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Chapter 1: Introduction

1.1 Enabling technologies

1.1.1 Semiconductor lasers
Lasers were first proposed in the seminal paper [1.1] of Schawlow and Townes. This

was followed by the successful operation of the solid-state ruby laser in May 1960
[1.2] and the He-Ne gas laser in December 1960 [1.3]. Bernard and Duraffourg first
stated in 1961 that for lasing to occur in semiconductors the separation between the
guasi-Fermi levels corresponding to the non-equilibrium concentration of electron
and holes should exceed the energy of the emitted radiation [1.4]. The early forward
biased GaAs p-n junction lasers had threshold current densities greater than 50,000 A/

cm? at room temperature. In 1963 it was proposed that semiconductor laser would
improve by sandwiching a layer of a semiconductor with a relatively narrow energy
gap between two semiconductor layers of a wider energy gap [1.5][1.6]. This struc-
ture is called a heterostructure. In 1970 [1.7] the first room temperature continuously
operating heterostructure (AlGaAs/GaAs) lasers were reported. Since then the rapid

progress in the field has lead to threshold current densities as low as 56 A/cm? [1.8]
for InGaAs/GaAs/AlGaAs lasers. Currently by using different material systems room
temperature operation of semiconductor lasers is possible from 300 nm to 3000 nm
[1.9].

1.1.2 Optical fibers
The basic principle of optical communications as practised today was first demon-

strated by Alexander Graham Bell [1.10] over a century ago when he transmitted a
telephone signal over a distance of 200 m using a beam of sunlight. The lack of an
intense reliable light source hampered progress for 8 decades. The advent of lasersin
the 1960s rekindled the interest in optical fiber communications. After extensive the-

oretical work in the early 1960’ s the first serious proposal to use a clad glass fibers as



awaveguide for optical frequencies appeared in 1966 [1.11]. Optical fiber attenuation
of 20 dB/km regarded in the 60’s as the threshold for usefulness in telecommunica-
tions was announced in 1970 [1.12]. Over the next decade the fiber attenuation con-
tinuously dropped with attenuation as low as 0.16 dB/km at | = 1550 nm reported in
1982 [1.13]. The bandwidth of a single mode fiber (SMF) is limited by chromatic dis-
persion. Standard Germania doped single mode fiber has zero dispersion at 1300 nm
[1.14]. Dispersion shifted fibers allow for zero chromatic at one or more than one
wavelengths [1.14]. Zero chromatic dispersion would result in extremely high trans-
mission bandwidths. A study which considered the practical versus theoretical maxi-
mum transmission bandwidth concluded that under optimal conditions ultra-high-
speed transmission at 100 Gb/s over 100 km is possible [1.15]. The rapid progressin
optical fiber technology have made optical fiber components cheap, reliable and
readily available. As fiber optic technology becomes established it enables us to
design and build all fiber or hybrid optical systems for diverse applications as com-

munications, gyroscopes|[1.16] , sensors[1.17] [1.18] and actuators[1.19].

1.1.3 Fiber Bragg gratings
Since 1978 when the fiber Bragg gratings (FBGs) [1.20] were written by exposing the

core of the fiber to an intense optical interference pattern generated by launching
intense Argon-ion laser radiation into a cleaved germania-doped fiber, there has been
agreat deal of research in this subject. These initial gratings were narrow band (200
MHz) and centered at the Argon lasers writing wavelength. In 1989 Meltz et al.
showed that ultraviolet light at 244 nm could be used to write gratings that would
reflect at any wavelength by illuminating the fiber through the side of the cladding
with two intersecting beams of UV light. The period of the gratings and the index
change induced are controlled by the angle between the beams and the UV wave-
length used. This is possible as the fiber cladding is transparent to the UV light
whereas the fiber core is highly absorbing to the UV light. FBGs are relatively inex-
pensive and commercially available [1.21]. Bragg gratings with full width -3 dB opti-



cal bandwidths from lessthan 0.1 nmto greater than 30 nm and reflectivities from 3%
up to 100% are readily available. The excess loss due to the FBGs have been mea-
sured to be aslow as 0.001%.

1.1.4 Laser tofiber coupling
The coupling efficiency between a cleaved SMF and an edge emitting semiconductor

laser is about 10% due to the mismatch between the optical modes of the semiconduc-
tor laser and the SMF. Considerable work has been done to improve the optical cou-
pling efficiency between edge emitting lasers and SMFs. GRIN rod lenses or other
bulk optic lenses are used to improve the mode matching and thereby improve cou-
pling efficiency. A more compact method to improve coupling efficiency isto modify
the optica mode in the semiconductor by tapering the semiconductor waveguide
[1.22] and/or in the SMF by lensing it. We use commercially available [1.23] lensed
SMF with a coupling efficiency of 40% for our experiments. Microlenses microma-
chined to the end of SMFs with coupling efficiencies of up to 90% have been reported
[1.24].

1.1.5 Need for increased bandwidth
Over the last decade ICs made from submicron CMOS technology have pushed digi-

tal circuit speeds into the multi-gigabit range [1.25] [1.26]. This increase in circuit
speed will continue in the future as outlined in the Industry Association’s National
Technology Roadmap for Semiconductors better known as the SIA Roadmap [1.27].
The increase in IC speed and the concomitant increase in computer/microprocessor
speeds along with the rapid increase in demand for bandwidth from new services and
users have created a need for reliable, inexpensive, high bandwidth, robust and com-
pact medium for data transmission over distances from less than a centimeter to thou-
sands of kilometers. The progress made in fields of semiconductor lasers and fiber
optic components over the last three decades has placed optical data links in an

unique position to meet this demand.



1.2 Motivation

The progress in SMFs, FBGs, semiconductor lasers and laser to fiber coupling effi-
ciency opens up the possibility of building novel hybrid optoelectronic devices. Edge
emitting semiconductor lasers with emission wavelength at 1300 nm or 1550 nm are
ideal candidates as components for such hybrid devices since these lasers are already
of interest for lightwave communication systems. Novel hybrid devices are needed to
add functionality to optical systems and to help in achieving the goal of al-optical
signal processing. Key missing components are optical switching and logic devices.
Hybrid devices offer the opportunity to build these missing elements cheaply and in a
relatively short time. This motivated us to develop a novel hybrid device called the
MCL diode.

1.2.1 Multi-cavity laser

loc N AR 1,
Lensed Single

C N

Semiconductor 77 Photon Cavity Round
Laser diode Trip Time, t |,
- D)

Fig. 1.1 Shows a schematic diagram of the multi-cavity laser diode.

One facet of the semiconductor laser diode is AR coated. The light output from this facet is coupled
into alensed SM fiber. The SM fiber has a series of BG along its length with center wavelengths | 4,

[ 5 ..y | .1, a@nd | . Each of the BG mirrors may be regarded as one mirror of an external cavity laser

with the uncoated facet of the semiconductor laser as the other facet. All the BG defined laser cavities
share the same gain medium and have different photon cavity round trip times. The photon cavity

round trip time of the nth cavity ist,,.
An external cavity semiconductor laser is built by coupling light emitted from the
anti-reflection (AR) coated facet of a semiconductor laser to a SMF in which is

embedded a BG. The device lases at the center wavelength of the FBG. The fiber BG



efficiently transmits light at non BG wavelengths. Hence, BGs with distinct center
wavelengths placed one after another along the SMF provide many distinct wave-
length selective mirrors. A multi-cavity laser, as shown in Fig. 1.1, is made by cou-
pling light from the AR coated facet of the semiconductor laser to a SMF in which is
embedded a series of BGs with distinct center wavelengths. The BGs form one of the
mirrors of the multi-cavity laser cavity. The uncoated facet of the semiconductor laser
diode forms the second mirror common to all the cavities of the multi-cavity laser.
Each of the laser cavities lase at a distinct BG defined wavelength. There are a num-
ber of methods by which the lasing cavity can be selected to allow switching of the
lasing light output to precisely defined wavelengths. We study three such methods in
particular. They are asfollows:

1) The wavelength of light output of an AR coated two section semiconductor laser
placed in a BG defined multi-cavity is switched by changing the electrical bias on one
of the sections. Wavelength switching is due to coupled cavity effects. This method is

discussed in chapter two.

2) Light injected into the multi-cavity from the non-coated facet of the AR coated
semiconductor laser is used to switch the lasing cavity. Tuning the wavelength of the
light input to a BG grating defined wavelength selects that BG grating defined cavity
asthe lasing cavity. This method is discussed in chapter three.

3) A laser has a resonance at the photon cavity round trip time. Each of the BG
defined cavities in the MCL has a distinct photon cavity round trip time due to their
different cavity lengths. A cavity of the MCL is selected as the lasing cavity by mod-
ulating the DC biased laser with an RF signal tuned to the photon cavity round trip
time of that cavity. The laser light output is in the form of pulses. This method is dis-

cussed in chapter four.



1.2.2 Characteristics of the MCL studied in thisthesis
The MCL isadevice with anumber of interacting optical cavities. The MCL has opti-

cal cavities, between the cleaved semiconductor facet of the AR coated semiconduc-
tor laser and the FBGs, which can lase at BG defined optical wavelengths. The
semiconductor laser cavity of the MCL between the AR coated semiconductor facet
and the cleaved semiconductor facet interacts with all the FBG defined cavities. In
MCL besides the interference effects of the composite cavity, the reflection spectrum
of the BG also plays a crucial role in determining the lasing characteristics of the
device. Inthisthesiswe take aclose look at factors which determine the static charac-
teristics of MCL.

As described earlier, three methods used to switch the lasing cavity of the MCL are
studied. The MCL can be easily scaled. Hence a careful study of the device switching
dynamics using the three methods is performed, to improve the understanding of the
factorslimiting the cavity switching speed and underlying device physics, as a part of
this thesis. The increased understanding of the MCL can be used to assist in the
design of novel functional opto-electronic devices. Ultimately, these ideas could be
incorporated in monolithic devices which are scaled to very small (mesoscopic)

dimensions.

1.3 Switching dynamics

Over the last decade there have been a number of experimental studies on pulse
buildup of actively and passively mode-locked lasers. The optical pulses in passive
mode-locking reach their final pulse shape and spectrum after about 170 round-trips
[1.28] in monolithic devices, while it takes the pulses approximately 500 round-trips
in external cavity devices [1.29]. In active mode-locking, 300-400 round-trips are
found to be necessary for the optical pulses to reach steady state conditions [1.30].
Pulses in self-seeded Fabry-Perot lasers take 5-10 round trips to build up [1.31]. As

part of our work to study dynamics of multi-cavity lasers, we have measured the pulse



build-up when selecting the lasing cavity using an RF signal as described in method 3
above. We then compare the experimental results with numerical results obtained by

simulations.

The need for fast wavelength switching in wavelength division multiplexing (WDM)
systems [1.32] have stimulated a number of experimental studies of the dynamics of
wavelength switching in monolithic semiconductor lasers in the 90’'s. Distributed
feedback laser (DFB) lasers exhibit a continuous but narrow tuning range. Wave-
length switching of 0.56 nm in 400 ps for atwo section DFB laser [1.33] and 0.16 nm
in 100 ps for athree section DFB laser [1.34] have been reported. The steady state
tuning curve of a broadband tunable laser, such as the distributed Bragg reflector
(DBR) laser, exhibit discontinuities as a function of tuning current. These discontinu-
ities occur each time the dominant lasing mode switches between longitudinal cavity
modes. Intramodal wavelength switching (same longitudinal cavity mode) of 1.25 nm
in 1.8 ns[1.35] and 2.22 nm in 15 ns[1.51] have been measured. Intermodal switch-
ing (between two different longitudinal modes) of 0.5 nmin 0.5 ns[1.36] and 7.4 nm
in 8 ns [1.37] have been demonstrated. Recently, fast wavelength switching in 56 ps
between modes 3 nm apart of a DFB laser using voltage-controlled tuning via the
Franz-Keldysh and quantum confined Stark effects, has been reported [1.38].

Despite the number of experimental studies of wavelength switching speeds reported
in the 90’ s there is no clear understanding as to why wavelength switching times in
monolithic devices range from tens of picoseconds to 10 ns. A systematic study of
wavelength switching speed is hampered by the fact that factors influencing switch-
ing speed in these devices such as the spontaneous emission coupling factor (b), the
single pass net gain (gain - loss) of the lasing modes involved in the switching, and
the absolute value of gain at the two modes are difficult to measure. It has been shown
[1.39] [1.40] that the temporal development of both lasing light intensity as well as

the spectral content are fundamentally influenced by the average number of round-



trips made by the photons inside an optical resonator. This important and basic effect
has not been explored in depth. The coupling of the photon and the carrier dynamics
complicates matters even further.

In contrast to previous work, our experimental arrangement is suited to studying the
physics underlying the transient dynamics when switching the lasing cavity. The car-
rier dynamics can be decoupled from the photon dynamics by increasing the cavity
length allowing a controlled study of switching dynamics. Decreasing the cavity
length permits a study of the influence of carrier-photon interaction in cavity/wave-
length switching. The transient dynamics when switching the lasing wavelength are

studied as a part of thisthesis.

1.4 Fiber Bragg Gratings

AsFBG isan essential component of the MCL, it is pertinent to briefly describe their
characteristics. This section discusses the reflection characteristics as well as temper-

ature characteristics of the FBG.

1.4.1 Reflection characteristics
A FBG is a periodic index perturbation in the core of a SMF. Successive reflections

from each period in the index perturbation at optical wavelength, | g = 2esL (where
€ IS the modal index and L is the grating period) interferes constructively giving a
maxima in the grating reflectivity as seen in Fig. 1.2. Any change in the fiber proper-
ties caused by factors such as strain, temperature or polarization which varies the

modal index or grating pitch will change | g. This property of FBGs is exploited in

FBG sensors.
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Fig. 1.2 Schematic diagram of a FBG. Reflection of the incident light occurs at wavelength at which
the grating pitch along the fiber axis is equal to one-half of the modal wavelength within the fiber core.

The basic parameters which determine the reflection characteristics of FBGs are the

magnitude of the induced refractive-index change, Degs in the fiber core and the
length of the grating, L gg. Coupled mode theory iswidely used to characterize FBGs.
Fig. 1.3 taken from Ref. [1.41] summarizes the characteristics for a FBG at | g =
514.5 nm as a function of Deg, and Lgg. From Fig. 1.3 (&) and (c) it is clear that the
length of the FBG needed for a fixed reflectivity at | g increases with decrease in
Degs. Fig. 1.3 (b) shows that the grating bandwidth, DI g, decreases with a decrease
in Deg .
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Fig. 1.3 BG reflectivity as afunction of induced index perturbation, De and grating length, L gg.
(a) Theoretical reflectance as a function of filter length at Bragg wavelength, | g = 514.5 nm, for dif-

ferent values of induced index perturbation, De. Curves A, B, and C correspond to De of 3.0x10%,
2x10 and 1.0x10™* respectively, and have effective cutoff lengths, L« , of 0.376, 0.565 and 1.129

respectively. (b) Theoretical effective cutoff length of the optical filters as a function of the induced
index perturbation. (c) Theoretical spectral bandwidth of the optical fiber filters as a function of the
induced index perturbation (Taken from Ref. [1.41]).

1.4.2 Temper ature characteristics
In contrast to previous work (for example Refs. [1.42] to [1.48]) wavelength selection

in the multi-cavity laser is digital in nature as narrow FBG (less than 0.2 nm in our
experiments) decide the possible lasing wavelengths. Temperature dependence of
emission wavelength under steady-state conditions is better than that of DFB lasers.
In monolithic devices changes in current through the device when tuning cause the
operating temperature of the deviceto vary. Typical DFB laser lasing at 1.55 nm has
a wavelength tuning of 0.1nnvV°C at 20 °C [1.49] and a current tuning of 0.007 nm/
mA at 20 °C [1.50]. Changes in device current when switching between widely
spaced wavelengths in DBR lasers cause the device temperature to drift. Thermal

effects have been observed to produce wavelengths drifts if the switched wavelength
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residency time is greater than about 1 ns [1.51]. This sets an upper bound on the
packet lengths that can be transmitted using these lasers. The use of FBGs to define
the operating wavelengths make the multi-cavity laser intrinsically temperature insen-
sitive as no current is passed through the FBG . Besides, at 1300 nmfor atypical FBG

the wavelength changes with temperature at the rate of 0.01 nnv°C [1.52], an order of
magnitude less than that for the DFB lasers. It is possible to incorporate atemperature
compensating fiber fixture which reduces the temperature sensitivity to 0.001 nm/°C
[1.53].

1.5 Grating-stabilized laser diodes

The MCL is an example of a FBG stabilized semiconductor laser. The interactions of
laser diodes with FBGs have been studied for many years. In this section a brief sur-
vey of work done on FBG stabilized semiconductor lasers is presented. The three
main types of FBG stabilized laser diodes reported to date are : 1) Single-mode lasers
with optical feedback provided by FBG in close proximity to the output facet of the
diode. 2) Mode-locked lasers in which the diode is modulated by a signal whose fre-
guency is amultiple of the characteristic external cavity frequency. 3) Coherence-col-
lapsed lasers where the FBG providing feedback to the laser is beyond the coherence

length of the lasing modes.

1.5.1 Single-mode oper ation
FBGs are used as wavelength references to lock WDM transmitters as FBGs can be

reliably manufactured with wavelength tolerance of less than 0.1 nm. The wavelength
stability of FBGs can be ensured by packaging that provides temperature compensa-
ton. The wavelength error between a DFB or DBR laser and the FBG reference is
used to generate a signa which is fed to the temperature controller of the laser
[1.53][1.54].

