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Summary

Summary

In wavelength division multiplexing networks wavelength converters are needed to

avoid wavelength blocking. Wavelength blocking occurs when two different optical

signals within the same (sub-) network have the same wavelength. A wavelength

converter converts one of the signals to a new wavelength which is not in use in that

(sub-) network.

Wavelength conversion requires two types of devices, a Laser source for providing the

new wavelength and a wavelength converter. Generally the laser source should be

capable of providing numerous different wavelengths. A tunable laser is used or a

multi-wavelength laser which emits a number of discretely spaced wavelengths.

Several methods of wavelength conversion may be used. Basically all the methods take

advantage of the non-linear characteristics of semiconductor optical amplifiers.

In this masters thesis a wavelength converter monolithically integrated with a discretely

tunable laser is characterized. A PHASARIAWG-based multi-wavelength laser with

four channels is integrated with a Mach-Zehnder interferometer wavelength converter.

The main advantage of integration is the elimination of losses when externally coupling

light from one device into another. Integration also leads to a reduction of total size and

fabrication costs. However integration has its drawbacks. The simplest drawback being

that if one device on the chip does not work then the entire chip with all its devices must

be replaced. The most complex drawback is that the devices have a greater influence on

each other if precautions are not taken. In this case measurements have shown that there

is feedback from the wavelength converter circuit into the multi-wavelength laser. This

feedback disturbs the operation of the laser and as a result wavelength conversion is not

successful.
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Introduction

1 Introduction

1.1 The history of optical communications

Optical communications began in the 1790s when a French engineer, named Claude

Chappe, invented the optical telegraph. The optical telegraph consisted of a series of

semaphores mounted on towers. Messages were relayed from one tower to the next by

human operators until the message reached its destination. This method of optical

communication was abandoned after the invention of the electric telegraph.

The next step in the evolution of optical communications wasn't until 1880 when

Alexander Graham Bell invented an optical telephone system named the Photophone.

He built a device that could transfer vibrations from the speaker's voice to a mirror.

Sunlight was directed onto this vibrating mirror and projected towards a remote

Photophone, which transformed the light vibrations back to speech. However because

the light signals were transmitted over the open air the Photophone never became

successful as it was too sensitive to weather conditions.

The first major step towards modem optical communications networks came in the

1920s when John Logie Baird and Clarence W. Hansell patented their ideas of

transmitting images for television and facsimiles via arrays of transparent rods. The

first known person to actually report transmitting an image via optical fibers was a

medical student from Munich by the name of Heinrich Lamm. He published a paper in

1930 in which he reported transmitting the image of a light bulb through a short bundle

of fibers. His ultimate goal was to look inside inaccessible parts of the human body.

The second major step towards modem optical communications networks came in 1960

when Theodore Maiman demonstrated the world's first laser.

The interest in optical communications began to grow, but the attenuation in optical

fibers, approximately 1 dB/m, was much too high for long distance (tele-)

communications. The coming years scientists were dedicated to improving optical

fibers. In 1961 Elias Snitzer was the first to fabricate an optical fiber with a core so

small that it only supported one guided mode.
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From extensive research Charles K. Kao drew the conclusion that the high losses were

due to impurities in the glass fibers. His results convinced him that the attenuation in

optical glass fibers could be reduced to lower than 20 dB/km. His findings lead to rapid

advancements in optical fiber technology. In 1970 Donald Keck and Peter Schultz

succeeded in proving Kao right. They presented a single-mode fiber with an attenuation

of less than 20 dB/km at a wavelength of 633 nm. It was also in this same year that Bell

Labs and a team at the Ioffe Physical Institute in Leningrad made the first

semiconductor diode laser able to emit a continuous wave operating at room

temperature. A continuous wave semiconductor laser and an optical fiber with low

attenuation were the two key components that facilitated the first telephone field trials

in 1977. They transmitted light over several kilometers with a GaAs laser diodes

operating at 850 nm over multi-mode fibers with an attenuation of 2 dB/km.

Since then the attenuation of optical fibers has been improved and many breakthroughs

have been made in photonic integrated circuits for optical networks.

1.2 Modern optical communications

Optical communication with glass fibers has several advantages over electrical

communication with wires. Unlike electrical pulses traveling through a wire, light

pulses propagating through a glass fiber are insensitive to electrical power surges.

Furthermore in the optical domain there is a larger bandwidth available than in the

electrical domain.

