A promising technique for fabricating continuously chirped gratings
using electron-beam lithography has been developed recently [97]. This technique
has been used to fabricate complex-coupled DFB SOAs with and without linear spa-
tial chirp. Preliminary experiments on bistable switching in these devices revealed
that switching in the chirped-grating amplifier exhibits a wider spectral range, lower
switching-threshold powers, and smaller contrast ratios [97]; all of these effects agree
with our simulations for switching on the short-wavelength side of the stop band for
signals sent into the device in the direction of decreasing grating period. Further
testing is needed to explore both directions of propagation for signal wavelengths on

both sides of the photonic bandgap, and to study the spectral uniformity of switching.

8.3 Shape of Bistable Hysteresis Curves

In Chapter 3, we discussed the variety of shapes that occur for the hysteresis curve
on reflection. We explained this variety in terms of the reflectivity Bragg resonances.
These resonances were shown in Chapter 2 to invert from high-amplification peaks
to zero-reflection dips as the small-signal gainwas decreased from near lasing
threshold. The reflectivity resonances also invert in this manner when the gain is

decreased via stimulated emission (i.e., gain saturation). As the initial detuning of
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the optical signal from the Bragg resonances is increased, larger optical powers are
required to seed bistability, resulting in higher amounts of gain saturation. Therefore,
as the detuning is increased, the hysteresis curve deforms from its typical S—shape,
to a loop shape, and finally to an inverted S—shape. Our simulations show that the
intermediate loop shape is qualitatively different at the two edges of the photonic
bandgap.

The family of possible shapes exhibited by the hysteresis curve can be suppressed
in devices with spatially chirped gratings, yieldingly the familiar S—shape. This
suppression occurs for the case highlighted in the previous section as having a large
spectral range and good spectral uniformity (i.e., the case where optical signals are
tuned to the long-wavelength side of the stop band and sent into the device in the
direction of increasing grating period). For other propagation conditions, the loop-
shaped and inverted-S-shaped hystereses can be enhanced. We predicted that spatial
chirp can be used to push the reflectivity resonance down to a low state of reflection,
yielding contrast ratio exceeding 0. However, this very high contrast ratio oc-
curs only for upward switching, and is accompanied by low amplification, a narrow
spectral range, and a small contrast ratio for downward switching.

The large switching contrast provided by the reflectivity dip is nonetheless in-
triguing. ldeally, the optical signal experiences the low-reflectivityalol a high-
reflectivity peak during the switching process, resulting in high-gain, high-contrast
switching. Such behavior may be achieved through optimizing device parameters
such as the coupling strength and the chirp profile, as well as considering reflectivity

resonances away from the photonic bandgap.

8.4 All-Optical Flip—Flop

In Chapter 6, we demonstrated all-optical flip—flop operation of a bistable DFB SOA

using techniques that control the bistable output state via auxiliary optical signals. We
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demonstrated optical ‘set’ using signal wavelengths between 1533 and 1568 nm, hav-
ing powers as low as 22W. Optical ‘reset’ was performed with signals at 1306 and
1466 nm, having minimum powers below 1 mW. These control technigresgly
extendthe wavelength range of flip—flop operation; previous techniques were based
on changing the input power of the bistable signal itself, or based on interfering the
bistable signal with a reset signal detuned by 0.008 nm. We expect the wavelength
range of set and reset signals of the new techniques to exceed 50 nm and 200 nm,
respectively. Moreover, the spectral ranges of the set and reset signals conveniently
overlap the communication bands centered near 1550 and 1310 nm, respectively.
Thus, signals from a wide range of channels in WDM optical networks can serve to
set and reset the flip—flop.