The light output from an AR coated facet of alaser coupled to alensed SMF contain-
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ing narrow FBG (0.1-0.3 nm) close to the fiber tip isalight source whose wavelength

is stable to changes in temperature. Wavelength tuning as low as 0.007 nm/°C have

been reported using such a laser [1.55]. The device is very sensitive to the residual

facet reflectivity from the AR coated facet. Weak residual facet reflectivity of (~1O'3)

can result in kinks in the output optical power due to mode hopping. Use of a curved

waveguide reduces the reflectivity to less than 104 [1.56]. Grating stabilized lasers
with low linewidth (100-250 kHz), RIN below -135 dB/Hz in the range from 20 MHz
to 10 GHz have been used for digital data transmission at 2.48 Gb/s[1.57].

In a novel experiment the section of regular SMF between the FBG and the AR
coated facet of the laser is replaced by a length of unpumped erbium-doped fiber
[1.58]. At high lasing powers, the erbium absorption saturates at the maxima of the
standing wave pattern set up in the fiber. This minimizes the loss experienced by the
lasing mode in comparison to other modes which have different spatial intensity pro-
files along the fiber. Sub-kilohertz bandwidth stable single-mode operation of this
device has been reported.

1.5.2 M ode-locked operation
Actively mode locked pulses are obtained from an AR coated semiconductor laser

with optical feedback from FBGs when modulated at a frequency corresponding to
the cavity round-trip frequency. When a chirped FBG provides feedback to the AR
coated laser the optical wavelength as well as the period of the mode locked pulsesis
tuned by varying the modulating frequency. The device adjusts its output wavelength
to ensure that the cavity length corresponds to the modulating frequency [1.59]. This
is similar to the method we use to select the lasing cavity of the MCL by modulating

the semiconductor gain section with an RF signal.

Self seeding a gain switched non AR coated semiconductor with 0.2 % to 6 % optical
feedback from a FBG is a method used to generate wavelength tunable pulses. The

12



laser is gain switched at a harmonic of the cavity round trip frequency. Wavelength
selective light is fed back from the FBG to the laser gain medium biased below
threshold when it is driven by the modulating signal above threshold. The optical
field inthe laser is still dominated by the spontaneous emission and a small amount of
additional wavelength selective optical feedback is sufficient to control the light out-
put. Optical MSRs as high as -30 dB have been reported using self seeded laser
diodes[1.31].

1.5.3 Coherence-collapse oper ation
One of the modes of operation of a semiconductor laser with external feedback is

known as “coherence collapse” [1.60]. Coherence collapse regime is observed when
sufficiently strong feedback (afew percent) is provided to a semiconductor laser from
a FBG placed beyond the coherence length of the laser diode. Although the laser
operates at the FBG wavelength the optical spectrum of the light output is broadened
and the laser operates in a multitude of external cavity modes. While the high fre-
guency noise of the laser is greatly increased, the large number of modes and their

lack of coherence averages out the low frequency noise.

Grating stabilized 980 nm semiconductor lasers operating in the coherence collapse
are widely used as pump lasers in commercial EDFA’s as the high frequency noise
does not adversely affect the slow responding erbiumions[1.61], [1.62]. These pump
lasers are not affected by optical feedback of upto -20 dB as compared to the conven-
tional pump laser which becomes unstable at -40 dB optical feedback levels[1.62].

1.6 Brief survey of methods of wavelength tuning

Tunable semiconductor lasers are essential components in applications such as wave-
length division multiplexing systems (WDM) [1.32], packet switching [1.63] and
optically controlled phase array antennas [1.64]. Thereisongoing research to increase

the tuning range of semiconductor lasers using fast electronic effects as opposed to
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slow thermal ones while retaining ease of tuning controls. It is pertinent to make a
short survey of the methods used to perform wavelength tuning of semiconductor
laser light output as the multi-cavity laser is capable of wavelength selection of the

light output.

External cavity lasers were first used to tune the wavelength of the light output froma
semiconductor laser. The light from the AR coated facet of a semiconductor laser is
collected using a bulk optical lens. A conventional planar grating placed behind the
lensis used to provide wavelength selective feedback to the laser. A tuning range of
200 nm [1.65] has been achieved using a multiple quantum-well laser in the external
cavity described above. The wavelength in these external cavity systems is mechani-
cally tuned by rotating the grating.

Monolithic semiconductor laser devices with inbuilt semiconductor BGs have been
fabricated for wavelength selection. Until the early 1990's semiconductor grating
based structures used for fast wavelength tuning had a fractional bandwidth, DI /I ,
less than or equal to the maximum achievable refractive index change, Dnimy, in the
grating section. This limits the tuning range to about 10 nm [1.42] at 1.55 nm. Over

the last few years, several groups have developed schemes where Diimy, does not

limit the wavelength tuning range.

Fig. 1.4 showsthe Y -cavity laser [1.43], [1.44] which uses Mach-Zehnder interferom-
etry to extend the tuning range of the laser. The Y -laser can be regarded as two Fabry
Perot lasers that share a common gain section. Due to interference of the FP modes
the emission spectra of the Y -laser is single-mode. The device has exhibited a tuning
range of 51 nm[1.44]. It isrelatively easy to fabricate as it has no gratings but suffers

from low mode suppression ratio (M SR) on the order of -20 dB.
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Fig. 1.4 Schematic diagram of a coupled Y -cavity laser.

The second device relies on a grating assisted codirectional coupler (GACC) filter as
illustrated in Fig. 1.5. The tuning range in this device depends on Di(myg - Ng).
Reducing (mg - npg) would increase the filter bandwidth but would compromise the
MSR. With careful design, a tuning range of 57 nm [1.45] has been demonstrated.
Increasing the tuning range while maintaining a good MSR is difficult using the

GACC.

!Gai n £hase !GACC Filter

1 I LT I’Thl_' LT LT LI
T >

Fig. 1.5 Schematic of the Grating-assisted co-directional coupler.

Another scheme using two “sampled gratings’ at the ends of the gain and phase
shifter section to achieve wavelength tuning [1.46] is shown in Fig. 1.6. The reflec-
tion spectra of the two sampled gratings have periodic maxima that are dlightly mis-
matched. Lasing occurs at that pair of maxima that are aligned with the bias point of
the phase shifter adjusted to place this mode at a cavity resonance. Continuous com-
plete wavelength coverage of 40 nm [1.47] and up to 100 nm of tuning with partial
coverage [1.48] has been demonstrated using superstructure gratings which uses the

same basic idea as the sampled gratings.
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Fig. 1.6 Schematic diagram of Sampled Grating DBR laser.

1.7 Rest of thethesis

Chapter two of this thesis discusses cavity switching using coupled cavity effects.
The role of the BG bandwidth on the light versus current (L-I) characteristic of the
MCL is also discussed. The transient dynamics of the MCL when switching between
are discussed in chapter three. Results presented in chapter three indicate that the
MCL can be used asa SR flip-flop. Results of cavity switching done by injecting light
into the laser gain section are also discussed in chapter three. Chapter four presents
experimental results of wavelength switching by applying an RF signal to the laser
gain section. The cavity switching transients when an RF signal is used to select the
lasing cavity are discussed in this chapter. A brief conclusion to this thesis is pre-

sented in chapter five aong with some suggestions for future work.
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Chapter 2 : Cavity switching using coupled cavity
effects

2.1 Introduction

The idea of using coupled cavity effects to select the longitudinal mode of gas lasers
was demonstrated as early as 1962 [2.1]. Early coupled cavity work using semicon-
ductor lasers involved placing the laser in an external cavity [2.2]. Semiconductor
coupled cavity lasers were also used to study optical bistability [2.3], optical amplifi-
cation [2.5] and mode selectivity. In the early 80s there was considerable interest in
two-section coupled cavity semiconductor lasers as a stable narrow-band source[2.6].
Interference effects of the composite cavity are used to select the lasing mode. Cou-
pled cavity effects ensure stable single longitudinal mode behavior under high-speed
modulation conditions [2.7]. Wavelength tuning is possible by separately pumping
the individual sections [2.8]. Due to progress in growth and fabrication techniques,
distributed feedback lasers (DFB) and distributed Bragg reflector (DBR) lasers have
replaced coupled cavity semiconductor lasers as the stable narrow-band semiconduc-

tor source.

The multi-cavity laser (MCL), consisting of an AR coated semiconductor laser in an
external cavity with optical feedback from narrow BGs embedded in a singlemode
fiber, isa coupled cavity laser. The optical cavity between the cleaved semiconductor
facet of the AR coated semiconductor laser and the FBG is one cavity of the MCL.
The semiconductor laser cavity between the AR coated semiconductor facet and the
cleaved semiconductor facet forms the second cavity. In addition to the interference
effects of the composite cavity, the reflection spectrum of the BG also plays a crucial
role in determining the lasing characteristics of the device. In this chapter, we present
experimental results of wavelength selection using coupled cavity effects. In section

2.2, we present experimental results of wavelength switching by changing coupling
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loss. A simulation of the experiment is presented in section 2.3. Experimental results
presented in section 2.4, indicate that coupled cavity effects can be used to select the
lasing wavelength in a two-section semiconductor laser getting optical feedback from
BGs embedded in a SMF. In section 2.5, we present results of wavelength switching
using a two-section semiconductor laser with optical feedback from BGs embedded
in a SMF. The effect of the BG bandwidth on the static characteristic of the MCL is

presented in section 2.6. Section 2.7 isa brief conclusion.

2.2 Wavelength switching by changing coupling loss
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Fig. 2.1 A schematic illustration of the longitudinal mode selectivity of the multi-cavity laser.

(a) is a schematic diagram of the MCL. (b) shows the Fabry Perot modes of the laser cavities of the
MCL. The number of external cavity FP modes are limited by the reflection spectra of the BGs cen-
tered about | 15 and | 5. The FP modes of the AR coated semiconductor laser are spaced widely apart

compared to the optical bandwidth of the BG. When the wavelength of a FP mode of the AR coated
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semiconductor laser cavity is close to the center wavelength of the center wavelength of a BG the
device lases at the nominal wavelength defined by that BG. The reflection spectrum of the BG ensures
that the laser lases at a single longitudinal mode.

The mechanism of mode selectivity of the MCL isillustrated in Fig. 2.1. Fig. 2.1(a) is
a schematic of the MCL consisting of an AR coated semiconductor laser in an exter-

nal cavity with optical feedback from two BG centered at wavelengths | 1 and | 5
embedded in an SMF. Coupled cavity effects select an optical wavelength | 4/1 5
approximately equal to | ¢/l 5o asthe lasing wavelength. The cavity modes of the AR

coated laser are spaced Dl cay = | 2/2ndlcay @part where Lcay is the length of the
semiconductor cavity, ngisthe refractive index of the semiconductor mediumand| is
the wavelength of the light. The cavity mode spacing of the BG defined external cav-
ity at wavelength | is DI § = | 22(NgLgqy + Nbcay) and DI 5 = 1 2/2(NgL g + NeL-
cav) Whereng isthe refractive index of glassand L g1 (Lexto) isthe effective external

cavity length of the cavity formed by the BG centered at wavelength | 1o (I 20)-

The optical bandwidth of the BG, DI gg, and the external cavity mode spacing of the
two BG defined cavities, Dl ; and Dl ,, are an order of magnitude smaller than
Dl cay- As Dl gg is comparable to DI 4 and DI 5 the number of external cavity modes
are limited by the reflection spectra of the BGs centered at | 1o and | 59. When the

wavelength of a FP mode of the AR coated semiconductor laser cavity is closeto the

center wavelength | 1o (I 5g) of the BG, the device lases at the nominal wavelength|
(I ») approximately equal to | 14 (I 5o). The reflection spectrum of the BG ensures that

a single longitudinal mode of the compound cavity is selected as the lasing wave-

length.

Tuning the FP modes of the AR coated semiconductor laser cavity is a method to
switch the wavelength of the lasing light emitted by the device between the nominal

wavelengths | 1 and | , defined by the two BGs. Changing the coupling loss is one
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method to tune the FP modes of the AR coated semiconductor laser. This method of

wavelength tuning is discussed in the next section.

2.2.2 Experimental resultsand discussion
The inset to Fig. 2.2 shows our experimental arrangement. A 300 mm long multiple

guantum well semiconductor laser diode [2.9] has a 0.1% anti-reflection (AR) coated
facet on one side and a 32% reflecting mirror on the other. Optical emission at
| =1300 nm wavelength from the AR coated side of the semiconductor diode is cou-
pled with 40% efficiency into a lensed SMF. The laser experiences optical feedback

from two 1 mm long BGs embedded in the SMF with center wavelengths | 1 =
1311.7 nm and | 55 = 1310.4 nm and a -3 dB optical bandwidth of 0.24 nm and 0.26

nm respectively. Although the reflectivity of the FBG has complex dependence on
wavelength [2.10] it can be reasonably approximated by a gaussian. Each BG has
75% reflectivity. The BG at | 1 (I 5o) defines adistinct laser cavity with photon cav-

ity round-trip time of 112 ps (138 ps).
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Fig. 2.2 Measured L-1 characteristics as optical coupling efficiency between the semiconductor diode
and the SMF is decreased by increasing z, the distance from the AR coated facet to the SMF.

The inset shows a schematic of the experimental arrangement. Two BGs embedded in a SMF have
center wavelengths| ; = 1311.7 nmand | , = 1310.4 nmand a -3 dB optical bandwidth of 0.24 nm and

0.26 nm respectively. The photon cavity round-trip timeat | 1 (1 5) is 112 ps (138 ps).

When the lensed SMF is aligned to give maximum coupling efficiency, laser thresh-
old current is Iy, = 8 mA with emission at wavelength, | ; (approximately equal to
| 10). Increasing the axial distance, z, between the AR coated facet of the semiconduc-
tor diode and the SMF decreases optical coupling efficiency and increases threshold
current. Fig. 2.2 shows light-current (L-I) characteristics for the indicated values of z.
The device lases at optical wavelength | ; aong the L-I curveslabeled 1, 3 and 5 and
lases at wavelength | 5 (approximately equal to | 55) along curves labeled 2 and 4.
Longitudinal modes of the external cavity are spaced 9 GHz (7.24 GHz) apart at | |
(I »). Because the BGs have a -3 dB optical bandwidth of 42.72 GHz (46.28 GHz) at
I1 (I »), afew longitudinal external cavity modes lie within the BG bandwidth at | 4
(I ). The small discontinuities in the L-I characteristic seen in Fig. 2.2 likely occur
due to mode hopping between longitudinal external cavity modes that lie within a
given BG’soptical bandwidth. Fig. 2.3 showsthe optical spectrum of light output as z

increases for | = 30 mA.

Residual reflectivity of the AR coated semiconductor facet gives rise to peaks in the
optical spectrum away from the BG wavelength which correspond to cavity modes of
the semiconductor cavity. The cavity mode spacing is DI gp = 0.77 nm. Decreasing
optical coupling efficiency between the semiconductor diode and the SMF by pulling
back the fiber from the AR coated facet of the laser causes an increase in threshold
carrier density. Thisisdue to an increase in optical gain needed to compensate for the
increase in optical loss. An increase in carrier density in the semiconductor causes a
decrease in the refractive index [2.11] and moves the FP peaks of the semiconductor

cavity to shorter wavelengths. Fig. 2.3 shows that FP peaks in the spontaneous emis-
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sion spectrum move to shorter wavelengths as z is increased.

Detected signal, L (dBm)

13125

1308

Fig. 2.3 (a) Measured optical spectrum for | = 30 mA as the axial distance from the lensed SMF to the
AR coated facet, z, isincreased.

With increasing z, peaks in the spontaneous emission background move to shorter wavelength. The
optical spectrum analyzer has aresolution of 0.1 nm.

The measured change in detected light intensity at wavelength | ; (1) as z is
increased is illustrated in Fig. 2.4. This demonstrates that sequential wavelength
switching of lasing light output at constant current, | is possible by changing the cou-

pling efficiency between the semiconductor diode and the SMF.
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Fig. 2.4 Measured light intensity at | ; (I ,) as z increases illustrating sequential wavelength switching.
The optical spectrum analyzer has aresolution of 0.1 nm. The cavity mode spacing is 0.015 nm.

Optical loss is minimized and lasing occurs at wavelength | 1 (I 5) when a peak in the

spontaneous emission background of the semiconductor cavity coincides with the
center wavelength of theBG at | 1 (I 5p). In this manner the small residual reflectivity

of the AR coated facet can cause alarge mode suppression ratio (MSR) when select-

ing lasing wavelengths. In our experiments, the MSR isin excess of -35 dB.

2.3 Simulation

Electric field interference effects play a crucial role in determining the characteristic
of aMCL asillustrated by the experiment described in section 2.2. The model used
for the smulations is along the lines of the model used in Refs. [2.12] and [2.13], and

includes the electric field interference effects.
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Fig. 2.5 (a) Illustrates a schematic diagram of the experimental arrangement used switch the laser cav-
ity by changing the coupling loss. (b) The schematic diagram of the external cavity laser used for the
simulation.

A schematic diagram of the two-section laser used for the experiment is shown in Fig.
1(a) and the mathematical model used for the simulation is illustrated in Fig. 1(b).