Rapid advancements in photonic integration technology have made optical

communications much more feasible then in the early years (l970s). It is now possible

to create semiconductor diodes and photo detectors which operate at any desired

wavelength. Photo detectors and laser modulators are able to operate at very high bit

rates and the attenuation in optical (glass) fibers has been reduced to as low as 0.2

dB/km for wavelengths around 1550 nm. In Fig. 1.1 we see the attenuation of a silica

optical fiber as a function ofwavelength [1].
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Figure 1.1: Attenuation in silica opticalfiber as a function ofwavelength

In the early years (1970s) of optical communications the 800-900 nm band was used

because attenuation was lowest in this band for the optical fibers of that period. This

800-900 nm band was is referred to as the first window. The semiconductor laser diodes

for this window are generally made in the GaAs/AIGaAs material system.

By reducing the concentration of hydroxyl ions and metallic impurities, it became

possible to manufacture fibers with lower attenuation. This opened two new windows

centered around wavelengths of 1310 nm and 1550 nm, referred to as the second and

third windows respectively. In 1988 Lucent Technologies patented a new purifying

process which eliminated virtually all water molecules from silica fibers, thereby

eliminating the attenuation peak around 1400 nm. For semiconductor laser diodes

operating at wavelengths of 1100 to1600 nm InP/InGaAsP is used.

1.3 Wavelength Division Multiplexing

Recent developments in integrated photonic devices allow us to make full use of the

large bandwidth of the optical domain. Wavelength Division Multiplexing (WDM) is a

technique where several data sources are connected to their respective receivers via one

optical fiber. Several data sources are assigned a different channel (wavelength). These

channels are multiplexed into one optical fiber for long distance transport.
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At the receiving end of the optical fiber, the channels are de-multiplexed and connected

to their receivers (Fig. 1.2).

Networ1<Y

De-Multiplexer

Glass fiber

Multiplexer

Network X

Networ1< Z

Figure 1.2: Attenuation in silica opticaljiber as afunction o/wavelength

Optical Time Domain Multiplexing (OTDM) is a technique that allows several data

sources and receivers operating on the same wavelength to communicate over one

optical fiber. Each source/receiver is assigned one or more fixed timeslots (fixed periods

of time) in which they may transmit data and one or more fixed timeslots in which

receive data.

WDM has several advantages over OTDM for data transportation and communications

networks. In data transport the bit rate is limited by the modulation speed and detection

speed of the laser diode modulators and photo-detectors. The higher the bit rate the

more complex and expensive the equipment becomes. By using WDM we can achieve

high bit rates between a source and receiver by adding up many low bit rate channels.

In optical networks consisting of many users WDM unlike OTDM allows each data

source to have a different bit rate or modulation format. WDM also facilitates adding or

dropping a new channel. This is done by coupling a new wavelength in or out of the

fiber.
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1.4 Optical communications networks

Advances in technology and reductions in the fabrication costs of devices have led to

widespread use of optical communications. After the introduction of low attenuation

optical fibers, optical fibers were used by telecommunications providers for data

transport between large switching stations. From that point the optical signal was

converted to an electrical signal and forwarded to its user via electrical wires.

Improvements in polymer fibers which are more flexible than silica fibers and large

scale integration of photonic circuits are gradually making the concept of fiber-to-home

a reality.

Modern technology now allows us to create complete optical communication networks

in which each user is assigned a specific channel (wavelength). However a problem

might arise when connecting many networks with each other where users communicate

with other users in another network. The band in the optical spectrum that may be used

for communication is finite in width and can be divided into a finite number of

channels. This number of channels is not enough to assign each source in all the

connected networks a unique wavelength. If two data sources within a network or

connected networks operate on the same wavelength this would result in wavelength

blocking. To illustrate the problem we take a look at Fig. 1.3.

NetworkY

B ~
--B'

NetworkZ

Figure 1.3: Optical communications between users in connected networks
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Source A located in network X is communicating with a receiver A' in network Z. In

network X source A is assigned a channel with wavelength ,1,. This wavelength has

already been assigned to other sources in networks Y and Z. By placing wavelength

converters between the networks this problem can be solved by converting the signal

from source A to another wavelength which is not in use in networks Y and Z.

Wavelength conversion of an optical signal can take place by first converting the optical

signal to an electrical signal and then back to an optical signal with the desired

wavelength. There are currently methods to convert the optical signal to another optical

signal without first converting the signal to an electrical signal. This form of wavelength

conversion is referred to as all optical wavelength conversion.

1.5 All optical wavelength conversion

Wavelength conversion generally requires two devices: a device which converts the

incoming wavelength to a new wavelength and a source which provides the new

wavelength. In Fig. 1.4 a general scheme of wavelength conversion is shown.