Optical set and reset signals increase and decrease the refractive index, respec-
tively, via complementary cross-phase modulation (XPM) techniques. The set sig-
nals fall within the SOA gain spectrum, and deplete the carrier density through stim-
ulated emission. This leads to an increase in refractive index at the holding-beam
wavelength, as embodied by the linewidth enhancement factdhe wavelength of
the reset signal, however, is outside of the SOA gain curve, on the short-wavelength
side; the reset signal is absorbed by the SOA, thereby generating charge carriers and
decreasing the refractive index.

XPM shifts the position of the Bragg resonance relative to the bistable signal,
which has the effect of shifting the bistable hysteresis curve, to either higher or lower
input powers. Set and reset occur when the upward and downward switching thresh-
olds, respectively, are shifted through the (constant) input power of the bistable sig-
nal. This control over the bistable hysteresis is noteworthy, in part, because reset
can be performed with ‘positive’ optical pulses. The rarity of positive-pulse reset
techniques in bistable systems exhibiting a S-shaped hysteresis curve has lead some
researchers to denounce them as “impossible” [98]. Although positive-pulse reset

techniques have indeed been demonstrated before (e.g., using a thermal nonlinearity
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in a passive semiconductor [99]), our technique works over a wide wavelength range
and our nonlinear device (the DFB SOA) has the general advantages detailed at the
end of Section 1.2.2. The flexible control of the nonlinear response of SOA-based
bistable devices encourages further exploration; we expect the same control tech-
niques to apply to other resonant-type SOAs and to other bistable systems based on
SOAs.

The DFB SOA can be re-engineered for better performance in future experiments.
The devices in our experiments were fabricated for use as directly modulated com-
munication lasers, and were therefore engineered to have a small nonlinearity (small
«) to prevent linewidth enhancement — they were multi-quantum well devices, and
their Bragg wavelength was fabricated on the short-wavelength side of the gain peak.
However, since the optical processing studied here is based ibmay be benefi-
cial to engineer a large value ofby fabricating the dominant Bragg resonance on
thelong-wavelength side of the gain peak [100], and by usirmtk semiconductor
active region. A largetr would allow the same change in the refractive index for a
smaller change in gain; this would allow the Bragg resonance to remain relatively un-
saturated and hence yield a higher on-state amplification and a larger on—off contrast
ratio. Ideally, a ratio of 15 dB can be achieved, which is more appropriate for light-
wave systems than the-8 dB measured in our experiments. Devices with higher
«, however, would also exhibit a lower differential galt/d N, thereby requiring
a stronger injection current to achieve the same gain; this would limit the maximum
number density of DFB SOAs even further, but may not be a problem for applications
requiring only a couple of devices.

The all-optical flip—flop is a building block to enable digital signal-processing
functions that require memory. As an example, we simulated data-format conver-
sion from high-speed RZ signals to low-speed NRZ signals. The high-speed signals
can come from a wide range of WDM channels, and can have pulse widths shorter

than the SOA carrier lifetime. The generated NRZ signals occur at the wavelength of
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the bistable signal, and have long pulse widths commensurate with low-speed, local-
access networks and the SOA carrier lifetime. Moreover, the conversion os imple-
mented with only a DFB SOA and a holding-beam laser, so the heat-dissipation prob-
lem associated with a large number of closely packed devices is not an issue. Thus,
this application overcomes each of the limitations of optical bistability in resonant-
type SOAs that were summarized in Section 1.2.2.

Future research can explore signal-processing applications such as retiming,
packet-header buffering, and temporal demultiplexing. Since set and reset signals lie
in well-separated spectral bands, the all-optical flip—flop is essentially a 3-terminal
device; investigations into operations analogous to those performed by electronic
transistors should be rewarding. Moreover, using the integrateability of semiconduc-
tor technology, photonic circuits can be created which use the sequential processing
capability of the all-optical flip—flop together with combinational photonic gates for

advanced all-optical processing.