The electric field amplitude incident on the mirror at optical wavelengthl ,,, m=1or

2, isdesignated as a,(l ,,,) while the electric field amplitude travelling away from the

mirror is designated as b,,(l ). The field amplitudes, a,,, are normalized so that |am|2
gives the intensity or power flow in the medium. The electric field amplitude travel-
ling away from the mirror with reflectivity rq is given by B1(l ,,z,t) = by(z,| ,)exp(-
12pnyt) where by(z,l () is the amplitude of the electric field at time t at an axial dis-
tance z in the semiconductor cavity from the facet with electric field reflectivity rq

and ny, = (c/l ,y). Thereflection coefficient of the AR coating isr, while its transmis-

sion coefficient isjt wherej = (-1)Y2 and |r|? + [t]° = 1.
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2.3.1 Reflection coefficient of the Bragg gratings
The BG grating with center wavelength | 1 (I 5p) at adistance Lgytq (Lexto) from the

AR coated facet of the laser has a reflection coefficient ro(l ) (ro(l )). The reflection

coefficient of the BG is a function of the wavelength of the incident light and is

assumed to be

r2(l ) = rzoexp[—((4(l -1 k)) o DI BG))2J (Eq. 2.1)
where | is the wavelength of the incident light and | , k = 10 or 20, is the center

wavelength of the Bragg grating and DI gg is the optical bandwidth of the BG. In our

model r, = |C?ro wherer, is the peak electric field reflection coefficient at the center

of the two BGs and C is the coupling coefficient of the electric field between the AR
coated facet of the semiconductor laser and the lensed SMF at | . It isassumed that the
magnitude of the electric field coupling coefficient, C, is independent of optical

wavelength. The BG with a center wavelength | 1 (1 5p) is assumed to be completely
transparent at wavelength | , (I 1) near the center wavelength of the other grating. By

appropriately tailoring the profile of the index modulation along the fiber length
unwanted reflections can be supressed by 30-40 dB. It should be noted however that
narrowing or broadening of laser spectrum is observed to occur at very low feedback
levels (< -50 dB) [2.15] [2.16]. The phase response of the BGs and the phase of the
coupling coefficient are ignored for the study of the static characteristics of the MCL.

2.3.2 Spontaneous emission
As in the resonance amplifier model [2.17] the distributed spontaneous emission is
replaced by two electric field inputs at the mirrors of the laser gain medium. The
equivalent input is given by

i

wdM € = Lppnlial (Eq. 2.2)

hnm ng 2

where w, d and L are the width, depth and length of the laser active region, his the
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Planck’s constant, B isthe laser B coefficient, b is the spontaneous emission factor, ¢

is the speed of light in free space, n,, is the frequency of the electric field (ny,, =c/l ;)

and ng is the refractive index of the laser gain medium whose variation as a function

of carrier density is

Ng =Ny - Dns(n - nc)

where ng, is the refractive index of the gain medium at a carrier density n. and D, IS

the change of refractive index with carrier density.

Table2.1 Parametersused for simulations

(Eq. 2.3)

Parameter Symbol Value
Semiconductor laser length Lg 3x102 cm
Length of fiber forming the external cavity 1 Lext1 1.339999 cm
Length of fiber forming the external cavity 2 Lext2 1.069994 cm
Width of active region w 2%x10%4 cm
Depth of active region d 2%x10™° cm
Confinement Factor G 0.25
Beta b 106
Nonradiative recombination coefficient A 108 /s
Radiative recombination coefficient B 108 cmd/s
coefficient of the n? term for recombination C 0.6x10"26cm®/s
Electric field reflectivity of AR coated facet r 0.033
Electric field reflectivity of cleaved coated facet r 0.57
Center wavelength of Bragg grating 1 [ 10 1.31000x10™4 cm
Center wavelength of Bragg grating 2 [ 5 1.31116x10% cm
Refractive index of semiconductor gain medium Ng 3.7
Change in semiconductor refractive index with carrier density | Dpg 7x10721 cm3
Refractive index of singlemode fiber Ng 15
Speed of light c 3x10'% cnv's
Semiconductor gain coefficient a 361 /cm
Internal loss a; 35/cm
Transparency carrier density Ny 1x1018 Jom3
Unit charge q 1.6x109C
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The parameter b for the MCL is an order of magnitude smaller than that for mono-
lithic devices because the longer length of the MCL cause the cavity modes of the
MCL to be at least an order of magnitude more closer than in monoalithic devices.
Hence the fraction of the spontaneous emission coupling to the lasing mode drops by

an order of magnitude. The electric field amplitude, u,,, m=1or 2, a | ,, is normal-

ized such that |u,,|? gives the energy density stored in the electric field.

2.3.3 Solution
The electric fields in the coupled cavity are related by the following equations

ay ()| _ [Pa(hy) O ibo(l ) (Eq. 2.4)
) 0 py(l ||yl

a5(l mi _ [Pl O by mi (Eq. 2.5)

0 Pyl ) o301

by 0| [rp 0 a0 e uy0 026
b, 00 | [0 0 || a0 )
Pall )| _ {r it} 2l m) (0 (Eq. 2.7)
bo(t O litr]|  agll )

where py(I 1) and po(l ), m= 1 or 2, are the electric field propagation in the semi-

conductor cavity and the BG defined external cavities respectively.

P2l ) = exp(-jdm/2) (Eq. 2.8)
where gm = 4pngLexinyl m, and ny is the effective refractive index of the SMF at the

wavelengths of interest.

pa(l ) = GY2exp(-if /2) (Eq. 2.9)

33



where f , = 4pnyn)Lcay/l o and G is the electric field gain for one cavity round-
trip. The round-trip electric field gain, G = exp((Galog(n/ng)-a;j)Lcay), Where ng is
the transparency carrier density and a; isthe internal loss coefficient. The optical gain

of quantum wells is assumed to have a logarithmic dependence on carrier density [].

Solving the above equations we obtain,

I M, + I M
a(l ) = 110 )My * 8ol M (Eq. 2.10)

N

| 2 2 2 2 u
1Py ) 113 -P ) 1150l ) P ) )
|

and
a2(l m) = pl(l m)rl[al(l m) + ul(l m)] (Eq. 2.11)
where
M, = I 2 I 2 I 2 Eq. 2.12
1~ pl( m) rrl_pl( m) pl( m) r1r2 ( g. <. )
and
M, = I I I 2 Eq. 2.13
5 = Pyl Dr=pg (1 P, )5 (Eq. 2.13)
To simplify the simulations we write
u, ()
1V'm
a(ly) @ - (Eq.2.14)

i 2 2 2 2 u
1Py ) 1Ty =Pl ) 172 Pl ) Pa(l ) a7y
|
The total number of photons, S;,,, in the semiconductor cavity is given by
Sm = EmC(hnm) (Eq. 2.15)
where E,, is the energy stored in the electric field. E,,, is obtained by integrating the

electric field intensity over the semiconductor cavity.

& 1—\p1(lm)\ 6 2.
Em@"’dgealog((n mo)‘ai);’?‘al(l m)‘ 8 (Eq. 2.16)

The number of photons present in the cavity depend on the carrier density in the semi-

34



conductor laser gain medium. The carrier density in the laser gain medium is obtained
by equating the time derivative of the carrier density in the conventional semiconduc-

tor laser rate equation to zero.

($1+S,)
—_ = ———— \—0—1 =
a - qu t, aloga"joI Y, 0 (Eq. 2.17)

where | is the DC bias current applied to the laser, q is the electron charge,
V =wdL py isthe volume of the semiconductor laser gain medium, t = 1/(A + Bn+
Cr?) is the lifetime of carriers, S; and S, is the total number of photons at wave-

lengths| ; and | , respectively, in the semiconductor laser gain medium.

2.3.4 Static solution for the coupled cavity
To obtain the static characteristics one has solve the above set of coupled transcen-

dental equations in a self-consistent manner. To find self-consistent solutions we use

an iterative procedure. We assume an initial carrier density, n;,,, and total number of
photons in the cavity at nominal wavelengths | 15, and | 5, S5, @nd Sy, and then
solve for the wavelengths of the light output | 15, and | 5o, Dy requiring that the
denominator of Eq. 2.14 be purely real. We then solve for the carrier density, ng,;:, and
the number of photons, S, and Syo 1, @ wavelengths | 15 and | oo I Noyes Sout
and Sy, are not approximately equa to nj,, S;j, and Sy, respectively, we then
appropriately adjust ny,, S;ip, and Syj,. This process is repeated until self consistent

values Ny, Syt and Syq are obtained.

The laser modeled for the smulation is an AR coated 300 mm long semiconductor
laser in an external cavity with optical feedback from two BGs embedded in a single-

mode fiber. The two BG have center wavelengths | ; =1310 nmand |, =1311.16

nm with an optical bandwidth, BW =0.4 nm and are located at a distance of
Lextr = 1.339999 cm and L o> = 1.069994 cm from the AR coated facet of the laser.
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The laser parameters used for the simulations are listed in Table 2.1, “Parameters

used for simulations,” on page 32.

The shape of the switching characteristic is very sensitive to the phase of the electric

field feedback to the laser. Any changesin the semiconductor cavity length, L, exter-
nal cavity length, L and Leyo, and refractive index of the semiconductor laser, n,
and refractive index of the SMF, ng, dramatically influence the wavelength switching

characteristic. The cavity modes of the semiconductor laser are spaced

Dl cay =0.7736 nm, apart. The center wavelengths of the BGs are spaced, Dl gg =
1.5(D cay) apart. Hence, at any operating point of the device the cavity modes of the

semiconductor laser will select one of the BG defined wavelengths as the lasing

mode. The external cavity lengths, Lg, and Lgyo, are carefully selected to give a

roundtrip phase that is an integer multiple of 2p in the externa cavity at the center

wavelength of the BGs, | 1 and | 5 respectively.

The decrease in coupling efficiency, C, between the lensed SMF with the embedded
BG and the semiconductor laser as the fiber is pulled back from the AR coated facet

of the laser is modeled by a decrease in the effective BG reflectivity, r,. The carrier
density, n, in the semiconductor laser cavity increases with adecreaseinr, as seenin
Fig. 2.6(a). Wavelength of the lasing light output switches between | ; and | , asry

decreases. This is accompanied by a rapid increase in semiconductor carrier density,
n, to its new equilibrium value. The device has two lasing solutions, one at wave-

length | ; and the other at | , near values of r, when switching occurs. The range of
values of r, over which the system has multiple lasing solutions when wavelength
switching occurs increases as the values of r, decreases approaching the electric field

reflection coefficient, r = 0.033, of the AR coated semiconductor facet.
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Fig. 2.6 Simulated results when the coupling between the AR coated facet of the laser and the SMF
with the embedded BG is decreased. The laser is biased at 40 mA.

or

Fig. 5 illustrates the results of wavelength switching by decreasing coupling effi-
ciency, C, between the lensed SMF with the embedded BG and the semiconductor
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laser assuming a perfect AR coating. The mode suppression ratio between the two
wavelengths is drastically reduced as coupled cavity effects no longer select the las-
ing wavelength. As C decreases the carrier density in the semiconductor laser gain

medium increases until the device stops lasing. The wavelengths, | ; and | 5, of lasing

modes tune with an increase in carrier density. The mode suppression between the

two modes at wavelengths | ; and | 5 is due to the differences in reflectivity of the

BGs at the lasing wavelengths. It isinteresting to note that there are no discontinuities

inthe carrier density curvewhenr = 0.

In the simulations presented in this section the laser is assumed to lase at a single lon-

gitudinal mode at wavelengths, | ; and | 5, near the center wavelengths| ;5 and | 5 of
the two BG. As the Dl g of the two BGs are broad compared to the cavity mode
spacing, DI cgxT, Of the external cavities this approximation is not valid when (I ;
(I 9) -1 10 (I 509)) ~ DI cext/2. Inthis case there is yet another mode within the grating

bandwidth that has approximately the same net round-trip gain as the lasing mode.
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2.4 Wavelength selective feedback to a two-section laser

In experiments presented in section 2.2, carrier density in the laser gain medium is
changed by mechanically moving the lensed SMF thereby controlling optical loss.
Clearly, mechanical movement limits wavelength switching speed. High-speed (100
Mb/s) wavelength switching is possible if electronic or optical injection can be used
to achieve carrier density changes in the semiconductor gain medium. In a two-sec-

tion laser the carrier density is not pinned above threshold.

A schematic of atwo-section laser is illustrated in Fig. 2.8(a). L is the length of the
laser and two sections have fractional lengths of hL and (1-h)L respectively. Gain
clamping of the lasing two-section device requires that

hg(nyL + (1-h)g(m)L = gy, (Eq. 2.18)
where g(n) is the quantum well gain per cm. When the current i, (i) to a section

increases, ny (n,) increases while n, (n;) decreases due to the increase in the cavity
photon density. The new equilibrium values of n, and n, still satisfy Eq. 2.18. The

average carrier density, n, in the laser is given by

n=hny + (1-h)n, (Eg. 2.19)
Asg(n) illustrated in Fig. 2.8(b) isanonlinear function of n, achange in the drive cur-

rent i, causesn , which depends linearly on n; and n,, to vary.

(@ _ (b) A
1 ip —
+ =
)
-— © Gth
output O . .
n>0( / Ny Ny 7] >

Carrier density, n (cm™3)

Fig. 2.8 (a) A schematic of atwo-section laser. (b) Semiconductor gain as a function of carrier density
at the lasing wavelength. ny, is the carrier density corresponding to threshold gain, gy, and ng is the
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transparency carrier density.
The next section presents experimental results which show that changing the bias cur-
rent applied to one of the sections of an AR coated two-section laser in a BG defined

external cavity changesthe optical lossin the cavity.

2.4.1 Experimental resultsand discussion
The laser diode used for these experiments is a 500 nm long InGaAs/InP buried het-

erostructure four quantum well device with an integrated saturable absorber. Ref
[2.18] gives details of diode structure and fabrication. The series resistance between
the 12 mm long saturable absorber and the laser gain section is 500 W. The as-cleaved
devicelasesat | = 1548 nm wavelength with athreshold current of 5,(th) = 19 mA.,
The threshold current of the laser after anti-reflection (AR) coating one mirror facet is
greater than 100 mA. The peak in the spontaneous emission spectrum after AR coat-

ing isaround 1520 nm.

Asillustrated in the inset to Fig. 2.9, optical feedback is provided by coupling emis-
sion from the AR coated facet into a single-mode fiber in which is embedded a single
FBG [2.19]. The 2 mm long BG has a peak reflectivity of 80% centered at wavelength
| =1544.6 nm with a-3 dB optical bandwidth of 0.242 nm. The coupling efficiency

between emission from the laser and the single-mode lensed fiber is 0.42.
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Fig. 2.9 Measured L-l g, characteristic of the AR coated two-section laser in an external cavity with
optical feedback from a BG embedded in a SMF.
BG has a peak reflectivity of 80% centered at wavelengths | = 1544.6 nm with a -3 dB optical band-
width of 0.242 nm. The absorber section is biased at a constant voltage of 1 V. The graph also plotsthe

measured wavelength of peak in the spontaneous emission spectrum as the current to the gain section is
varied. The inset shows a schematic diagram of the experimental arrangement.

The measured detected light intensity (L) versus gain section current (Iggin) Llgain,
characteristic of the laser with the absorber section biased at V4 = 1V is shown in
Fig. 2.9. The laser startsto lase near 20 mA. L increases with | ggp, till g5 = 29 mA.
Then rapidly decreases with increasing | g, and the lasing stops. The laser starts to

lase at 14, = 35 MA and with increase in | 45, the same characteristic is repeated.

Fig. 2.9 also shows the wavelength of a peak in the spontaneous emission spectrum as

lgain is increased. The measured change in the position of a peak in the spontaneous

emission is related to the change in the refractive index in the gain medium. It can be
shown that,

Dl /I =Dngng (Eq. 2.20)
where Dl is the change in wavelength of a spontaneous emission peak and Dng is the
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change in refractive index of the semiconductor gain medium. The refractive index of
the semiconductor decreases with increase in carrier density. Hence, with increase in
carrier density in the semiconductor gain medium the peak in the spontaneous emis-
sion spectrum moves to shorter wavelengths. Below threshold the peak in the sponta-
neous emission spectrum moves to shorter wavelength with increase in | g, due to
increase in carrier density with |45, When the laser startsto lase the rate at which the
peak in the spontaneous emission spectrum moves to shorter wavelength decreases
indicating that although the carrier density in the laser gain medium continues to

increase with | g5, it now does so at slower rate.

Detected signal, L (dBm)

Fig. 2.10 Shows the measured optical spectrum of the laser as a function of | 45, with the absorber sec-
tion biased at a constant voltage of 1 V. The inset to shows the LI, characteristic of the laser. The
laser lases when a peak in the spontaneous emission spectrum matches the BG defined wavelength.
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Fig. 2.10 shows the measured optical spectrum of the laser in the external cavity asa
function of gain section current with the saturable absorber biased at 1 V. As may be
seen, when a peak in the spontaneous emission spectrum lines up with the BG defined

wavelength the laser lases. The inset shows the LIy, characteristic of the laser.

2.5 Wavelength switching using two-section laser

For a MCL when a Fabry Perot peak in the spontaneous emission background of the
semiconductor cavity coincides with the center wavelength of the BG optical loss is
minimized and lasing occurs at that wavelength. Experimental results presented in
section 2.4 indicate that the carrier density of a two-section semiconductor laser is not
pinned above threshold and so the peaks in the spontaneous emission background
move to shorter wavelengths with increase in current. If the AR coated two-section
laser obtains optical feedback from two gratings with distinct center wavelengths, it
should be possible to switch the wavelength of the light output by tuning the peaksin
the spontaneous emission background. This is commonly known as wavelength tun-
ing using the vernier effect. In this section the vernier effect is used to select the las-
ing wavelength of light output from a two-section laser in an external cavity with
feedback from two BG embedded in an SMF.

The semiconductor laser described in section 2.4.1 is used in the following experi-
ments. Asillustrated in Fig. 2.11(a), optical feedback is provided by coupling emis-
sion from the AR coated facet into a single-mode fiber in which are embedded two
discrete BGs. The 2 mmlong BGs have a peak reflectivity of 95% and are centered at
wavelengths | 1o = 1524.6 nm and | 55 = 1529.9 nm with a -3 dB full-width optical

bandwidth of 0.190 nm and 0.242 nm respectively. The coupling efficiency between
emission from the laser and the single-mode lensed fiber is C = 0.42. The device lases

at optical wavelength | 4 (I 5) nominally equal to | 1 (I o) depending on the DC bias

conditions.