Acontrol
Data Source

Aconverted

,1,---1
~---I

1---------1

~---I

...1,4-----1

Multi-Wavelength

Source

Wavelength

converter

Figure 1.4: General scheme ofwavelength conversion

A source capable of generating coherent light of different wavelengths provides the new

wavelength(s) to which the incoming signal will be converted to. The new wavelength

6
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is referred to as the probe signal (Aprobe)' The incoming modulated optical signal is

referred to as the control signal (Acontrol)' The wavelength converter transfers the bit

pattern of the modulated control signal over to the probe signal. The output of the

wavelength converter is the converted signal (Aconverted)' which is the probe signal

modulated with the same bit pattern as the control signal.

In 1997 Spiekman et al presented the first wavelength converter with a monolithically

integrated probe source [2]. The wavelength of the probe source was tunable, but could

only provide a probe signal of one wavelength at a time. In 2003 Broeke presented a

wavelength converter integrated with a discretely tunable laser [3], which can provide a

probe signal of one of four discrete wavelengths.

In 2005 Bernasconi et al presented a monolithically integrated 40Gb/s wavelength

converter with multi-frequency laser [4]. The probe source is capable of providing

probe signals of 8 different wavelengths. In this thesis a modified version of the

photonic integrated circuit presented in [3] is characterized.

1.6 Thesis overview

The main topic of this thesis is the characterization of a wavelength converter

monolithically integrated with a discretely tunable laser (MWL-WLC).

In the chapter 2 of this thesis the principles and the design of the Multi-Wavelength

Laser (MWL) is discussed and the MWL on the MWL-WLC chip is characterized.

Chapter 3 presents discusses the principles and design of the wavelength converter

(WLC) after which the WLC is characterized.

In chapter 4 the complete integrated circuit (MWL-WLC) is characterized. Results are

presented of how the two circuits (MWL and WLC) perform when working together.

In the final chapter, chapter 5, conclusions are drawn with respects to the performance

of the MWL-WLC and recommendations are given to improve the design.

7
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2 MWL, principles, design and characterization

2.1 Principles of a PHASAR based MWL

In a PHASAR based MWL there are two main components: a Fabry-Perot cavity and a

PHASAR which acts as a wavelength filter. The Fabry-Perot cavity supports lasing at

many discrete wavelengths. The PHASAR functions as a discrete band-pass filter. It

can be designed to allow selected wavelengths to pass through.

2. 1. 1 Fabry-Perot cavity

A Fabry-Perot laser consists of a waveguide, a gain medium and mirrors at both ends of

the waveguide (Fig. 2.1).

Fabry-Perot laser

R R

----- Cavity-----

Figure 2.1: Fabry-Perot laser

A semiconductor Fabry-Perot laser consists of layers of InP and layers of InGaAsP

which are referred to as quaternary (Q) layers. The Q layer is sandwiched between

layers ofInP. The Q layer has a higher refractive index than InP. This keeps the light

vertically confined in the Q layer between the layers of InP. Ridge-waveguides can be

made by etching away some of the top layer of InP (Fig. 2.2) and some of the Q layer.

Where the layers are etched away, the effective refractive index will be lower than the

remaining areas with a thicker layer of InP and Q material. The area directly below the

ridge now has a higher effective refractive index than the areas next to it where has

been etched away. The result is that the light in the waveguide is now also laterally

9
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confined to the area directly below the ridge where the effective refractive index is

higher. The refractive index contrast between the layers vertically is higher than the

lateral contrast. This leads to a better confinement of light in the vertical direction than

in the lateral direction causing the light beam to have an elliptical shape (see Fig. 2.2).

Waveguide cross section

w = 2f.JJrl

f clad = 1.5,um

Waveguide top view

Figure 2.2: Carifinement aflight in an InGaAsPllnP waveguide

The bottom InP layer is referred to as the substrate, the Q layer is referred to as the film

and the top InP layer is referred to as the cladding. In the Q layer electrons in the

conduction band recombine with holes in the valence band emitting photons in the

process. The emitted photons have a wavelength corresponding with the bandgap (Eg )

of the Q layer. The reverse process can also take place in the Q layer. The Q layer can

absorb photons with a wavelength equal to or larger than the bandgap wavelength.

When a photon is absorbed the energy is transferred to the electron which separates

from the hole and moves back into the conduction band. The free-space wavelength

(Au) of the photons emitted is related to the bandgap of the Q layer by Eq. 2.1:

Au = he
E

(2.1)

in which e is the velocity of light in vacuum and h is plancks constant.