8.5 Data-Wavelength Conversion

In Chapter 7, we demonstrated the transfer of data to a 1547-nm signal (which is in
the vicinity of the Bragg wavelength) from initial data signals at 1306 nm, 1466 nm,
and 1560 nm. Data at 1560 nm was converted using a gain-saturating XPM technique
that has been used in other SOA-based wavelength converters (e.g., MZI [89]). Con-
version from the shorter wavelengths of 1306 and 1466 nm, however, was performed
using a gainpumpingXPM technique in which the data signals decreased the refrac-
tive index. We demonstrated how the data-signal polarity can be selected by tuning
the probe wavelength to different regions of the Bragg resonance. For 1306-t0-1547
nm conversion, polarity-inverted signals exhibited a digital-like transfer function with
on—off ratios of 4 and 2.4, at 155.5 and 622 Mb/s, respectively.

For future experiments on wavelength conversion, the bit-error rate (BER) of the
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input signal and the converted signal should be measured under a variety of operating
conditions. Using pseudo-random binary-sequence (PRBS) data for BER testing and
for measuring the on—off ratios would also be helpful, since it simulates actual com-
munication data. These measurements were beyond the capability of our equipment,
but are important for thorough characterization and assessment.

Data-wavelength conversion was limited in speed by the inverse of the carrier
lifetime to ~ 1 Gb/s. Since this rate does not surpass that achievable by electronic
processing, DFB SOAs are unlikely to be implemented for wavelength conversion
in their current state. Future research should focus on overcoming this speed limita-
tion. One technique for effectively reducing the carrier lifetime uses a strong gain-
saturating signal to sweep away charge carriers [101]; this technique has produced
an effectiver of 10 ps. To maintain the same amount of gain, however, the SOA
is driven with a stronger electrical bias and therefore generates more heat [36]. It
may be possible to apply this technique to wavelength conversion in DFB SOAs for
high-speed operation above 10 Gb/s.

Although the speed of this conversion process is currently limited by the carrier
lifetime, our research has demonstrated two general principles: 1) XPM-based wave-
length conversion using carrigenerationcan be implemented in gain-biased SOAs,
and 2) bistable systems can give rise to a data-wavelength conversion process that
exhibits a digital-like transfer function. Both principles are applicable to other data-
wavelength conversion schemes. XPM via carrier-generating signals can be applied
to any SOA wavelength converter currently based on XPM via carrier-depleting sig-
nals (e.g., [89]), and would significantly increase their wavelength range of operation.
In addition, the highly beneficial digital transfer function can be sought out in other

systems that exhibit bistability for the application of data-wavelength conversion.
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8.6 Summary of Contributions

This thesis explored the nonlinear response and signal-processing capabilities of DFB
SOAs. As evident in the preceding sections, much of our work centered on overcom-
ing the limited wavelength range of operation exhibited by signal processing in such
devices. Here, we summarize our contributions to overcoming this limitation, explor-

ing new applications, and understanding the nonlinear response:

e Conceived and demonstrated all-optical flip—flop operation using ‘positive’

control signals that exhibit a very wide wavelength range of operation.

e Conceived and simulated data-format conversion from high-speed RZ to low-
speed NRZ formats; this sequential-processing application overcomes all three

major limitations of DFB SOAs for signal processing.

¢ Predicted an increase in the spectral range and spectral uniformity of optical

bistability using chirped-grating DFB SOAs.

¢ Predicted a new shape of the hysteresis curve on reflection from DFB SOAs.

For chirped-grating DFB SOAS, this shape exhibits ultra-high contrast ratios.

e Demonstrated data-wavelength conversion using signalgptimpthe SOA
gain; this technique allows 1310-to-1550 nm conversion and is applicable to

other SOA-based conversion schemes.

e Demonstrated an inherent, digital-like transfer function for data-wavelength

conversion.