Fig. 2.11(a) shows results of measuring the light versus gain-section current (L-1g5)

characteristic of the laser in an external cavity for different saturable absorber voltage
levels. Note the region of negative slope (dL/dl g5). Fig. 2.11(b) shows the measured

optical spectrum of the laser at different bias points of the L-I g4, With the saturable
absorber biased at Vo = 0.80 V. It isevident from the optical spectrathat wavelength

switching, between al four binary combinations, with a discrimination of at least -30

dB is possible using this arrangement.
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Fig. 2.11 Experimental results demonstrating wavelength coding using a two-section laser.

(@) Measured L-1 g4, characteristics of the laser with saturable absorber biased at Vg =1V, 0.8V,
and 0.78 V. Inset shows a schematic of the laser in an external cavity. Optical feedback is provided by
two discrete BGs embedded in a single-mode fiber. The 2 mm long BGs have a peak reflectivity of
95% and are centered at wavelengths| 15 =1524.6 nmand | 5 = 1529.9 nm with an -3dB optical band-
width of 0.190 nm and 0.242 nm respectively. (b) Measured optical emission spectra at indicated bias
points on the L-1 4, curve with Vo = 0.8 V. Spectrometer resolution is 0.1 nm. Lasing occurs at opti-
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cal wavelength | 4 (I 5) nominally equal to | 1 (I 5g).
When biased to the peak of the Ll gain characteristic, laser light intensity pulsates at

frequencies corresponding to photon cavity round-trip times defined by the two grat-
ings. The cavity round-trip time for photons of wavelength | 1 is t; = 1.7 ns corre-
sponding to afrequency of f; = 580 MHz. The cavity round-trip time for photons of
wavelength | 5 is t, = 1.5 ns corresponding to a frequency of f, = 670 MHz. Fig.
2.12(a) shows the measured radio frequency (RF) spectrum of the light output at dif-
ferent bias points on the L-144, curve shown in Fig. 2.11(a). Wavelength | | = 1524.6
nm has RF spectral content at frequency f; = 580 MHz and its higher harmonics. Sim-
ilarly, wavelength | ,= 1529.9 nm has RF spectral content at frequency f, = 670 MHz
and its higher harmonics. A possible reason for the lasing light output to pulsate at the
cavity round-trip time is that the effective loss seen by photons decreases if photons
travel through the saturable absorber as pulses [2.20]. The attenuation suffered by
light passing through a saturable absorber has a non-linear dependence on light inten-
sity. The same energy of light passing through the absorber in the form of narrow
pulses with high peak powers will suffer less attenuation than light with lower inten-
Sity spread out over time. As shown in Fig. 2.12(b), the measured time-domain emis-

sion intensity at wavelengths | 1 and | 5 exhibit peaks corresponding to the photon

cavity round-trip times for the two wavelengths.
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Fig. 2.12 Measured characteristics of pulsed light output from the two-section laser.
(@) Measured RF spectra of light output at various points on the laser’s L-l g, (V& = 0.8V) indicated

in Fig. 2.11(a). There is a one-to-one correspondence between the wavelengths present in the light out-
put and the peaks in the RF spectra. (b) Measured self-pulsation emission at wavelengths | ; and | .

The laser gain section is biased at the indicated values and the saturable absorber is biased at Vg =
0.95V.

2.6 Effect of Bragg grating bandwidth on laser characteristic

There has been considerable interest in using fiber BGs to provide wavelength selec-
tive feedback to external cavity semiconductor lasers [2.21] [2.22] [2.23]. Fiber BG

act as high-reflectivity mirrors having bandwidths ranging from less than 0.1 nm to
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30 nm. The effect of the grating bandwidth on the characteristics of the laser has been
ignored. In this section, the dramatic influence of the grating bandwidth on the char-

acteristic of the laser is presented.

2.6.1 Simulation results and discussion
The laser modeled for the smulation is an AR coated 500 mm long semiconductor

laser in an external cavity with optical feedback from one BG embedded in a single-
mode fiber. The BG has center wavelength | 10=1520 nm and a bandwidth,

Dl gg =0.1 nm. The BG islocated at a distance of L, = 0.500029333 cm from the

AR coated facet of the laser. The remaining laser parameters used for the smulations

arelisted in Table 2.1, “Parameters used for simulations,” on page 32.

The model presented in section 2.3 is used for the simulation results presented in this
section . The quantum well gain is modeled as

g = alog(n/ng)/(1+S/Ss) cm™ (Eq. 2.21)
to include gain saturation effects in the simulation. Here, S is the number of photons
in the laser cavity and S is the gain saturation photon number. S is assumed to be
510000 [2.24] corresponding to 10 mW saturation power output of an optical ampli-
fier. The saturation effects are included in the model to allow the carrier density inthe

semiconductor gain medium to increase with current above the laser threshold.

Fig. 2.13 shows the static characteristic of the laser in an external cavity with optical
feedback from a single BG embedded in a singlemode fiber. The cavity modes of the
external cavity are spaced 0.134 nm apart. The simulations indicate that when the
bandwidth of the BG, DI gg, is greater than the external cavity mode spacing, Dl gp,

the laser has a unique solution at all drive currents but when DI g is comparable to or

lessthan DI p the laser has multiple lasing wavelength solutions.
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Fig. 2.13 Simulated results of AR coated laser with optical feedback from a BG embedded in an single-
mode fiber. The BG bandwidth is 0.10 nm.

To better understand the multiple wavelength solutions when DI g is comparable to
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or lessthan DI p, consider a perfectly AR coated semiconductor laser in an external

cavity with optical feedback from aBG. Neglecting the residual reflectivity of the AR
coating in EQ. 2.14, the electric field of the lasing mode can be written as
uy(l )
20 Gy 0 erE@i P+ 0 (Fq.2.22
For aphysical steady state solution the denominator of Eq. 2.22 should be purely real.

Hence,

q(l P+ ) =(2m+)p (Eq. 2.23)
where mis a natural number. Eq. 2.23 can be solved for the wavelength, | 4, of the

light output for a given carrier density, n. For any n there exists a wavelength | |

within the cavity mode spacing, Dl gp, given by

2
Dlpp = (1) A2ngleys *Ngkg)) (Eq. 2.24)
that satisfies Eq. 2.23.

When the laser islasing at a wavelength | ; denominator of Eq. 2.22 can then be sim-
plified as

{1+ G(n)rlrz(l 1)} ® 0 (Eq. 2.25)
For a steady state solution the number of lasing photons obtained by substituting

a4(l 1) into Eq. 2.16 should give a self-consistent solution for the carrier density, n, in

the semiconductor gain medium when substituted into Eq. 2.17.
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Fig. 2.14 Schematic illustrating (I) unique solution for Dl gg > Dl ¢ and (I1) multiple solutions
obtained for narrow optical bandwidth fiber grating when Dl gg < Dl .

Consider aflat top fiber BG asillustrated in Fig. 2.14. If the fiber grating bandwidth,
2xDl gg is broad compared to the cavity mode spacing, Dl gp, as illustrated in Fig.

2.14, then for any carrier density, n, there is awavelength, | 1, within the Dl g which
satisfy Eq. 2.23. In this case ry(l 1) = ryg, and so Eq. 2.25 can be simplified as 1 -
G(n)rqrog -> 0. As G(n) increases monotonically with carrier density an unique value
of carrier density, n;, will satisfy the system of equations above laser thresnold. For
carrier dengities, n < ny, no mode will lase and for n > n;, a mode within the grating

bandwidth will have round-trip gain greater than 1 which is not a valid physical solu-

tion.

When the grating bandwidth is narrow compared to the cavity mode spacing, asillus-

trated in Fig. 2.14, multiple solutions are possible. The laser can lase at | ; and n;
when 1-G(ny)rqro(l 1) ->0andlaseat | 5, and n, (N, > Nny), when 1-G(ny)rqro(l ) -> 0.
The increase in round-trip gain G(n) at the carrier density n, compared to n; is com-

pensated for by the drop in the mirror reflectivity, ry(l ).

The multiple solutions predicted in this section when the BG bandwidth is narrower
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than the FP mode spacing of the external cavity modes is not due to coupled cavity
effects. The device will have multiple lasing states at the same bias current even when
the residual facet reflectivity of the AR coated is reduced to O.

2.6.2 Stability of the steady state solution
Fig. 2.16 shows the static characteristic of the laser diode in an external cavity with

optical feedback from a single BG embedded in a SMF. It is interesting to note that
lasing output is on the long wavelength side of | . AsD,is negative with increasein
bias current the carrier density in the laser gain medium increases causing the wave-
length of the light output to tune to shorter wavelengths. Because the increase in car-

rier density tunes the lasing mode closer to | 4, the device is stable. If however the
laser is lasing at the shorter side of | 1 an increase in current will cause the lasing
mode will tune away from | 1. This will decrease the reflectivity of the BG to the
lasing mode and may result in adrop in the light intensity at the lasing wavelength. A

drop inthe light intensity will result in afurther increase in the carrier density. Hence,
thisis potentially an unstable solution.

To simplify the derivation of the condition for stability we assume the device has an
AR coating r = 0. Eg. 2.23 which constrains the wavelength of the lasing made may

be rewritten as (ngLg + NgLeyt1)/l 1 = (2m+1)p. Hence

dl /dng=11L¢/(NsL s+ NgL ext1)- (Eq. 2.26)
Using Eq. 2.3 and Eqg. 2.25 we obtain

dl 1_ _Dnsle 1

dn nSLS+ ngLextl

Using Eq. 2.15, Eq. 2.16 and Eq. 2.17, photon number in the lasing mode can be writ-

(Eq. 2.27)

ten as
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S, = K(n) (Eq. 2.28)

1 R —1 1 a0
| nea o él 10 u

1-r,ronexpi Bn—9%a. 9 —4c=—==y
1207, €% ny? |3‘s & DI BGQ’%

It should be noted that, to simplify the derivation gain saturation effects are neglected.

For the lasing mode to be stable, with increase n there should be a increase in S; or
dS;/dn > 0. dS;/dn is dominated by change in the denominator of Eq. 2.28 with car-

rier density. Hence the condition for the stability of the lasing mode can be written as

1! 10070

dee ] nNg . &
—cr . ronexpi Bn—9%a. 9 -4 + >0, (Eq. 2.29)
dngl 207 &€ ks <D 8G o &
This can be simplified to
8{(I 1-1 10)/(Dl gg)23dl 1/dn >al ¢n (Eq. 2.30)
Combining Eg. 2.26 and Eq. 2.30 we obtain
(I 11 10) > -a(Dl gg)*(Neks + NgLex1)/(8NDnd 1). (Eg. 2.31)

Notice that the lasing mode becomes unstable at optical wavelengths shorter than the
center wavelength of the grating. This instability of the lasing mode causes the dis-
continuities in the static characteristic of the device with injection current seen at

point 1 and other similiar pointsin Fig. 2.13.

Bragg grating

Dl Cavity modes
I'1(Unstable). 1 o(Stable)
: >
I 10
Wavelength, |

Fig. 2.15 Schematic of the cavity modes of the AR coated laser in an external cavity with feedback
from a narrow FBG. | 1 is the wavelength of the lasing mode while | 4 is the next wavelength of the

54



next cavity mode. | 1 isthe center wavelength of the BG.

To understand the discontinunities seen at point 2 and other such points seen in Fig.
2.13 consider the schematic of the cavity modes presented in Fig. 2.15. Wavelength

solutions to Eq. 2.23 are spaced DI ¢ apart. From the above derivation we see that for
anarrow BG the optical wavelength, | 4, corresponds to a stable lasing mode on the
longer wavelength side of the BG center wavelength | ;4. With decrease in bias cur-
rent the mode lasing at wavelength | | tunes to longer wavelengths away from| 4. If
(I 1 -1 10) > DI ¢/2 then there is a cavity mode at wavelength, I 1, on the shorter wave-
length side of | 1o which has lower cavity loss due to the larger reflectivity of the BG
a1 ; compared to| ;. The device should then lase at 1 ;. Asthe cavity mode at wave-
length T is unstable this situation is not physically possible. Hence, the wavelength
of the lasing mode | ; cannot tune to longer wavelengths away from | 1o beyond (I 19

+ Dl /2) asthe device will become unstable.

2.6.3 Multiplelasing solutions due to coupled cavity effects
Bistability has been predicted [2.3] and observed [2.25] [2.26] [2.27] in coupled-cav-

ity semiconductor lasers in the early 80s. The bistability in these lasers is due to the
coupling between the modes of the two Fabry Perot cavities of the coupled-cavity
laser. A similar bistability is seen in the device discussed in this paper when the AR
coated facet of the laser is assumed to have afinite residual facet reflectivity and the

bandwidth of the BG is greater than the cavity mode spacing.

Fig. 2.16 shows the simulation of a semiconductor laser in an external cavity with
optical feedback from a FBG centered at wavelength 1520 nm and a bandwidth of
BW = 0.4 nm. The cavity mode spacing is 0.12 nm. If the AR facet of the MCL is
assumed to have areflectivity of 0.25% the device exhibits bistability. To simplify the
simulation gain saturation effects are neglected. The remaining parameters used in the

simulation are the same as in section 2.6.1.
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As gain saturation effects are neglected the carrier density, n, in the laser gain
medium is pinned compared to the results presented in section 2.6.1. The wavelength
of the light output when lasing is on the shorter wavelength of the BG center wave-
length. As the facet reflectivity of the AR coated facet or the bandwidth of the BG is
increased thisis no longer the case.
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Fig. 2.16 Shows the simulation of a semiconductor laser in an external cavity with optical feedback
from a FBG centered at 1520 nm and an bandwidth of 0.4 nm. The cavity mode spacing is 0.12 nm. If
the AR facet of the MCL is assumed to have areflectivity of 0.25% the device exhibits bistability.

The semiconductor laser described in section 2.4.1 is used in the following experi-
ment. Optical feedback is provided by coupling emission from the AR coated facet

into a SMF in which is embedded a BG. The 2 mm long BG has a peak reflectivity of
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95% centered at wavelengths | = 1537.55 nm with a -3 dB full-width optical band-
width of 0.33 nm. The cavity mode spacing is 0.02 nm. The coupling efficiency

between emission from the laser and the single-mode lensed fiber isC = 0.42.
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Fig. 2.17 Experimental results demonstrating multiple stable lasing states of the MCL due to coupled

cavity effects.
(@) Measured L-I g, characteristic of the AR coated two-section laser in an external cavity with optical

feedback from a BG embedded in a SMF. BG has a peak reflectivity of 95% centered at wavelengths |
= 1537.55 nm with a -3 dB optical bandwidth of 0.33 nm. The absorber section is biased at a constant
voltage of 1 V. (b) The measured optical spectrum of the laser at operating points 1 and 2 on Ll gy
characteristic shown in Fig. 2.17(a). The measured transmission of the FBG as a function of wave-
length is also shown for reference.

The measured L-Ig,, characteristic of the device is shown in Fig. 2.17 with the

absorber biased at 1 V. The device exhibits optical bistability. It is interesting to note
that the bistability is seen at relatively high light output levelsindicating that gain sat-

uration effects cause the device to switch between stable solutions.
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2.7 Conclusions

Results presented in this chapter show that the MCL described in behaves as a cou-
pled cavity laser. The optical cavity between the cleaved semiconductor facet of the
AR coated semiconductor laser and the fiber BG is one cavity of the MCL. The semi-
conductor laser cavity between the AR coated semiconductor facet and the cleaved
semiconductor facet forms the second cavity. The device has multiple lasing solutions
at the same DC bhias conditions if the effective reflectivity of the BG approaches that
of the AR coated facet of the laser. If the semiconductor laser gain medium of the
MCL is a two-section laser then wavelength coding is possible by changing the DC
bias current applied to one section of the to section laser. In MCL besides the interfer-
ence effects of the composite cavity, the reflection spectrum of the BG also plays a
crucial role in determining the lasing characteristics. The device has multiple lasing
solutions at the same bias current even when the residual facet reflectivity of the AR
coated is reduced to zero if the bandwidth of the BG is comparable to the FP mode
spacing of the external cavity modes.
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Chapter 3 : Switching dynamics of the multi-cavity
laser diode

3.1 Introduction

To realize the promise of Wavelength Division Multiplexing (WDM) it will be neces-
sary to develop new components to enhance the functionality of these systems to
include electro-optic as well as al-optical switching and routing capability. Key
components which must be developed are optical switching and logic devices.
Results presented in the last chapter show that a MCL with optical feedback from a
narrow BG can lase at more than one stable state at the same bias current. If it is pos-
sibleto rapidly switch between the stable states, the MCL can be used to build latches
and flip-flops. The operation of the MCL as a wavelength selective electro-optic flip-
flop isdemonstrated in this chapter.

The measured transient dynamics when switching between the stable lasing states of
the MCL at the same bias conditions are presented in this chapter. Initial experiments
use electrical signals to set and reset the flip-flop. Factors limiting the switching
speed are discussed. In an effort to increase the switching speed an optical pulse is
used to reset the flip-flop. Measured transient dynamics when switching between
multiple lasing states at the same bias current and nominal optical wavelength are also
presented in this chapter. To study cavity switching anew method to switch the lasing
cavity of the multi-cavity laser using an optical input which lends itself to dynamical
analysis is presented. A travelling wave model of the laser is used to understand the
cavity switching dynamics. Limits to cavity switching speed using optical injection
are briefly discussed.

The operation of the MCL as an optoelectronic flip-flop is discussed in section 3.2.
The transients when switching between the states of the flip-flop are presented. The

measured cavity switching transients of the multi-cavity laser using an optical input is
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also described in this section. Measured transient dynamics when switching between
multiple lasing states at the same bias current and nominal optical wavelength are pre-
sented in section 3.3. Section 3.4 presents experimental results of cavity switching by
injecting light into the MCL at a BG grating defined wavelength. A travelling wave
model of the laser is used to simulate the cavity switching experiment. Section 3.5isa

brief conclusion.