If we wish to design a semiconductor device which emits or absorbs photons of a

certain wavelength then we must choose a material with a corresponding bandgap.

10
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The waveguide in the Fabry-Perot laser must allow the light to pass through and not

absorb it. The Q layer allows us to choose the emission/absorption wavelength via the

following recipe [3]:

I. choose the desired emission/absorption wavelength ( Ao )for the device

2. calculate the corresponding Eg

3. determine the variable y from the following equation:

Eg[eV] = 1.347 - 0.778y+ 0.149y 2 (2.2)

4. the lattice of the quaternary layer must match the lattice of the InP layer by:

x =0.4526y /(1- 0.03Iy)

5. finally the quaternary layer is composed as follows:

(2.3)

We now have the knowledge of how to confine light to a specific region and the

knowledge of how to compose materials so that they emit/absorb photons of specific

wavelengths. With this knowledge we can create a semiconductor Fabry-Perot laser

emitting light with a wavelength of 1.550 ~m. The final laser structure is built up of a

layer of InP with a Q layer on top bandgap wavelength of 1.25 ~m (Q(1.25)). This

bandgap is chosen because the waveguide must allow photons with a wavelength of

1.55 ~m to pass through and not absorb them. In a section of the waveguide there is a

thin Q(1.55) layer. This is the gain region which emits photons with a wavelength of

1.55 ~m. On top of the Q layer in the middle there is another layer of InP on top. A

ridge waveguide is then etched into the InP and part of the Q layer. The Q(1.55) layer is

referred to as the active region.

11
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On top of the ridge waveguide there is a layer of InGaAs. Directly above the active

region metal contact is placed. Through this metal contact current can be injected

directly into the active region. In Fig. 2.3 the side view of the laser structure is shown.

Semiconductor Fabry-Perot Laser side view

current

Waveguide Gain

region
Waveguide

Figure 2.3: Semiconductor Fabry-Perot laser

Finally the laser structured is cleaved on both sides which results in smooth facets with

a reflectivity of approximately 32%. A High Reflection (HR) coating is usually applied

to the facets to increase the reflectivity.

The section of the waveguide which is the gain region is referred to as a Semiconductor

Optical Amplifier (SOA). When current is injected into the SOA, electron-hole

recombination results in emission of photons with a wavelength corresponding to the

bandgap of the SOA. These photons propagate in the cavity and are reflected back and

forth between the facets and are amplified in the SOA. sing in the Fabry-Perot cavity

takes place when two conditions are satisfied:

1. The gain provided by the SOA must be sufficient to compensate the loss in the

waveguide and the loss at the facets (the reflectivity is lower than 100%).

2. The phase of the longitudinal modes (wavelengths) in the cavity must equal an

integer multiple of 21t after a complete roundtrip in the cavity in order to

interfere constructively.

12
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We now take a deeper look at the first condition and how it is satisfied.

Light propagating in the cavity will incur losses due to photon absorption and

scattering. These internal losses are generally difficult to quantify separately and are

often grouped and represented as the total internal losses a int • The loss at the facets,

referred to as the mirror losses represented by am can be expressed as follows [7]:

(2.4)

Where L represents the length of the cavity and R1 2 are the reflection coefficients of the

facets which are smaller than unity. Gain in an SOA (gsoa) occurs by means of a

mechanism known as stimulated emission. Photons propagating through the active area

of the SOA stimulate electrons in the conduction band to recombine with holes in the

valence band. The photons only stimulate electrons possessing an energy corresponding

to the wavelength of photons. This results in emission of photons of the same

wavelength and phase as the incoming photons. The light traveling through the SOA is

not completely confined within the active area. The amount of light confined within the

active area is represented by the confinement factorr , which is less than unity. This

means that the amplification of the light propagating through the SOA is proportional to

the confinement factor. Taking this into account the total gain provided by the SOA can

be represented as follows:

(2.5)

Increasing the current injected into the SOA, increases the gain of the SOA. At a certain

current the total gain equals the total losses and lasing begins. This current is referred to

as the (laser) threshold current. By equating the gain to the losses the first condition for

lasing is satisfied and we get the following representation ofthe threshold gain.

(2.6)

13
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The photons traveling back and forth in the cavity interfere with each other. This

interference is only constructive if the phase difference after a complete roundtrip in the

cavity equals an integer multiple of 2n, which satisfies the second lasing condition.