¢ First demonstration of all-optical flip—flop operation and data-wavelength con-

version using a DFB SOA.
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These contributions deepen the understanding of the nonlinear response and signal-
processing capabilities of DFB SOAs, and significantly advance their application to

fiber-optic communication networks.
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Appendix A
DFB SOA used in Experiments

The DFB SOA used for the experimental results reported in this thesis was fabri-
cated to be used as a DFB diode laser in communication systems. We operated this
commercial device as a resonant-type SOA by biasing it below lasing threshold (15
mA at 20 C). Its ASE spectrum is shown in Fig. A.1. The Bragg wavelergths{7
nm) was fabricated on the short-wavelength side of the SOA gain pgakd7 nm),
which yields a relatively small value of the linewidth enhancement fagt@use-
ful for directly modulated communication lasers). The dominant Bragg resonance is
located near the center of the photonic bandgap, as shown in the inset; its location
within the photonic bandgap is determined by the grating phase at the facets of the
SOA. One facet was covered with a high-reflectivity (HR) coating, and the other with

an anti-reflection (AR) coating.



156

ASE (dBm)

-30
-304 -40
-50
-60
-404 | L B I B |
1544 1548 1552
-504
-60-

I I I I I
1520 1540 1560 1580 1600
Wavelength (nm)

Figure A.1: ASE spectrum of the DFB SOA used in experiments.
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Appendix B

Mounting Procedure

DFB SOAs were mounted onto a heatsink covered with a layer of tin, which
bonds to the SOA chips and provides electrical contact. This process was performed
with a wire-bonding machine, which is typically used to bond thin contact wires onto
semiconductor lasers and amplifiers. We use the system only for its heat-generating
capability, and use its wire-bonding probe to push the SOA chip into the tin. DFB
SOAs were mounted to heatsink using the following method.

1. Adjust Dai Bonder stage so that the wire-bonding needle can raise above the

heat sink.

2. Get heat sinks, which are kept in a vacuum box to avoid oxidation.

(a) To open box: open side valve, then open lid
(b) To seal box:

i. open gas tank, counter clockwise
ii. adjust pressure to give an output reading of 1
iii. adjust gauge to raise ball to top of red line

iv. open both box valves
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v. wait about 3 minutes and then close in reverse order

3. Make sure heatsink fits into base correctly by considering:

¢ width of heatsink
¢ height of fixing hole

¢ flatness of heatsink top

4. Place heat sink in Dai Bonder. This requires an extra, dummy heatsink for a

tight fit.

5. Place laser chip on heatsink. When grabbing the laser chip:

¢ the non-waveguide sides of the chip have purple coloring, visible without

a microscope

e use the sharp tweezers

6. N-side down.

¢ p-side identification
— distinct shape of gold-colored contact

— laser stripe is visible; If the lighting angle is poor, use the point of the

bonder as a mirror

— smooth and shiny surface
¢ n-side identification

— rectangular shape of gold-colored contact
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— no laser stripe

— gold region is relatively rough and dull

e flip chip by using tape and tweezers

7. Position laser chip on heatsink.

position face of laseperpendicularto heat-sink edge (most important)

position in middle of heatsink

— for fiber alignment

— so there is room for lenses to get close to the laser chip

position the laser close to one edge

use the probe to move the chip into place

— adjust height of probe

— move slowly

8. Mount.

¢ adjust height of probe so that it can fall half way down the laser chip, to

avoid cracking the laser chip when applying pressure
e turn on heat switch (make sure LINE is off)
¢ turn heat dial past 400 C

e at about 300 C (determined by the tin), press the chip into the tin using
the point of the wire bonder; chips have popped off of the heatsink before,

so press well
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¢ hold until about 360 C, or until an imprint is formed in the tin

e turn the heat dial back to O C (further increase in temp only increases the

amount of oxidation on the heatsink)

¢ use hair dryer (setto COLD) to cool device below 100 C before removing

9. Record.

e write code number on heatsink, or on heatsink holder

¢ write position of chip on heatsink in record book, as well as the beginning

and ending temperatures of the mounting process

10. Let heatsink cool down one day before using in experiments.
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