3.2 Operation of electro-optic flip-flop

3.2.1 Experimental arrangement
Fig. 3.1 shows a schematic diagram of the experimental arrangement. The laser diode

used for these experiments is a 500 nm long InGaAs/ InP buried heterostructure four
guantum well device with anintegrated saturable absorber. Details of the diode struc-
ture and fabrication are given in [3.1]. The series resistance between the 12 nm long
saturable absorber and the laser gain section is500 W. The as-cleaved device lases at
wavelength | = 1548 nm with athreshold current of 20 mA. The threshold current of
the laser after anti-reflection (AR) coating one mirror facet is greater than 100 mA.
Asillustrated in Fig. 3.1, optical feedback is provided by coupling emission from the
AR coated facet into a single-mode fiber (SMF) in which is embedded a dual reflec-
tion peaked BG. The 10.5 mm long BG has peaks in reflectivity of greater than 90%
centered at wavelengths | 1o = 1519.03 nm and | 5o = 1519.91 nm with a -3 dB full-

width optical bandwidth of 0.13 nm (16.9 GHz) and 0.12 nm (15.6 GHZz) respectively.

The center wavelengths of the BGsare Dl g = 0.89 nm apart. As cavity modes of the
AR coated semiconductor laser are spaced Dl ., =059nm apart,
Dl g =1.5(Dl ). Hence, coupled cavity effects should select one of the BG

defined wavelengths as the lasing wavelength under any bias conditions [3.2].

63



|'| Pulse Generator

| gain Vv
- 10.5 mm -
To detector AR 11.5 mm
- >

Fig. 3.1 Schematic diagram of the experimental arrangement.

The laser diode used for these experiments is a 500 um long InGaA</InP buried heterostructure four
quantum well device with an integrated saturable absorber. Optical feedback is provided by coupling
emission from the AR coated facet into a single-mode fiber in which is embedded a dual reflection
peaked BG. The 10.5 mm long Bragg grating has peaks in reflectivity of greater than 90% and are cen-
tered at wavelengths | 15 = 1519.03 nm and | 55 = 1519.91 nm with a -3 dB full-width optical band-

width of 0.13 nm and 0.12 nm respectively. The coupling efficiency between emission from the laser
and the single-mode lensed fiber is0.42. o o
The frequency response of the laser isshownin Fig. 3.2. Thelaser isbiased at current

| gain = 45 MA with the saturable absorber biased at a constant voltageof 1V. A -27
dBm RF signal is applied to the gain section. The frequency shows a peak at 14.7
GHz corresponding to the photon cavity round-trip time in the external cavity and las-
ing at wavelength | ; (nominally equal to | 1). The cavity mode spacing for the exter-
nal cavity is 14.7 GHz, which corresponds to a mode separation of 0.11 nm. Asthe
mode spacing of the external cavity laser is comparable to the -3 dB optical band-
width of the BGs this device is capable of lasing in a single longitudinal mode.
Because the external cavity mode spacing is comparable to the Bragg grating band-
width this system is capable of multiple lasing states at the same nominal center

wavelength for the same drive conditions as shown in section chapter 2 section 6.
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Fig. 3.2 Shows the measured frequency response of the laser in the external cavity. The laser is biased
at 45 mA with the saturable absorber biased at a constant voltage of 1 V. A -27 dBm RF signal is
applied to the gain section.

3.2.2 Device oper ation
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Fig. 3.3 Shows results of measuring the light versus gain-section current (L-1g,,) characteristic of the
laser in an external cavity for saturable absorber voltage, Vo = 0.9 V. The measured optical spectrum
of thelight output at points 1 and 2 along the L-1 45, Curve are also seen as an inset.

Fig. 3.3 shows results of measuring output light intensity versus gain-section current
(L-lgain) characteristic of the device for saturable absorber voltage, Vg = 0.9 V.
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When 15, = 50 mA and Vg = 0.9V, lasing occurs at wavelength | 1 at operating

point 1 and at wavelength | , (nominally equal to | 5g) at point 2 on the L-1g4, curve.

The optical spectrum of the device at operating points 1 and 2 is shown as insets to

Fig. 3.3.
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Fig. 3.4 shows the device acting as an electro-optical SR flip flop.
The laser is biased at a DC bias current of 1, = 55 mA with the absorber biased at Vg =0.9V. A9

mA positive going electrical pulse is applied to the device sets the lasing wavelength to | ,. The device
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staysin that state until a9 mA negative going electrical pulse resetsthe deviceto laseat | 1. (b) Shows

the truth table of a regular SR flip flop and the electro-optical SR flip flop. The positive (negative)
going pulse mimics S=1, R =0, input (S=0, R=1). TheS=0, R =0 input equivalent to having no
electrical pulse input to the electro-optical SR flip flop.

Along the L-I g curve from I g, = 40 mA to 55 mA lasing emission occurs at wave-
length | ; at arelatively lower carrier density, n, in the laser gain medium. At arela-
tively larger value of n, lasing occurs at wavelength | ,. When operating at point 1 on
the L-lggn, curve shown in Fig. 3.3 increase in current will tune | 1 shorter wave-
lengths. When | 1 is shorter than center wavelength of the FBG the device becomes
unstable and switches to a state with lasing at | , as described in chapter 2 section
2.6.2. When operating at point 2 on the L-lg,, curve shown in Fig. 3.3 decrease in
current will tune the lasing optical wavelength | , longer wavelengths. As described
in chapter 2 section 2.6.2 when | 5 - | 59 > | o, the device becomes unstable and
switchesto astate withlasing at | 1. Thisresultsin hysteresisin the L- g, character-

istic and can be exploited to build a wavelength selective electro-optic SR flip-flop.

The optical output of the laser is stable at both operating points 1 and 2 on the L-I g
shown in Fig. 3.3. Fig. 3.4 shows the device acting as an electro-optical SR flip-flop.

The light output of the device is measured after passing through a monochromator
using a detector with a -3 dB bandwidth of 2 GHz. When the laser is operating at
point 1 and lasing at wavelength | 1, a9 mA ‘set’ electrical pulse applied to the laser

for 20 ns switches the laser operating point to 2 and lasing occurs at wavelength | ».
The laser continues to operate at point 2 with lasing at | , until a 20 ns-9 MA ‘reset’
electrical pulse switches the operating point to 1 with lasing at | 1. Our measurements

indicate that the temporal response to set and reset signalscanbeasshort as2ns. The

optical emission at wavelength| , servesas Q output of the flip-flop while emission at
wavelength | ; serves asthe Q output. The measured optical mode suppression ratio

between the two lasing statesis greater than -35 dB.
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3.2.3 Switching transients
On switching the laser from state 2 to state 1 of the L-1g, Characteristic shown in

Fig. 3.3, the steady state carrier density, n, in the laser gain medium decreases due to
aincrease in the photon density at state 1 compared to that in state 2 whereas while
switching the laser from state 1 to state 2, n increases. Switching transients show
oscillations as seen in Fig. 3.5(a) when switching from a state with lower n to a state
with higher n. The 9 mA current pulse causes a rapid drop in the photon number at

wavelength | ; when switching from state 1 to state 2. Accompanying this is a rapid

increase in carrier density, n, asthe carrier lifetimeisin the psrange dueto stimulated

recombination. The build up of photons at optical wavelength | , from the spontane-

ous emission noise is relatively slow compared to the rate of change of carriers. The
coupling between the carrier and photon dynamics cause the device to oscillate during

the switching transient causing a pulse at wavelength | , followed by a pulse at | 1

during the switching transient. The timing jitter associated with these pulsesare in the
range of hundreds of picoseconds indicating that the pulses build up from spontane-

ous emission noise. The long turn-on delay, t,(I ») = 3.58 ns, for photons at wave-
length | , to reach 10% of their steady state value is due to the oscillations when
switching states. The 10% to 50% rise timeist,is(l ) = 0.52 ns. The standard devia-
tion, s, of the measured timing jitter for photon at wavelength| , to build up from the

spontaneous emission background is so(l ) = 283 psat point 2 in Fig. 2(a).

Fig. 3.5(b) is the measured switching transient when a -9 mA pulse applied to the
laser switches the device from state 2 to state 1. The negative electrical pulse applied

to the laser at state 2 decreases the carrier density to below thel 5 lasing threshold of
the device. Asthe device can lase at wavelength | | at alower n, the carrier density
decreases until its reaches its equilibrium value for lasing at | 1. The photons at | {

build out of the spontaneous emission noise resulting in the slow turn-on delay,
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ton(l 1), of 1.52 ns. The 10% to 50% rise time is tjx(l 1) = 0.38 ns. The measured
timing jitter for the rising edge when | ; builds up has s4(I 1) = 418 ps, at point 4 in
Fig. 3.5(b). The measured turn-on delay is consistent with the reported intermodal

switching (between two different longitudinal modes) of 0.5 nm in 0.5 ns [3.3] and
7.4nmin 8 ns[3.4].
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Fig. 3.5 Shows switching transients of the electro-optical SR flip flop.
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The laser is biased at a DC bias current of | g5, = 50 mA with the absorber biased at Vg = 0.9 V. The
positive (negative) going pulse mimics S=1, R =0, input (S=0, R=1). TheS=0, R=0input equiv-
alent to having no electrical pulse input to the electro-optical SR flip flop. (@) shows the measured
transient response of the device to the set. The set signal isa9 mA pulse 20 nsin duration. The laser
switches lasing wavelength from | ; to | , dueto thisinput. The turn-on delay, tya(l 2), for photons at

wavelength | 5 to reach 10% of their steady state value is 3.58 ns. The 10% to 50% rise time, ts(l 5),
is 0.52 ns. The measured jitter of the detected optical waveform at wavelength | ; at point 1 and at
wavelength | 5 at point 2 has a standard deviation, s, of s4(I 1) = 17 psand s5(l 5) = 283 ps respec-

tively. (b) illustrates the measured response to the reset signal. Thereset signal isa-9 mA pulse, 20 ns
in duration. It switchesthe lasing wavelength back to | { with to,(l 1) = 1.52 ns. The 10% to 50% rise

time, t;ise(l 1), 150.38 ns. The measured jitter of the detected optical waveform at wavelength | 5 at
point 3 and at wavelength | 4 at points4 and 5 hasas of s3(1 5) =17 ps, S4(1 1) =418 psand sg(l 1) =
18 psrespectively.

3.2.4 Optical reset
The speed of operation of the electro-optic SR flip-flop is limited to the 100 MHz

range due to the turn-on delay as well as timing jitter when switching between states
by applying an electrical pulse. When switchingto | 1 (I ») by applying a set (reset)
signal photonsat | ; (I ,) haveto build up from the spontaneous emission noise whose
intensity is about four orders of magnitude less than the light intensity at the lasing
wavelength. This causes the long rise times as well as large timing jitter when
switching wavelengths. Switching to | 1 (I ) by applying an optical pulseat | 1 (I ,)
is a method to reduce the turn-on delay and timing jitter when switching states. The
injected photons at wavelength | 4 (I 5) increase the background photon number at | |
(I ») when switching to | 1 (I 5), reducing turn-on delay. The number of photons

injected to switch states is relatively fixed, compared to the photon number fluctua-
tions in the spontaneous emission background, reducing timing jitter when switching
states. The wavelength of photons injected should match thel 4 (1 ).

The measured transient switching characteristic to an optical ‘reset’ is shown in Fig.
3.6. The absorber isbiased at 0.95V. At g4, =71 mA the laser emits at wavelength

| ; at arelatively lower carrier density, n, in the laser gain medium while at a rela-
tively higher nlasing occursat | ,. The‘set’ signal isa11 mA electrical pulse 1 nsin

duration. The ‘reset’ signal is an optical pulse at wavelength | ; and 1.5 nsin dura-
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tion. During the reset pulse an estimated 70 MWV of light is coupled into the laser. The
‘reset’ signal switches the light output from | , to wavelength | ; as seen in Fig. 3.

The measured turn-on delay is ti4,(l 1) = 0.18 ns. The measured 10% to 50% rise
timeist;s(l 1) = 0.13 ns. During the build up of photons at wavelength | 1 the mea-

sured jitter at point 4 hass 4 (I 1) = 18 ps.

The optical ‘reset’ signal switches the laser from state 2, lasing at wavelength | 4, to
state 1, lasing at wavelength | ,. The carrier density in the semiconductor laser, n,

decreases when switching from state 2 to state 1. The optical reset signa besides

injecting photons at wavelength | ; also decreases the carrier density, n, which
switches the laser from state 2 to 1. An optical ‘set’ pulse at wavelength | , applied

to the laser, at the lower carrier density state 1, will decrease nin the cavity and hence

will not switch the laser to state 2 with higher carrier density.
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Fig. 3.6 Shows the measured device response to a 70 M\ optical ‘reset’ pulse.
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The laser is biased at aDC bias current of 1, = 71 mA with the absorber biased at Vg = 0.95V. An
optical pulse at wavelength | 1, 1.5 nsin duration isthe reset signal. It switches the lasing wavelength
back to | 1. The measured turn-on delay, t (1 1), is 0.18 ns. The measured 10% to 50% rise time,
trie(l 1), i80.13 ns. The measured jitter of the detected optical waveform at wavelength | , at point 1
and at wavelength | ; at point 2 has s 1(l ) =28 psand s,(I 1) = 18 psrespectively.

3.3 Switching between states at the same BG defined wavelength

The simulation results presented in chapter 2 section 6 indicate that the device is
capable of lasing at multiple states at the same nominal optical wavelength. In this
section we study the transient dynamics when switching between the same nominal

wavelength.

Fig. 3.7 shows the L-l44, curve of the laser in the external cavity with the absorber

biased at 0.95 V. The coupling between the AR coated facet of the laser and the
lensed SMF is adjusted to obtain high output power at 50 mA DC bias current to the
gain section. At a DC bias current between 80 mA to 100 mA there are two possible

states, 1 and 3, at which the laser lases at wavelength | 5. Between these two states
there is another state, 2, with laseing at wavelength | 1. The discontinuities as well as
the small hysteresis loops in the L-1g4, Characteristic are due to the reflection back

into the laser from the broad area detector used to detect the light output. Measured L-
| gain Characteristics of the laser with index matching gel at the end of the fiber used to

couple to the broad area detector do not have these features.
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Fig. 3.7 shows results of measuring the light versus gain-section current (L-144p) characteristic of the
laser in an external cavity for saturable absorber voltage, Vg =0.95V.

When the laser is biased at | 45, = 80 MA to 100 mA the laser can lase at wavelength | | at state 2 and
| ;at states1 and 3.

Switching is possible between states 1 and 3 by applying an electrical pulse for ashort
duration as seen in Fig. 3.8. The laser is biased at |5, = 90 mA. A 20 ns, +13 mA

electrical pulse switches the laser from state 1 to 3 while a20 ns, -13 mA pulse resets
the laser back to state 3.
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Fig. 3.8 Showsisthe measured switching transients when electrical pulses are used to switch the MCL
between states 1 and 3 as seen in Fig. 3.7.

A 13 mA electrical pulse 20 ns in duration applied to the laser in state 1 switches it to state 3. The
device in state 3 is switched back to state 1 by applying a-13 mA electrical pulse 20 nsin duration. (a)
Time trace of the electrical set/rest signal. (b) Shows the characteristic of the device when switching
between states 1 and 3 lasing at nominal optical wavelength | ;.

Fig. 3.9(a) shows the results of the switching between state 1 to 3 when a 13 mA cur-
rent pulse is applied to the laser gain section. Initially there is arapid decrease in the
output light intensity at wavelength | , followed by along tail. During aportion on the
tail thereis aburst of photons at wavelength | ;. The optical wavelength separation of
lasing light at states 1 and 3 is smaller than the 0.1 nm resolution bandwidth of the
monochromator. Hence the measured transients do not show the lasing light at state 1
turning off and the lasing light corresponding to state 3 growing from the spontaneous
emission background. Although it is not clear from Fig. 3.9(a), the timing jitter of
S1(I'9) =98 psand so(l ,) = 935 ps at nominal wavelength | , measured at points 1
and 2 of the transient switching characteristic indicate that photons corresponding to
lasing state 1 of the device have to die before photons corresponding to state 3 at the

same nominal wavelength can build up from the spontaneous emission noise.
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The carrier density in the laser gain medium, n, increases when switching from state 1
to state 3. When switching from state 1 to state 3 n passes through an intermediate
value corresponding to state 2 when lasing is possible at nominal wavelength | ;.
This causes the optical pulse at wavelength | 1 during the switching transient. Asthis
pulse builds up from the spontaneous emission noise the measured timing jitter at the

rising edge of this pulseisin the 100s of ps range.
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Fig. 3.9 Shows the measured transient response of the device when switching between states 1 and 3 as



illustrated in Fig. 3.6. The laser isbiased at a DC bias current of 90 mA with the absorber biased at 0.95
V.

() Shows the measured transient response when a 13 mA pulse 20 ns in duration switches the laser
from state 1 to 3. (b) Illustrates the measured response when switching from state 1 to 3. The laser
switches back from state 3 to 1 when a-13 mA pulse 20 nsin duration is applied to the laser.

Fig. 3.9(b) is the measured transition from state 3 to 1 when the -13 mA, electrical

pulse of 20 ns duration is applied to the laser. The timing jitter of s4(I ») = 19 psand
sg(l o) =602 ps at nominal wavelength | , measured at points 4 and 5 of the transient
switching characteristic indicates that photons corresponding to lasing state 3 of the
device have to die before photons corresponding to state 1 at the same nomina wave-
length can build up out of the spontaneous emission noise. This causes the the notch
in the time trace of light intensity at wavelength | , during the initial phase of the
switching transient. n decreases when switching from state 3 to state 1. When switch-
ing from state 3 to state 1, n passes through an intermediate value corresponding to
state 2 when lasing is possible at nominal wavelength | ;. This causes ane optical
pulse at wavelength | ; during the switching transient. Although the optical pulse at
wavelength | 4 is not clearly seen in Fig. 3.9(b), other experiments performed by us

confirm this phenomena.