From this second condition we can derive the relationship between the longitudinal

modes Am and the cavity length L :

(2.7)

in which m is an integer and neff is the effective refractive index. Generally the cavity

is long enough to support several modes. As a result thereof the output spectrum of the

laser consists of many discretely spaced wavelengths. The mode spacing (space

between adjacent wavelengths) can be derived from Eq. 2.8:

(2.8)

SOA gain curve

The gain of the SOA is not equal for all wavelengths it is maximal at the central

wavelength for which it has been designed. Combining the gain curve of the SOA with

the Fabry-Perot modes ofthe laser we have a laser output spectrum as seen in Fig. 2.4.

Ii: i i !
----[---------1--·.....+·....·+--------[---·...

: : : : :. A-

Fabry·Perot· modes 1 j
-~--==--+-,~~,'==--:-,-==---;~-+I A-

U
idA- i i

e-'_rum + ill L oJ

Figure 2.4: Output spectrum ofa Fabry-Perot laser
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2.1.2 PHASAR

If a Fabry-Perot laser is to be used as a multi-wavelength laser, it desirable to be able to

select just a few Fabry-Perot modes. This is accomplished by connecting an external

filter outside the Fabry-Perot cavity or by integrating a filter within the cavity.

In 1988 Smit [8] proposed phased array de-multiplexers for use in WDM networks.

Phased array (de-)multilexers are based on the principle of dispersion of light as it

travels through medium (waveguide). Primarily designed as a (de-) multiplexer, the

Phased Array (PHASAR) of waveguides also known as the Array Waveguide Grating

(AWG) can be designed for numerous applications in integrated photonic circuits [8, 9].

It is often designed to function as a wavelength filter, allowing selected wavelengths to

pass through. The PHASAR consists of an in- and output Free Propagation Region

(FPR) connected by phased array waveguides. The FPR is basically a wide slab

waveguide. In Fig. 2.5 is an illustration of a PHASAR.

phased array waveguides

input
aperture

input waveguide

ouput
aperture

input
FPR

output waveguides

Figure 2.5: illustration ofPHASARfrom [8J
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Light entering the input FPR is no longer laterally confined by the narrow input

waveguide and diverges into a wide beam. The light then propagates through the phased

array waveguides to the output FPR. The different wavelengths propagating through the

waveguides each have a different velocity. The phased array waveguides all have

different lengths equal to an integer multiple of the central wavelength of the PHASAR.

This length difference results in a phase difference between the different wavelengths at

the end of the waveguides.

At different locations along the image plane of the output FPR, wavelengths with a

phase difference equal to an integer multiple of 2n interfere constructively (Fig 2.6).

output FPRphased array
waveguides

/~iiiiiI~:'"
~ i4.r ==-
~ ~ ;.

'----- ----J

Figure 2.6: Wavelength selection in output FPR

output
waveguides

Wavelength selection is achieved by placing the output waveguides along the image

plane of the output FPR at specific locations where constructive interference occurs for

the specific wavelength. In a PHASAR where the difference in length between the

phased array waveguides is M, all wavelengths corresponding to A =M2Jr / M will

focus at the same location along the image plane of the output FPR [8]. In this equation

M is referred to as the order of the PHASAR. Focusing at a specific location is thus

periodic in wavelength with a period ofA = 2Jr / M .

The Free Spectral Region (FSR) is defined as the distance between wavelengths which

focus at the same location (Fig. 2.7)

FSR

1234 1234 1234

MM~M~MM
order M+1 order M order M-1

Figure 2. 7: PHASAR output spectrum
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2.2 A four channel MWL with absolute wavelength control

The MWL was designed for a central wavelength of 1550 nm for TE polarization,

because of the higher SOA gain for TE. The channel spacing is 3.2 nm and the FSR of

the PHASAR equals 6 channels, or 19.2 nm. The PHASAR has been designed so that

each channel has a 3 dB passband of 1.3 nm.

2.2.1 Design of a PHASAR based MWL

Fig 2.8 shows the design of a four channel PHASAR based MWL.

HR coated
facet

M1

0 4

SOAMWL _ 4 ,,14

°3
SOAMWL _ 3 ~

Aprobe

SOAMWL 2 ~
•

°2
q

SOAMIf'L_l ~

PHASAR

Figure 2.8: Illustration ofPHASAR based MWL

A Fabry-Perot cavity is formed between Multiplexed port M 1 and the output ports

q to°4 , The PHASAR integrated into the cavity uses its wavelength focusing

properties to function as a filter. As discussed earlier the Fabry-Perot cavity support

many modes. By placing the output waveguides at specific locations along the image

plane of the output FPR certain wavelengths can be selected.