3.4 Optical switching

3.4.1 Experiment
A schematic diagram of the experimental arrangement is shown in Fig. 3.10(a). The

multiple quantum well laser emitting at 1.3 mm used for the experiments described in
ref. [3.6] is AR coated on one side. The laser obtains optical feedback from two BG
embedded in alensed SMF approximately 80 cm from the lensed end. The 2 mm long
fiber BG gratings are spaced 1 cm apart with center wavelengths at 1308.81 nm and
1311.346 nm with a-3 dB optical bandwidth of 0.475 nm and 0.555 nm respectively.
Peak reflectivity of the BGsis 70%. The photon cavity round-trip timeis~ 8 ns. The
coupling efficiency between the AR-coated laser and the lensed fiber with the embed-
ded Bragg gratings is adjusted so that the device lases at wavelength | o [7]. The
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laser has athreshold current of 14 mA in the external cavity.

A tunable laser is obtained by placing another AR-coated laser emitting at 1.3 nm in
an external cavity with optical feedback from a bulk diffraction grating. The wave-
length of the light output, istuned by rotating the diffraction grating. The light output
of the tunable laser is collected from the cleaved facet using alensed SMF. The light
is then passed through an isolator and a lithium niobate switch before it is injected
into the multi-cavity laser at the cleaved facet (non-AR coated facet). The light output
from the SMF containing the Bragg gratingsis collected at the detector.

The steady state light versus intensity L-1p¢ characteristics of the laser in this cavity

with no optical input is shown in Fig. 3.10(b). The threshold current of the laser in the

external cavity is |y, = 14 mA and the inset in the figure shows the spectrum under

steady-state current |pc = 25 mA.
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Fig. 3.10 Shows experimental arrangement and the measured staticcharacteristics of the MCL.

(a) Shows a schematic of the experimental arrangement to study the dynamics of wavelength switching
using an optical input. The BG gratings embedded in the SMF fiber are spaced 1 cm apart with center
wavelengths at | g = 1308.81 nm and | o = 1311.346 nm with a -3 dB optical bandwidth of 0.475

nm and 0.555 nm respectively and peak reflectivity of 70%. (b) The measured detected light output (L)
versus DC bias current (Ipc) for the laser in the external cavity with no optical input. The inset shows

the optical spectrum of the light output at |5 = 25 mA. The lasing wavelengthis| ;.
Fig. 3.11 showsinitial results of cavity switching using light input. The laser is biased

at current Ipc = 35 mA. Fig. 3.11(a) is the measured optical spectrum of laser light

output without any optical input. Lasing emission occurs at a BG defined wavelength,

| hot = 1311.4 nm. When light is coupled into the laser at the wavelength | ¢ p =
1308.9 nm the wavelength of the lasing emission switchesto | oo, p as seen in Fig.

3.11(c). The optica discrimination is greater than -30 dB. The estimated optical

power coupled into the laser is about 0.2 mW. The output optical power of the laser is
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greater than ImW. When the wavelength of the light input is not a BG defined wave-
length the light output has components both at the wavelength of the optical input and
| hot- This case is shown in Fig. 3.11(b). Results obtained in the DC cavity/wave-
length experiments are consistent with the results obtained by Hildebrand et al. in ref-

erence [3.5].

Or
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r No optical input

Detected signal, S (dBm)
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Fig. 3.11 Shows the results of cavity switching using optical input.

The experimental arrangement used in the experiment is similar to the one shown in fig. 4.1(a) except
that the light input is not passed through the optical switch. The laser is biased at 1pc = 35 mA. The
estimated optical power coupled into the laser is 200 mW. (a) Shows the optical spectrum of the light
output with no optical input. The laser islasing at | pot- (b) The optical spectrum of the light output
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when light at 1310 nmis coupled into the laser. The light output of the laser has components both 1310
nmand at | . (¢) The measured optical spectrum when light at | -4 is coupled into the laser. The

wavelength of the light output is| ¢4 demonstrating cavity switching using an optical inpui.

ShowninFig. 3.12 (a) are the transientsinvolved in switching to the cold wavelength,
| coLp» due to injection of light at the cold wavelength. The amount of power injected
is estimated to be approximately 200 mW. The laser is biased at Ipc = 18 mA. The
time taken to reach 50% of the steady state value when switching to | o,  islessthan
2 round trips, comparable to the value obtained from numerical simulation using our
model presented in the next section. Shown in Fig. 3.12 (b) are the transientsinvolved
in switching back to the hot wavelength after the light injection is turned off. It takes
several round trips to reach steady state lasing at | 1. Further, it isinteresting to note
the presence of a “shoulder” in the fall-off of cold photons. This is predicted by our
model and is attributed to two regimes involved in the transients. During regime (a)
the carrier density increases, at the expense of cold photons, to avalue so asto main-
tain lasing at the cold wavelength. This occurs during the first couple of roundtrips
after light injection isturned off. The hot photonsin the cavity build up at the expense
of cold photons and carrier density during regime (b). The carrier density now decays

to avalue such that it supportslasing at | ,,or-
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Fig. 3.12 The transient switching response obtained experimentally when cold light is injected into the

cavity.

The deviceis biased, at | pc = 18 mA, slightly above the threshold current (14, = 14 mA). The output of

the laser at this bias current before any optical injection is ~ 150 M. We estimate that about 200 M/
a | oo p isinjected into the laser. (a) The transientsinvolved in switching to | -, p with the injection of

light. (b) Temporal response involved in switching back to | o when the light injection is turned off.

3.4.2 Model and results of numerical simulation
Spatially dependent photon density rate equations [6] are used to model the multi-

cavity laser. Inthe model

d + d + — +
aS (I i)+vgd—ZS (1) = (G;=k;)S(I;) + (b DZ)RSp

(Eqg. 3.2)
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d d _

G5+ (VTS () = (Gi—k)S () +(bR)Rgy  (Ea.32)
d | hot
aN(z, t) = e_\/_i =aCOIdGi(S (I)+sq i))—RS

where S* is the photon density moving to the right, S is the photon density moving to

0 (Eq. 3.3)

theleft, N(zt) isthe electron carrier density, vy is the photon group velocity, G; (k;)
is the optical gain (internal loss) at wavelength |, Ry, is the spontaneous emission
power and b; is the spontaneous emission factor. The boundary condition at the

cleaved facet of the laser for photons at optical wavelength| ¢ p is

S'(Oitil corg) = Ry” SOt o) + Sy +K./Syi " Ry™ S(Otil o)  (EQ. 34)
where Sjyy; is the number of photons injected into the cavity from the non-AR coated

facet side and R; is the reflectivity of the cleaved facet. The square root term takes
into account the interference due to the coherent addition of the electric fields. For the
sake of simplicity, the constant k in the equation is set to unity. The boundary condi-
tion for photons at the hot wavelength at the cleaved facet of the laser is

s*(o:t hop) = Ry SOt 4o (Eq. 3.5)
The boundary conditions at the AR coated facet of the laser are

.+ _ r A2 ot . .
S(Letl COLD) - RCOLD c°S (I‘C’(t_tcow)’I COLD) (Eq. 3.6)

4o _ f A2 o . .
S(Latil jop) = Ryor © 7 S(Lait=t )il o) (Eq. 3.7)
where R, is the reflectivity (at both the wavelengths) of the non-AR coated facet,

t ot (coLp) IS the round-trip time for the hot (cold) photons, C is the optical coupling

factor between the semiconductor laser and the lensed single mode fiber, and

Rior(coLp) IS the reflectivity of the grating at the corresponding wavelength. To sim-
plify our analysis, although the FWHM of the Bragg grating may contain more than

one external-cavity longitudinal mode, we solve only the single-mode rate equations.

An AR-coated semiconductor laser of cavity length, L = 300 mm and external cavity
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lengths of L o, , = 6.67 cmand L ;5 = 5.0 cmisused. The non-AR coated facet has
areflectivity, Ry = 0.32 at both the wavelengths and the reflectivity of the gratings at
their respective center wavelengths is R,or = 0.90 and R, = 0.90. The coupling
between the semiconductor laser and the lensed single mode fiber, C = 0.45. Internd
loss in the semiconductor laser diode of 10 cm! at the hot and cold wavelength is
assumed. A linear model of the gain is used in our analysis with a gain slope of
4.40x10'1% cms1 at the cold wavelength and 4.70x1016 cm™st at the hot wave-
length. Homogeneous gain compression of 2x10"Y” cm® and spontaneous emission
factor of b = 10 at both the wavelengths is assumed. The values chosen are typical
of 1.3 mnm InGaAsP lasers [7] and we assume that | o and | -, , are approximately

1.3 mm with about 10.0 nm separation between them.

The numerical simulation was done by S. M. K. Thiyagaragjan. The simulated device
has athreshold of I, = 9 mA in the external cavity. If the active region is excited by
a constant D.C. bias current, |5 > Iy, the laser produces photons at the hot wave-
length when S,; = 0. However, when photons at the cold wavelength ( ~100 M) are
continuoudly injected as shown in Fig. 3.13(a), we see wavelength switching as
shown in Fig. 3.13(c and d). The injection of cold photons aters the effective photon
lifetime (optical loss) and thereby causes wavelength switching. Thisis confirmed by
the fact that the average carrier density decreases after the laser switches to | o, p.
Fig. 3.13(b) shows the transient response of the average carrier density in the semi-
conductor during wavelength switching. The presence of steps/discontinuities at each
round trip time, a signature of external cavity laser buildup[3.8][3.9], is clearly seen
in Fig. 3.13(b-d). Further, it is of interest to note that the 50% rise time for switching

to the cold wavelength is only 2-3 round trips.
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Fig. 3.13 The simulated transient switching response when a fixed number of cold photons are contin-
uously injected into the lasing region.

Thelaser isbiased at |, = 18 mA and the threshold current 1y, = 9 mA with alight output of ~1.75 mW
from the non-AR coated facet before cold photons are injected. The dashed curves correspond to a
smaller photon injection and the solid curves for the larger photon injection. (a) The number of cold
photons injected into the cavity ( ~ 200 mW for the solid curve and ~100 mW for the dashed curve) to
effect wavelength switching. (b) The temporal response of the average carrier density within the semi-
conductor region during wavelength switching. (c) The dynamics of the build up /decay of the total
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number of cold photonsin the cavity during wavelength switching. (d) The total number of hot photons
in the cavity as a function of time.

After the photon injection is turned off, we see from the figure that the laser switches
back to lasing at | o and P, p decreases. The ringing in P, after switching back
to lasing at | o7 is due to the presence of an external cavity and the ringing decays
down after afew round trips. It isof interest to note that switching back to | 1, takes
about 10-20 round trips. Switching back from | o p to | o consists of 2 regimes,
namely, regime(a) consisting of the first 2-3 round trips after turning off light injec-
tion and regime(b) about 10-20 roundtrips after regime(a). During regime (@), the
average carrier density in the active region increases to a value so as to sustain laser
oscillation at | o, . Thisincrease in the carrier density is accounted for by a decrease
in the number of cold photonsin the cavity. However, the laser is still lasing at | o, 5

but with fewer number of cold cavity photons. Regime (b) consists of the buildup of
hot photons and decay of cold photons and carriers to the value present before any
light injection. This is analogous to the case when the laser switches from lasing at

| yor tO| oo p- HOWever, it takes longer to switch back to | o because of the relative

values of gain/loss at this carrier density for both the wavelengths.

The effect of decreasing the CW photon injection on the switching transients can also
be seen from Fig. 3.13 (dashed curves). Decreasing the photon injection, causes a
decrease in the change in effective cold photon lifetime, i.e. decrease in the difference
between effective cold photon lifetime and hot photon lifetime. This causes the rise
time to increase and the number of cold photons to decrease. The time needed to
switch back to | ,o; after alower light injection is turned off is smaller. Thisis due to
an increase in the number of hot photons present, just before turning off light injec-

tion, at lower injection levels.

Although our model is very simplistic, e.g. we have ignored mode pulling due to
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injection locking, bistability, hysteresis etc., it nonetheless predicts qualitatively the

experimental results presented earlier.

3.5 Conclusion

In this chapter we have studied the cavity switching dynamics of the MCL. The
switching time of the MCL operating asa SR flip-flop islimited by the timing jitter as
well as turn-on delay of photons building up from the spontaneous emission noise to
between 1 and 10 ns. The timing jitter as well as the turn-on delay are dramatically
reduced when switching to alasing state if the device is seeded using an optical pulse
by photons at the wavelength corresponding to that state. The switching time in this
caseisabout 0.3 ns. Asthe optical pulse decreases n in the semiconductor it cannot be
used to switch the device from a state with alower steady state nto a state with higher
steady state n. We also see that the coupling between the carrier and photon dynamics
while switching states causes oscillations in the light output thus increasing the

switching time.

Optical injection is also used to select the lasing cavity of the MCL. The cavity
switches when coherent light injection is used to select the lasing cavity in about 2

round-trips.

Results presented in this chapter indicate that for high speed wavelength switching
(less than 100 ps) carrier densities in the different sections of the device should not
change while switching wavelengths. Fast switching times also mean that the M SR of
the light output islow so as to reduce the photon turn-on time. This condition may be

relaxed if coherent optical injection is used to switch the lasing wavelength.
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Chapter 4 : Cavity switching using RF modulation

4.1 Introduction

The emergence of wavelength division multiplexing as a viable method to transmit
information has spurred the need for high speed wavelength tunable lasers[4.1]. Ina
tunable laser a control input, which varies the wavelength dependent loss/gain, isused
to select the lasing wavelength. Bragg gratings (BGs) with different center wave-
lengths define distinct laser cavities of a multi-cavity laser (MCL). The different cav-
ities of aMCL have distinct photon cavity round-trip times due the differencesin the
cavity lengths. In MCLs, the effective gain/loss, is dependent on the cavity round-trip
time. Hence, a large RF signal tuned to the photon cavity round-trip time of a BG
defined cavity of MCL, could be used to select the wavelength defined by that BG as
the lasing wavelength. A similar idea is used to select the lasing wavelength of
actively mode-locked optical pulses from a laser diode using radio frequency (RF)
modulation in Refs. [4.2] and [4.3]. In Refs. [4.2] and [4.3] a chirped grating is used
to provide optical feedback. Recently, Huhse and co-workers recognized that the las-
ing wavelength could be switched using an RF signal in gain switched self-seeded

external cavity lasers[4.4].

The next section presents experimental results of wavelength selection of lasing light
output from a MCL by applying an RF signal to the laser gain section. Section 4.3
presents a detuning curve for the pulse width of optical pulses versus RF signal fre-
guency obtained from the MCL when modulated by an RF signal. Experimentally
measured transient dynamics of cavity switching using an RF signal is presented in
section 4.4. Results of numerical simulation of cavity switching using the travelling
wave model of the laser is discussed in section 4.5. Section 4.6 presents an experi-
mental demonstration of digital data transmission using the RF signal to select the

transmission optical wavelength. It also presents results that show that the MCL can
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be used to transmit wavelength encoded digital data. Timing jitter of the mode locked

pulses when switching the lasing cavity is presented in section 4.7.

4.2 Wavelength selection using RF signal

Semiconductor lasers have aresonance at the photon cavity round-trip time. In mono-
lithic semiconductor laser devices the round-trip time is a few picoseconds corre-
sponding to an RF frequency of 70 to 140 GHz. As the device packaging parasitics
prevent the laser from responding to signals in that frequency range this resonance is
often ignored when studying laser dynamics. In external cavity lasers where the fre-
guency corresponding to the round-trip time is usualy in the GHz range or less this
resonance is clearly seen in the small signal RF response of the laser [4.5]. In this sec-
tion the resonance is used to select the wavelength of the pulsed light output of the
MCL.

Inset in Fig. 4.1(a) shows a schematic of the experimental arrangement. Optical emis-
sonat | =1.3 nm wavelength from the anti-reflection (AR) coated side of a multi-
guantum well semiconductor laser diode [4.6] is coupled with 45% efficiency into a
lensed single-mode fiber containing 10 Bragg gratings. The fiber gratings
[4.7],[4.8],[4.10] are spaced 2 mm apart with center wavelengths placed at approxi-
mately 1 nm intervals covering the spectral range from| = 1307 nmto| = 1316 nm.
The steady-state light-current (L-I) characteristics of the laser diode in this cavity is
shownin Fig. 4.1(b). The threshold of the laser in the external cavity isly, = 9 mA and

the inset in the figure shows the optical spectrum under steady-state current bias, I5c
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=30 mA.
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Fig. 4.1 Showsthe experimental arrangement and the static device characteristics of the MCL .

(a) Experimental arrangement to study the transient characteristics of an external cavity actively mode-
locked laser diode. The AR coated laser obtains optical feedback from BGs embedded in the single
mode fiber which is used to define lasing wavelength | , cavity length L, and resonance frequency f. (b)
External cavity laser diode L-I characteristic showing Iy, = 9 mA. The insert shows the optical spec-

trumfor Ipc =30 mA with | o = 1316.5 nm. The as-cleaved multi-quantum well laser diode had 1, =
6 mA.

Actively mode-locked light output is switched to a particular wavelength by applying
a radio frequency (RF) signal to the diode which corresponds to a grating-defined
photon cavity round-trip time, tcay- Any one of the wavelengths determined by the
BG is selected by applying an RF signal at the appropriate frequency and mode-lock-
ing the laser light output as shown in Fig. 4.2.
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Fig. 4.2 Optical Spectra obtained when the RF signal modulating the laser is used to select wavelength
of laser light emission.