17
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By injecting current into one of the SOAs the MWL will begin lasing at the wavelength

that focuses out of the PHASAR into that particular waveguide. In Fig. 2.9 the layout

of the MWL on the chip is shown.

facet

Mjl---------------_

°4°3f--------
°2
°11--~------

SOAs

To other devices
on the chip---

Figure 2.9: Layout ofMWLs on chip from [3J

The chip has two MWLs which are each connected to two separate wavelength

converters which are discussed in the next chapter. The Fabry-Perot cavity, with a

length of 9 rom, is formed between port M1 and the other ports 01-04 which

correspond to channels 1-4 respectively (~-A4 ). A high reflectivity (HR) coating has

been applied to the facet, increasing the reflectivity to 80%. Light is extracted from the

cavity by means of a MMI, which couples 50% of the light out of the cavity towards

other devices that may be integrated on the chip.

18
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2.2.2 Absolute wavelength control

Because of the wavelength periodicity of the PHASAR, the output spectrum of the

MWL would be periodically repeated as was shown in Fig. 2.6

The gain of the SOA has a typical 3dB bandwidth of approximately 40 nm centered

around 1550 nm. This leads to higher amplification of the central PHASAR order which

is also centered around 1550 nm.

In Fig. 2.10 we see the gain curve superimposed on the PHASAR output spectrum.

Gain

1 2 J 4

order M+1 order M order M-1

Figure 2.10: MWL spectrum with higher amplification ofPHASAR order in center ofsoA gain curve

Due to lower amplification the wavelengths outside the central PHASAR order M are

suppressed in comparison to those in the central order. To further suppress the outer

orders we could increase the FSR, which shifts the adjacent orders further outside the

gain bandwidth of the SOA (Fig. 2.11).

Gain

1 2 J 4

MM

FSR
I
1 2 J 4

I
1 2 J 4

MM
order M+1 order M order M-1

Figure 2.11: PHASAR output spectrum with increased FPRand SOA gain curve superimposed

However this leads to an increase in the FPR and thus a larger PHASAR.

Further suppression of the outer PHASAR orders has been achieved by applying a

technique known as chirping [3, 10]. Chirping the PHASAR makes the focal length in

the FPR wavelength dependent. The wavelengths in the central PHASAR order will be
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focused at the same position but the higher orders will focus in front of the image plane

or behind. The other orders that focus at different distances will be attenuated in

comparison to the central order. In Fig. 2.12 we see an illustration of the laser spectrum

of the MWL with suppression of the outer orders due to chirping of the PHASAR and

lower SOA gain.