Thelaser isin the external cavity shown in Fig. 1. The single mode fiber contains BGs 2mm apart cen-
tered at 10 different wavelengths. The optical wavelengths of the gratings are about 1nm apart. The

laser is biased at 11mA. RF Signals used to select the 10 wavelengths are : 1
1: 2.320GHz selects| at 1307nm. 2. 2.280GHz selects| at 1308.5nm.
3: 2.16GHz selects | at 1309.3nm 4: 2.058GHz selects| at 1310nm.
5: 1.992GHz selects| at 1311.5nm. 6: 1.932GHz selects| at 1312nm.
7: 1.84GHz selects | at 1313.2nm. 8: 1.769GHz selects| at 1314nm.
9: 1.722GHz selects| at 1315.5nm. 10:1.632GHz selects| at 1316.4nm.

The optical discrimination ratio is greater than -25dB.
4.3 Detuning curve

Active mode-locking results in gain modulation due to the injection of RF current at
the frequency corresponding to the photon cavity round-trip time. Active mode
locked lasers emit short optical pulses at the photon cavity round-trip time. Laser
diodes also emit short pulses when gain switched. Unlike gain switching, the pulse
width of active mode locked pulses is influenced by frequency of the applied RF sig-
nal. As the frequency of the applied RF is tuned to lower frequencies than the photon

cavity round-trip frequency, fcay, the pulse width of the modelocked pulses

decreases [4.10]. The laser partially compensates for the detuning by advancing the
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phase of the pulse. For large negative detuning the laser is no longer mode locked and
there is a rapid increase in optical pulse width. The pulse width increases as the
applied RF frequency is tuned higher than fcay -

250 L |DC:25mA

Time, t (ns)

Pulse width, t s (PS)
X
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Fig. 4.3 Measured full width half maximum pulse width t ;s as a function of applied RF for an
actively mode-locked external fiber grating cavity laser diode.
The laser is biased at Ipc = 25 mA and a small fraction of the applied 24 dBm RF signal power is
absorbed by the laser due to impedance mismatch. The linear BGs are 1 cm apart, centered at wave-
lengthl =1309 nmand | = 1312 nm, and exhibit cavity resonances at 2.14 GHz and 2.74 GHz.

Fig. 4.3 shows measured optical pulse width, t ;s as afunction of RF detuning for

an external cavity formed using linear fiber gratings centered at | =1312 nm and

| =1309 nm spaced 1 cm apart. As expected for an actively mode-locked device
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[4.10], tpyse decreases sharply as the applied RF approaches cavity resonances
defined by the two Bragg gratings from lower frequencies. t s increases gradually

as the RF frequency is tuned higher than the photon cavity round-trip frequency. The
minima in pulse width at frequency f = 2.14 GHz and f = 2.74 GHz correspond to 1/
tcay for each Bragg grating defined cavity. The locking range is determined by the

approximate 2 mm length of the linear Bragg grating.

4.4 Switching transients

An RF signal applied to the MCL at a photon cavity round-trip frequency of a BG
defined cavity selects that BG defined cavity as the lasing cavity. In this section the

cavity switching transients are measured.

(a) RF signal
source
Pulse generator IRF
Microwave
- switch
T Am.oC
To detection system AR l coLp | hot
e > C [ [
Lensed MM [aser Lensed SM ‘
fiber fiber
< >

[ CoLD = 1.3125 mm
LCOLD =5.2cm
fCOLD =1.921 GHz

| HOT = 1.3165 mm

LHOT =59cm
fHOT =1.684 GHz

Fig. 4.4 Experimental arrangement to study the transient characteristics of an external cavity actively

mode-locked laser diode.
The AR coated laser obtains optical feedback from Bragg gratings embedded in the single mode fiber
which is used to define lasing wavelength | , cavity length L, and resonance frequency f.
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Fig. 4.4 shows the experimental arrangement used to measure transient response.
Spectrally resolved transient response is measured using a microwave switch to gate
the RF signal, a spectrometer to select detected wavelength, a high-speed detector and

sampling oscilloscope.

Fig. 4.5 illustrates results of measuring transient response using a microwave switch
to turn on the RF signal applied to the laser diode. As shown in Fig. 4.5(a), the applied
RF signal has a 1 ns response time. In these experiments the diode is biased at |5¢ =
30 mA so that prior to applying the RF signal the laser light output has spectral com-
ponentsat | =1316.5nmand | =1315.5 nm (see Fig. 4.5(d)). If the applied RF sig-
nal selects a mode-locked lasing wavelength which is already lasing we define thisto
be a “hot photon cavity’. The results shown in Fig. 4.5(b) indicate that it takes
approximately two photon cavity round-trips after the RF signal, fyor = 1.684 GHz,
is applied for the laser to switch its mode-locked output to the wavelength | ot =
1316.5 nm. If the applied RF signal selects a mode-locked lasing wavelength whichis
not already lasing we define this to be a “cold photon cavity”. The results in Fig.
4.5(c) show that by applying an RF signal, fco; p = 1.921 GHz, the lasing wavelength
can be switched to | ¢ p but it takes 5 photon cavity round-trips for the| = 1316.5
nm wavelength component to decay after which the spectral intensity at | oo p Starts

to grow with a 50% rise time of 7 photon cavity round-trips.
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Fig. 4.5 Transient response of the MCL when switching the lasing cavity using an RF signal to modu-
late the semiconductor gain section.

(a) Transient RF waveform applied to the laser diode. 24dBm of RF signal power incident on the laser
is used to switch the optical wavelength of the light output. (b) Hot photon cavity response to achieve
active mode-locking using fyot = 1.684 GHz, | o1 = 1316.5 nm and I ¢ = 30 mA. (c) Cold photon
cavity response to achieve active mode-locking using fco p = 1.921GHz, | ¢ p = 1312.5 nm and | p¢
=30 mA. It takes 5 photon cavity round-trips for the | = 1316.5 nm wavelength component to decay
after which the spectral intensity at | oo p Starts to grow with a 50% rise time of 7 photon cavity
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round-trips. (d) Optical spectrum at the indicated times.
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Fig. 4.6 Normalized transient time, n°%% = t50%yt ., for the laser to reach 50% of the steady-state

response after the switch is turned on for different bias conditions.
Above threshold, the transient time for | gt is 2 round-trips independent of | ¢ and incident RF sig-

nal power while that for | o p decreases with increase in RF signal power. Below threshold, the tran-
sient response of | yo1 tendsto that of | ¢, p, increasing with decrease in | pc and RF signal power.

The transient time t°°% to reach 50% of the steady-state value after the switch is

turned on can be normalized to t cay by defining n®% = 3%/t ,\,. In Fig. 4.6 we

50%

show results of measuring - as a function of 1 ¢ for both hot and cold photon cav-

ities and for different applied RF signal powers. When I > I, the value of n for

the hot photon cavity isindependent of the RF signal power and I pc. For Ipc < Iy, the

transient response time increases rapidly with decreasing | 5. Below threshold n°0%
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decreases with increasing RF signal power.

The transient response time of the cold photon cavity decreases with increase in RF
signal power. Above threshold n® for | o, p isindependent of I 5 and depends on
the RF signal power. Below threshold there is an increase in the transient time for
| coLp With decrease in I at all RF signal power levels. The increase in n°%” with
decrease in DC hias current just below threshold is more rapid for | yot than for
| coLp- Asthe laser is biased further below threshold the transient response time for
| ot tends towards that of | oo p. This suggests that the transient response time

when switching lasing wavelength and cavity length depends on the number of “hot
photons’, photons corresponding to the wavelength and lasing cavity switched to,

present initially before the RF signal is turned on.

4.5 M odel and numerical ssmulation

Spatially dependent photon density rate equations [4.11] are used to model the multi-
cavity laser. We use the model described in section 3.4.2 with boundary condition for
the cold wavelength at the non-AR coated facet modified from equation Eq. 3.4 to

st (ot coLp) = Ry SOt o5 p) (Eq. 4.1)
where R; is the reflectivity, at both the wavelengths, of the non-AR coated facet. To
simplify our analysis, although the FWHM of the Bragg grating may contain more
than one external cavity longitudinal mode, we solve only the single mode rate equa-

tions.

The numerical simulation presented in this section was done by S. M. K. Thiyagara-
jan. The threshold current of the simulated device s, Iy, ~ 9 mA. The simulated L 4!

characteristics match that of the experimental device seenin Fig. 4.1. Lack of carrier

pinning above threshold due to gain compression is seen in the smulations.
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Fig. 4.7(a) shows the rectifying action of the laser diode on RF current flow. After

timet = O, the sinusoidal current amplitude is Iz = 3xly, superimposed on a steady-
state current 1, = 18 mA. In the model, only positive current flows through the diode.

Shown in Fig. 4.7(b) and (c) is the calculated temporal evolution of wavelength
switching in the multi-cavity laser due to an RF signal tuned to the cold cavity reso-
nance. The RF signal drives the laser below threshold during portions of the negative
half cycle and hence causes gain switching to occur. Since the RF signal is tuned to
the cold cavity resonance, the average dynamic gain seen by the cold wavelength is
larger than that seen by the hot wavelength. Hence, the lasing wavelength changes
from the hot wavelength to the cold wavelength. Fig. 4.7(c) shows that about 7-8
round-trips are needed to switch to the cold wavelength. The transient switching time
is determined by the relative dynamic gain at each wavelength and the fact that pho-
tons at the hot wavelength must first be reduced before increasing the number of pho-
tons at the cold wavelength. There are some spike-like features in the optical power
output at the hot wavelength even after the average value has been suppressed. Thisis
due to the difference in the round-trip times for the hot and cold photons which affect
each other directly through gain compression and indirectly through carrier density

variation.
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Fig. 4.7 Transient switching response when an RF signal tuned to the cold cavity resonance is turned
on.

(a) Total current, Iy, input to the laser, with |5 = 2xly, and | g = 3Xly,. (b) The response of the hot

photons. (c) Pulse build-up dynamics of the cold photons. It takes about 7 round-trips for the cold
wavelength to build up and reach 50% of the steady state intensity. Dashed curve is the light output at
the hot wavelength and the solid curveis the light output at the cold wavelength.

Fig. 4.8 shows the effect of bias current 1, and the RF current |- on the calculated

rise time for hot and cold switching. It is of interest to note that switching to the cold

wavelength takes longer than switching to the hot wavelength. This is because hot
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photons in the cavity must first be suppressed before significant build up of the cold
photons. Further, the trends shown here agree quadlitatively with the experimental
results shown in Figure 4. The only discrepancy is in the case of switching to | o, p
for agiven RF current | ¢, asthe bias current | is increased above threshold. In this

situation, the numerical results indicate that the switching time should increase with

an increase in the bias current 1, while the experimental results show that it is inde-

pendent of the bias current. Naively, one expects the number of hot photons in the

cavity to affect the switching transients and they increase with I ;.. Hence, we expect
our simulations to show an increase in the cold switching time with anincreasein I ;¢

above threshold. Our results show this result but the experiments do not. We tenta-
tively ascribe the discrepancy to the simplistic model used which does not take into
account the effects of modelocking and the residual reflectivity of the anti-reflection
coated facet [4.12].

As shown in Fig. 4.8, the cold switching time decreases with an increase in RF cur-
rent independent of the bias current. This is to be expected since RF modulation
decreases the effective dynamic loss seen at the cold wavelength compared to the hot
wavelength. For hot switching time, an increase in the RF modulation causes a faster
turn on when biased below threshold since this decreases the effective dynamic loss at
the hot wavelength. This and the cold switching case are analogous to the case
wherein the turn on delay of an on-off modulated laser depends on the modulation
depth. However, when the laser is biased above threshold, this effect is negligible
since the device is aready lasing and has hot photons in the cavity. Hence, the hot
switching time is independent of the RF power when biased above threshold. An
analogy would be the aimost negligible dependence of the turn-on delay of an above
threshold (on-on) modulated laser on the modulation depth. Intuitively, we expect the

time taken to switch to | -, p to decrease, when the spectral separation between | ,or

and | o p is decreased. This is confirmed by our simulations whose results (not
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shown in figure) indicate a decrease of 2 round-trips in the rise time for switching to
| coLp» INdependent of the bias current I, when the differential gain at | o, IS
increased by approximately 2 percent. Hence, we believe that the transients are deter-

mined by the relative values of the dynamic gain and loss at both the wavelengths.

- @ - Hot switching, Irf =18 mA
14 —©— Cold switching, Irf = 18 mA
- A - Hot switching, Irf =27 mA
—&— Cold switching, Irf =27 mA
12
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Fig. 4.8 Simulation results for cavity switching time of the MCL when the gain section is modulated by
an RF signal.

Transient switching time for cold cavity switching (solid curve) and hot cavity switching (dashed
curve),is plotted as a function of the DC bias current, |1, for the different indicated RF currents, | gg.

Note that the RF source is a voltage source capable of supplying the indicated maximum current. How-
ever, the total current |y = (|5t re SINWREL) iNto the laser is always non-negative at any time instant.
If 1, becomes negative, the current into the laser is clamped to zero. The error bars in the figure are
due to an uncertainty of around-trip in the rise time.

4.6 Data transmission experiments

In the MCL the BGs define the possible wavelengths of the light output. So when an
RF signal selects one of the BG defined cavities as the lasing cavity the wavelength of
the pulsed light output is well defined and repeatable. The MCL is at least one order
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of magnitude less sensitive to temperature variations than the DFB or DBR lasers.
The results presented in this chapter indicate that an RF signal can select the wave-
length of the pulsed light output of an MCL with an optical discrimination of greater
than -40 dB. It is possible to switch the lasing wavelength of the MCL in about 10
photon cavity round-trips. Hence, the MCL is potentialy a cheap, simple and fast
wavelength selective source for applications such as WDM. In this section results of

digital data transmission experiments using the MCL as the transmitter are presented.

Fig. 4.9 shows the experimental arrangement used for our data transmission experi-
ments. A 300 mm long multiple quantum-well Fabry Perot semiconductor laser diode
[4.6] has a 0.1% reflecting anti-reflection (AR) coated mirror on one side and a 32%
reflecting cleaved mirror on the other. Optical emission at wavelength | = 1310 nm
fromthe AR coated side of the diode is coupled with 40% efficiency into alensed sin-
gle-mode fiber containing two adjacent BGs. The 1 mm long BGs have center wave-
lengths | 1 = 1311.7 nm and | , = 1310.4 nm, 75% reflectivity, and -3 dB optical
linewidth of 0.24 nm (42.7 GHz) and 0.26 nm (46.2 GHZz) respectively. The two BGs
define distinct laser cavities at precise optical wavelengths. The photon cavity round-
trip time in the multi-cavity laser (MCL) at wavelength | 1 (I ») is approximately 112
ps (138 ps) with resonant RF frequency at f, = 8.950 GHz (f, = 7.240 GHz).

RF signal
g)urc% @ 1 PRBS pattern
generator

g |

Lensed MM m
fiber & AR | P
- YCAC I I
Diode L M
To detector ﬁggr%d S t,= 112 ps
< ) t,=138ps
< )

Fig. 4.9 Shows the xperimental arrangement.
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Optical emission at | = 1300 nm wavelength from the anti-reflection (AR) coated side of a multi-quan-
tum well semiconductor laser diode is coupled with 40% efficiency into a lensed single-mode fiber
containing two BGs. The BGs have center wavelengths | { = 1311.7 nmand | , = 1310.4 nm, reflectiv-

ity of 75%, and -3 dB optical bandwidth of 0.24 nm and 0.26 nm respectively.
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Fig. 4.10 Measured L-I of the MCL. The inset shows the measured optical spectrum when | = 15.5
mA

Lasi ng occurs at wavelengths| ; and | , corresponding to the two BGs.
The steady-state light-current (L-1) characteristics of the MCL diode with threshold
current Iy, = 10.5 mA is shown in Fig. 4.10. Small discontinuitiesin the L-I curve are

likely due to mode hopping between longitudinal external cavity modes. The inset to
Fig. 4.10 shows the optical spectrum of the MCL biased at constant current | = 15.5
mA with lasing at both BG wavelengths.
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Fig. 4.11 Measured small-signal RF response of the MCL at a steady-state current bias of | = 15.5 mA.
The baseband -3 dB optical bandwidth of the MCL at | = 15.5 mA is 1.2 GHz. The RF spectrum of the
MCL shows *out of band’ peaks at f; and f, and their higher harmonics corresponding to the inverse

photon cavity round-trip times at wavelengths| 1 and | , respectively.
The measured small-signal RF response of the MCL shown in Fig. 4.11 has ‘out of

band’ peaksat f, and f,, and their higher harmonics, corresponding to the photon cav-
ity round-trip times of the two BG-defined cavities. At a bias of | = 15.5 mA the
‘baseband’ -3 dB optical bandwidthis 1.2 GHz. Theinset to Fig. 4.11 showsthat this

-3 dB frequency increases with bias current. Gb/s digital data transmission is possible
within this baseband.

Modulating the laser with a RF signal at f, (f,) selectslasing wavelength | 4 (1 ). The

RF power launched from the signal generator is 16 dBm and the laser is biased to a
steady-state current | = 15.5 mA. Mode-locked pulsesat | 4 (I 5) have a-3 dB optical
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bandwidth of 0.28 nm (0.24 nm). Digital data encoded as a small signal amplitude
modulation of 3 mA on the RF signal at f; (f,) is applied to the MCL. A 1 Gb/s non-
return to zero pseudo-random bit stream (NRZ PRBS) is generated by a pattern gener-
ator. The received optical signal is measured using a detector with a -3 dB optical
bandwidth of 1.44 GHz. Fig. 4.12(a) shows the BER versus measured eye opening

relative to the clock edge. The measured phase margin at a BER of 10" is 840 ps and
the optical spectrum of the transmitted signal seen in the inset to Fig. 4.12(a) has a
MSR of -30 dB. The measured phase margin for data transmitted with no applied RF
is approximately the same as when the RF signal is used to select the lasing wave-

length.
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Fig. 4.12 Measured results of digital datatransmission at an optical wavelength selected using an RF

signal.