Gain

1 2 J 4

~~~_5----,fB
order M+1 order M order M-1

Figure 2.12: MWL output spectrum ofchirped PHASAR

The suppression between the closest outer channels of the central PHASAR order and

the adjacent PHASAR order is 5 dB.

2.3 MWL characterization

Characterizing the MWL entails performing various measurements on the MWL to

analyze its behavior with regards to light output power and lasing wavelength as a

function of current and temperature.

2.3. 1 Measurement setup

The chip is placed on a copper chuck which rests on a larger copper block (heat sink)

used for absorbing and radiating the heat from the chip. The chip can be held in place on

the copper chuck in two ways: by vacuum or by gluing the chip to the chuck. If the chip

is held in place by vacuum it can be easily repositioned by turning off the vacuum. If

the chip is glued to the chuck the entire chuck must be repositioned, which is more

difficult and time consuming. However the latter has the advantage of better heat

transport between the chip and the chuck, resulting in better temperature stability
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especially at temperatures below room temperature. The temperature of the chip is

regulated with a thermo-electric temperature controller (Peltier element). The MWL is

operated by injecting current into the SOA corresponding to one of the four channels

(wavelengths). The SOAs have a gold contact on the surface through which current is

injected using needles.

The reflectivity of the facet with HR coating is 80%, therefore 20% of the light is

emitted out of the chip. The light emitted out of the chip is coupled into one of the fibers

of a fiber array containing eight polarization maintaining single mode fibers. The fiber

array is connected to the power meter (Photo-Detector / PD) or to the Optical Spectrum

Analyzer (OSA) using standard single mode fibers. A direct current source (DeS)

provides the injection current for the SOAs. In Fig 2.13 the measurement scheme is

shown.

OSA

PD

Fiber
Array

DCS

--~:::..._WLC

MWL

Figure 2.13: MWL measurement scheme

For optimal coupling of the light into the fiber, the output port of the chip and the fiber

must be aligned. The chip is held in a fixed position because during operation of the

MWL the probe needles make contact with the surface of the chip. To align the fiber to

the output port of the chip, the fiber is mounted on a piezo controlled positioning stage

with six degrees of freedom.
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The stage can be moved in any translational direction (x,y,z) and can rotate around any

axis (0x 0 y 0 z ) • A microscope is used for viewing the chip. In Fig. 2.14 an

illustration of the measurement setup is shown.

Microscope..

Fiber array

Piezo controlled
positioning stage •

Probe needle

Chip
Copper chuck

Peltier element

Figure 2.14: Illustration ofchip in measurement setup

2.3.2 LI measurements

At port M] the output power as a function of the injection current (LI curves) has been

measured for various temperatures. From the LI curves the threshold current at which

lasing begins can be determined for the various temperatures. We can also calculate the

efficiency of the MWL and determine the characteristic temperature which is a measure

of how sensitive the laser is to temperature changes.
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Threshold current and characteristic temperature

For the first measurements the chip was held in place by vacuum. Fig 2.15 shows an

illustration of the MWL. Channels 1 to 4 correspond to wavelengths (~ to A4 ) which the

MWL emits if current is injected into SOAMWL _ 1 to SOAMWL _ 4'

HR coated
facet

M 1

SOA
MWL

_
..14

Channel4 0,

Channel3 0,
SOAMlf2 ,' A,

Channel2 02
SOAMWL ,2 ~

Channell 0 1

SOAMWL,I ~

PHASAR

Figure 2.15: Illustration ofPHASAR basedMWL

Channels 1 and 4 of MWL-I do not lase. In the plots below (Fig. 2.16), the LI curves of

channels 2 and 3 are shown for various temperatures.
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Figure 2.16: LI curves ofchannels 2 and 3 jOr various temperatures with chip held in place by vacuum

In the curves some kinks are visible. Spectral analysis of the channels at various points

along the LI curves showed that for currents below 200 rnA where there was a kink in

the curve the lasing wavelength changed from one wavelength to another (mode

hopping).
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For currents above 200 rnA, the channel was changing between lasing in the central

PHASAR order and in the adjacent order around 1580 run. In the LI curves it can be

seen that for currents above 175 rnA the power levels off and then decreases. This is due

to self heating of the chip known as "thennal roll-off". At lOoC degrees it was not

possible to control the temperature very well for high injection currents; as a result

thennal roll-off already begins at an injection current of 160 rnA.

From the LI curves the threshold current 11h for the channels as a function of

temperature can be detennined. In table 2.1 the threshold currents of the lasers are given

for various temperatures.

Temperature lOoC 15°C 20°C

Channel 2 11h
106 [rnA] 119 [rnA] 138 [rnA]

Channel 3 11h
113 [rnA] 129 [rnA] 152 [rnA]

Table 2.1: Laser threshold current at various temperatures with chip held in place by vacuum

The relationship between the threshold current and the temperature of the laser is given

by the Eq. 2.9:

(2.9)

In which 10 is a constant characteristic for each laser and To the characteristic

temperature. The characteristic temperature for both channels can be determined from

the following equation derived from Eq 2.9:

(2.10)
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The calculated average characteristic temperatures (To) for both channels are 38 K and

34 K for channels 2 and 3 respectively. The characteristic temperature is reversely

proportional to the sensitivity of the laser to temperature. A higher To signifies a lower

sensitivity to temperature change. In the LI curves (Fig. 2.13) it can be seen that for

increasing temperature the threshold current of channel 2 increases less than the

threshold current of channel 3.

To improve temperature stability of the chip, the chip was glued onto the copper chuck.

LI curves were measured again (Fig. 2.17)

LI curves channel 3