(a) Measured BER versus eye opening relative to clock edge. A 2’ - 1 NRZ PRBS is transmitted at 1
Gb/s. A 16 dBm RF signal launched by the signal generator at f; = 8.95 GHz (f, = 7.24 GHz) isused to

select | 4 (I 5). The phase margin at a BER of 10-7 is 840 ps. The inset shows the time averaged optical
spectrum of the MCL when transmitting digital data at | 1 (I ;). (b) Measured BER versus average
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received optical signal power at | 1 (I ,). Inset is eye diagram of received signal for a1l Gh/s 2"-1NRZ
PRBS transmitted at wavelength | 4.

Measured BER versus average received optical signal power is shown in Fig. 3(b).
Light is collected using a lensed multimode fiber (MMF) and is passed through an
optical attenuator before being detected. There is no measurable noise floor with a
BER as low as 10! and digital data was transmitted at wavelength | ; (I ,) for over
two hours with no errors. The inset to Fig. 4.12(b) shows the eye diagram of the
received signal at | 1. Experiments without a RF signal to select the lasing wave-
length indicate that there is a-0.5 dBm power penalty when the RF signal is used to
select the lasing wavelength. Thus, our preliminary results suggest that the MCL isa

possible candidate for use in WDM systems which require selectable multi-wave-

length sources.
— RF signal S
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PRBS pattern — S
80 Micr_?v%av generalor T E
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Fig. 4.13 Measured waveform of wavelength-encoded 2’ - 1 NRZ PRBS transmitted at wavelengths|
andl 5.

The transmitted 25 Mb/s signal has a BER of less than 10°°. Inset shows a schematic diagram of the
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experimental arrangement and the eye diagram of the received signal at wavelength | ,. Biased at cur-
rent | =25 mA, thelaser has emission at wavelength | 1. The 23 dBm RF signal at frequency f, incident
on the laser is turned on and off using a microwave switch. A logical-high data input turns the micro-
wave switch on and the RF signal selects lasing wavelength | 5.

Wavelength-encoded data transmission is also possible using a MCL diode. In our
initial experiments the laser is biased at | = 25 mA and the coupling efficiency
between the MCL and the lensed SMF with embedded BGs is adjusted so that the
device lases at wavelength| ;. A schematic of the experimental arrangement is shown
as aninset to Fig. 4.13. A 23 dBm RF signal at frequency f, selects | 5 as the lasing
wavelength. In our first experiments, the RF signal applied to the laser is turned on
and off using a microwave switch. Logical-high data input turns the switch on and is
encoded as emission at wavelength | ,. Logical-low data input turns the switch off

and is encoded as emission at wavelength | ;. Wavelength-encoded NRZ PRBS is
transmitted at 25 Mb/s with a BER of less than 10°°. Fig. 4.13 shows a measured
time-trace of the transmitted signal at wavelengths| ; and | 5. The eye diagram of the
transmitted signal at | , is shown as an inset to Fig. 4.13. At present the microwave

switch used in our experiment limits the wavelength switching rate to less than 100
Mb/s. Although with some RF signal processing the switch has a 0.5 nsrise time the
fall time of the switch limits the speed of operation. However, experiments on the
transient response of wavelength switching in MCLs indicate that Gb/s data rates are

possible in such MCL devices.

4.7 Jitter

Fig. 4.14(a) shows a schematic diagram of the experimental arrangement to measure
the steady state pulsejitter of optical pulsesat both| yot and | co p. A SM fiber with
two BG gratings centered at | jot = 1311.4 nm and | ¢ p = 1308.8 nm provides
optical feedback to the AR coated laser used for the experiments on pulse jitter. The

laser is described in section 2. The laser is modulated by an RF signal with a fre-
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quency fuor = 2.14 GHz (fcop = 2.738 GHz), corresponding to the photon cavity
round-trip time, to select | 4ot (I coLp) as the lasing wavelength. The RF signal
power incident on the laser is 23 dBm. Fig. 4.14(b) shows the measured steady state
pulse jitter as a function of DC bias current for optical pulses at wavelengths | ot
and | ¢ p- The RF signal used to select the lasing cavity is split and a portion is used

to trigger the high speed digital sampling oscilloscope. The measured electrical jitter
of the experimental arrangement is 2 ps. The pulsed light output from the MCL passes
through a monochromator before being detected using a optical detector with a-3 dB
optical bandwidth of 16 GHz. The output of the detector is fed to the oscilloscope.

The pulse timing jitter for pulses at | yot is equal to that for apulse at | o p Up to

about 30 mA. Below 30 mA the RF signal is large enough to ensure complete wave-
length switching to | ¢ p as seen in Fig. 4.14(c). Above 35 mA the MSR when

switching to | o p dropsand this coincides with an increase in steady state pulse jit-
ter for | o p as seenin Fig. 4.14(b). Above 35 mA the pulse jitter at | yo7 varies

significantly with DC bias current. This may be due to back-reflections from the fiber

connectors and the front face of the fiber lens collecting light from the laser.
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Fig. 4.14 (a) The experimental arrangement for the steady state pulse jitter.
(b) Measured steady state jitter as a function of bias current for optical pulses at | ot = 1311.4 nm,

and | o p = 1308.8 nm. The SM fiber contains two BGs. The laser is modulated at frequency of g
= 2.14 GHz and at fyt = 2.738 GHz to select | yor and | cop p respectively. (c) Shows the measured
optical spectraat the indicated points along the graph in Fig. 4.14(b).

Fig. 4.15(a) shows the experimental arrangement used to measure timing jitter of the

optical pulses at wavelengths | oo p and | 4ot as a function of pulse position. The

110



laser is biased at 20 mA. The RF signal power incident on the laser is 23 dBm. The
RF signal used to select the wavelength of the light output is fed to a trigger head
which generates a trigger signal in the 100 KHz range. This signal is used to trigger
the rest of the instruments. The measured timing jitter of the experimental arrange-
ment is 7 ps. The RF signal modulating the MCL is turned on and off by a microwave
switch which is controlled by a pulse generator. The light output of the MCL is

detected asin the previous experiment.
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Fig. 4.15(a) Schematic of the experimental arrangement to measure pulse jitter versus pulse position.
(b) Measured jitter as a function optical pulses position at | ot = 1312 nm, and | ¢ p = 1309 nm
after an RF signal is applied to select the optical wavelength. The laser is modulated at frequency of

fHoT = 2.14 GHz and fco p = 2.738 GHz to select | ot and | o\ p respectively. The RF signal power
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incident on the laser is 13 dBm. Curves 1 and 2 show the measured pulse timing jitter for pulses at
| ot and | o p respectively, with the laser biased at 20 mA. The SM lensed fiber collecting light

from the AR coated side of the laser is optimally aligned for maximum coupling efficiency. Curve 3 is
the measured pulse jitter at | o7 with the SM lensed fiber aligned at an angle to the laser and the DC
bias of the laser changed to 35 mA to minimize jitter.

Measured variation of jitter with optical pulse position is shown in Fig. 4.15. The
measured steady state jitter for optical pulses at wavelengths | oo, p and | ot in the
experimental arrangement is 8 ps and 6 ps respectively. Experimental results shown
in Fig. 4.14(b) indicate that the steady state pulse jitter for the two wavelengths
should be the same. The difference in the steady state value of jitter between | o p
and | 4ot Isdueto the electrical triggering mechanism used for the experiment which

has a measured timing jitter of 7 ps.

Timing jitter of optical pulses at | o p reach their steady state value in 5 pulses of
| coLp- The timing jitter of the first few pulses at the wavelength | ot is dependent

on the experimental arrangement. When the lensed SM fiber collecting the light from
the AR coated side of the laser is optimally aligned the jitter of the first few pulses
varied with time and bias current. Any slight movement of the lensed multimode
(MM) fiber collecting light from the non AR coated side of the laser also caused a
variation of the jitter of the initial pulses. A possible cause of the instability is the
back-reflections of light back into the laser from the surface of the lens and mis-
aligned connectors. Under these conditions the timing jitter of optical pulsesat | ot
reach their steady state value after 10 pulses. The lensed SM fiber collecting light
from the AR coated side of the laser is aligned at an angle to the laser diode. This
minimizes the back-reflections of light from the lens surface back into the laser.
Under these conditions the timing jitter of the initial pulses is more stable over time
although it varies with bias current. The experimental conditions are tweaked to mini-
mize pulsejitter. The laser isbiased at 35 mA. Under these conditions the timing jitter

of pulsesat | 4ot reaches a steady state value in 3 pulses.
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Further work is necessary to understand the factors affecting timing jitter. Both the
intensity as well as the phase of the light reflected back into the laser cavity affect the
linewidth of the light output. Narrowing or broadening of emission line were pre-
dicted and observed to occur at very low feedback levels (<-50 dB) [4.14] [4.15].
Effects of feedback on the spectra of DC biased semiconductor lasers have been
extensively studied [4.16] [4.17]. The turn-on jitter measurement is sensitive to slight
movements indicating that besides the magnitude of the unwanted optical feedback,
its phase also affects the timing jitter of the first few pulses. The effect of the light fed
back from the surface of the SMF lenses collecting light from the facets of the laser
may be studied by placing the semiconductor laser in an external cavity with optical
feedback from a bulk optic BG. To minimize unwanted reflections a carefully
selected AR coated optical lens should be used to collimate the light in the external
cavity. The effect of an SMF lens collecting the light output from the cleaved facet
can then be studied in acontrolled manner. Trandation stages with submicron transla-
tional resolution are needed to study the effect of the phase of the light fed back to the
device on the its characteristics. After the effects of reflections from the lens surface
on the device characteristics are determined the effect of optical feedback from mis-
aligned SMF connectors can then be studied.
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Chapter 5: Conclusions and future work

5.1 Summary and conclusions

In this thesis an attempt is made to understand the static and dynamic characteristics
of aMCL consisting of an AR coated semiconductor laser in an external cavity with

optical feedback from narrow BGs embedded in a singlemode fiber.

The residual facet reflectivity of the AR coated facet, even with reflectivity as low as

1073, plays a crucia role in determining the device characteristic of the MCL due to
coupled cavity effects. The optical cavity between the cleaved semiconductor facet of
the AR coated semiconductor laser and the fiber BG is one cavity of the MCL. The
semiconductor laser cavity between the AR coated semiconductor facet and the
cleaved semiconductor facet forms a second cavity. Optical lossis minimized and las-
ing occurs at a BG defined wavelength when a peak in the spontaneous emission
background of the semiconductor cavity coincides with the BG defined wavelength.
In this manner the small residual reflectivity of the AR coated facet can cause alarge

mode suppression ratio (M SR) when selecting lasing wavelengths.

Decreasing optical coupling efficiency between the semiconductor diode and the
SMF causes an increase in threshold carrier density. An increase in carrier density in
the semiconductor causes a decrease in the refractive index and moves the FP peaks
of the semiconductor cavity to shorter wavelengths. By changing the coupling effi-
ciency between the AR coated semiconductor laser and a SMF containing two BGs
with distinct center wavelengths, coupled cavity effects are used to select the lasing
wavelength with aM SR of greater than -35 dB.

In atwo-section laser the carrier density is not pinned above threshold. Experimental
results show that changing the bias current applied to one of the sections of an AR

coated two section laser in a BG defined external cavity shifts the spontaneous emis-
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sion peaks of the AR coated laser to shorter wavelengths. This effect is used to dem-
onstrate wavelength coding using a two-section laser in an external cavity with
optical feedback from two FBGs.

In MCL besides the interference effects of the composite cavity, the reflection spec-
trum of the BG also plays acrucial role in determining the lasing characteristics of the
device. If residual facet reflectivity of the AR coating is reduced to zero the MCL has
a unigue lasing solution at any bias current when the optical bandwidth of the BG is
greater than the mode spacing of the cavity modes. The device has multiple lasing
solutions at the same bias current even with a perfect AR coating if the bandwidth of
the BG is comparable to the mode spacing of the external cavity modes. The device
also has multiple lasing states at the same bias current due to coupled cavity effects if
the effective reflectivity of the BG approachesthat of the AR coated facet of the laser.

The MCL isused to build an electro-optic flip-flop by switching between the multiple
lasing states at the same bias current using electrical pulsesto set and reset the device.
When the flip-flop switches between two states with lasing at optical wavelengths
corresponding to the two BGs the switching time is in the ns range even though the
photon cavity round trip time is 68 ps. The switching time when switching between
lasing states at the same nominal wavelength using electrical set and reset pulsesis
also inthe nsrange. The speed of operation of the electro-optic SR flip-flop is limited
to about 100 MHz by the turn-on delay as well as timing jitter when switching
between states by applying electrical pulses. Switching to a wavelength state of the
flip-flop by coherently injecting photons into the device at that wavelength reduces
the turn-on delay and timing jitter. Asthe coherent optical pulse applied to the device
lowersthe carrier density, n, in the laser gain medium it will not switch the flip-flop to

alasing state with higher carrier density.

Semiconductor lasers have aresonance at the photon cavity round-trip time. Hence, a
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large RF signal tuned to the photon cavity round-trip time of a BG defined cavity of
the MCL, selects the wavelength defined by that BG as the lasing wavelength. This
novel technique switches the lasing cavity with an optical discrimination of greater
than -40 dB. The transient switching time depends on the number of “hot photon”
present initially before the RF signal is applied to accomplish the switching. Above
threshold the transient response time of the hot photon cavity is 2 round trips indepen-
dent of the DC hias level and RF signal power while that of the cold photon cavity
decreases with increase in RF signal power. Below threshold the transient time of the
hot photon cavity tends to that of the cold photon cavity, increasing with decrease in

Ipc and RF signal power. Using this basic idea, out of band RF modulation of aMCL

is used to precisely select lasing optical wavelength for digital data transmission at
1 Gbls.

5.2 Futurework

5.2.1 Stability of the experimental arrangement
Packaging of the AR coated semiconductor lasers in an external cavity with optical

feedback from FBGsis the main factor determining long term stability of these hybrid
devices. The alignment between the lensed SMF and the AR coated laser needsto be
maintained in all three dimensions to within a fraction of a wavelength to prevent
mode hopping. The experimental arrangement that we use to perform experiments on
the MCL is stable for about 10 to 15 minutes. Improvements of the packaging to
ensure long term stability will help to study the MCL in a much more controlled man-
ner than currently possible. Besides, the packaging problem needsto be solved before

the MCL can be used to build functional optoelectronic devices.

5.2.2 Model of the MCL
The model of the MCL presented in thisthesisis afirst cut at simulating a fairly com-

plex device. The wavelength selectivity of the MCL results from coherent interfer-

ence of light feedback into the semiconductor laser from the FBGs with the light
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reflected from the AR coated facet of the laser. Hence, the phase response of the FBG
and the coupling efficiency between the AR coated laser and the SMF as a function of
optical wavelength, ignored in the model, affect the device characteristics. Results
presented in [5.1] [5.2] indicate that the phase and magnitude of the reflections from
the lens surface collecting light from the AR coated facet as well as the cleaved facet
of the laser result in oscillations in the coupling of about 0.2 dB. The light feedback to
the laser from the lens surface will coherently interfere with the lasing light. The
model indicates that reflection from the AR coated facet of the laser with areflectivity

of 10°3 plays a crucial role in the device characteristics. Hence, the reflections from

the surfaces of lenses used for collecting the light need to be included in the model.

In the model of the MCL the reflectivity of the FBG as a function of wavelength is
assumed to be Gaussian to simplify calculations. The reflectivity of atypical FBG has
a more complicated dependence on wavelength as derived in Refs [5.3] [5.4]. This
dependence of the reflectivity of a FBG as a function of wavelength needs to be
included in the model. We also assume that there is a single lasing mode. Lasing
occurs at a wavelength approximately equal to the center wavelength of the FBG.
This assumption is valid when the BW of the FBG is comparable to the cavity mode
spacing. But in longer cavities when the cavity mode spacing is smaller than the FBG
bandwidth the device lases in multiple longitudinal modes and this is no longer the
valid.

A number of experimentsto study the cavity switching dynamics of the MCL are pre-
sented in this thesis. Although the cavity switching characteristics of the MCL are
qualitatively understood, to gain insight into the switching transients a dynamic
model of the device which includes interference effects of the composite cavity as
well as BG bandwidth is essential. The simplest case of cavity switching using optical
injection is modeled in section 3.4.2. As this model does not include effects due the

BG bandwidth limitations it is not suitable to model the dynamics of the MCL when
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operating as aflip-flop. A physically sound dynamic model of the MCL is a daunting
task especialy if one does not linearize the coupled nonlinear system as is usually
done when simulating the dynamics of coupled cavity lasers[5.9].

An accurate dynamic model of the device will aso require a model of the transient
response of the FBG. There have been experimental and theoretical studies on pulse
propagation through uniform and non-uniform FBG structures for the case where the
spectral bandwidth of the incident pulse is narrower than that of the BG response
[5.5] [5.6], the spectral bandwidth of the pulse is broader than the FBG [5.7] and of
the impulse response of the FBGs [5.8]. If the propagation time through the FBG is of
the same order or afactor of 10 less than the propagation through the entire MCL the
transient response of the grating needs to be included in any accurate dynamic model

of the device.

5.2.3 Novel devices
A semiconductor laser diode in a photon cavity containing a mirror whose optical

bandwidth is less than the classical cavity mode spacing can have multiple lasing
states at the same bias current. Thisidea can be used to build novel monolithic as well
as hybrid devices which have multiple stable states at the same bias current. If oneis
able to switch between the stable states these devices can be used to build optical
memory elements, flip-flops, latches and quantizers. The hybrid optical flip-flop dem-
onstrated in section 3.2.2 operates in the 100 MHz range. Scaling the device size as
well as seeding the device with photons corresponding to the final state will increase
the switching speed. Successful demonstration of these devices in the 10s of GHz
rangeis crucial for high speed all optical networks.
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