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2... ...
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75 100 125 150 175 200 225 250 75

Current [rnA)

Figure 2.17: LI curves channels 2 and 3 at various temperatures with chip soldered to chuck

As a result of improved temperature stability the LI curves do not roll off at higher

currents as they did before. The output power of both channels is now less then before,

this has probably been caused by damage to the HR coating on the facet during handling

of the chip. Damage to the HR coating lowers the total reflectivity of the facet, thus

increasing the mirror losses. The SOA must now provide more gain to compensate the

higher losses (Eq. 2.6) resulting in a higher threshold current and lower power. From the

LI curves we can once again determine the threshold currents and calculate To for both

channels. In table 2.2 the threshold currents for the chip glued to the chuck are shown.

Temperature IODC 15 DC 20DC

Channel 21th
113 [rnA] 129 [rnA] 150 [rnA]

Channel 31th
114 [rnA] 130 [rnA] 163 [rnA]

Table 2.2: Laser threshold current at various temperature with chip soldered to chuck
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The characteristic temperatures for both channels are now, 35 K and 29 K for channels

2 and 3 respectively. Improving the temperature stability should result in higher

characteristic temperatures for the channels than before they were glued. Because of

what is most likely damage to the HR coating, the threshold currents are higher and the

difference between the threshold currents for various temperatures is larger. This larger

difference results in lower characteristic temperatures.

External Quantum Efficiency

The quantum efficiency is a measure of the efficiency of the injected conversion process

in the laser. The external quantum efficiency TJext is the ratio of the electrons injected

into the laser and the amount of photons measured outside the laser. Chin-Lin Chen [11]

gives the following relationship between the injected current and the emitted light from

which we can determine TJext using the LI curves:

(2.11 )

In this relationship 11 / e represents the number of electrons injected per second into the

laser for a given currentIl > Ith • The number photons emitted is ~ / hv, in which hv

equals the photon energy and ~ is the emitted light power measured for injection

currentIl . If we use two measurement points 11'12 > I th and combine the two equations

we get:

_ e Pz -~ e MJ
TJext - hv (/2 - II) = -hv -M- (2.12)

In which MJ is the incremental power increase due to an incremental current

increaseM. From this equation we can see that TJextis proportional to the slope of the LI

curve for the region where II > I th •
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For channel 2 (A = 1555nm) and channel 3 (A = 1558nm) at a temperature of 15°C, the

external quantum efficiencies are given in table 2.3.

lJext Channel 2 Channel 3

Before gluing to chuck 5.12.10-5 5.01.10-5

After gluing to chuck 3.33.10-5 1.30.10-5

Table 2.3: External quantum efficiencies ofchannels 2 and 3 at 15°C,

before and after the chip was glued onto the chuck

Before gluing the chip to the chuck the efficiency of the two channels were similar.

After gluing the chip to the chuck we can see a decrease in efficiency due to lower

output power. The external efficiency of this chip is much lower than the external

efficiency (3.5.10-2
) of the MWL characterized in [3].

MWL efficiency

Because the MWL is integrated with the WLC on one chip, the laser light is directly

coupled to the WLC via the waveguides on the chip. If we look at the design of the

MWL in Fig. 2.18, we see that 50% of the light generated by the laser remains in the

cavity and 50 % is coupled out of the cavity via the MMI (3dB splitter).

HR coated
facet

PHASAR

Figure 2.18: Illustration ofPHASAR based MWL
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We can estimate the power of the light in the cavity by correcting the light power

measured outside the cavity for the reflection and the coupling loss.

The chip facet has a high reflectivity coating which results in an estimated reflectivity of

approximately 80%, therefore only 20% of the light is emitted through the facet. For

this measurement a tapered fiber was used which has an estimated chip-to-fiber

coupling loss of 5 dB [3]. Furthermore the light extracted from the laser cavity via the

MMI, first propagates through a curved waveguide before reaching the WLC. The

propagation loss in the curved waveguide is estimated to be 2 dB. By correcting the

values of the LI measurements performed after the chip was glued to the chuck the

following LI curves are obtained for a temperature of 15°C (Fig. 2.19)

Loss corrected LI curve (15°C):: +--:-~~~~~~~~~~~~~~~~~~~~~-=-= ._--==---=-~r'~j'\ I

10 +---------oI'L--~--,.C---------___c
/ .

/ .

100 125 150 175

Current [rnA]
200 225 250

Figure 2.19: Estimated LI curves oflight injected into WLC for channels 2 and 3,

at 15°C after chip was soldered to chuck

From these curves we can calculate the quantum efficiency of the light injected into the

WLC as a function of the injected current. Using two measurement points

11 =150mA and12 = 200mA the following quantum efficiencies were calculated:

From these results it seen that the MWL channel efficiency is a factor 10 greater than

the external channel efficiency.
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2.3.3 MWL spectral analysis

We will now examine the output spectra of the MWL channels. By observing the output

spectrum of each channel we can analyze the performance of the MWL with regards to

channel spacing, channel linewidth, channel stability and suppression of undesired

modes.

The output spectra of all the channels of the MWL were observed with an optical

spectrum analyzer (GSA). The resolution of the GSA was set according to the width of

the band being observed. For plots of large bands (> 40nm) the resolution was set to 1

nm and for narrow bands «10nm) the resolution was set to 0.05 nm which is the

maXImum. In Fig. 2.20 we see the output spectra of channels 2 and 3 at a temperature

of 15°C.
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Figure 2.20: Output spectrum ofchannels 2 and 3

Channel 2 is lasing at a wavelength of 1555.0 nm and channel 3 at a wavelength of

1558.4 nm. Both channels exhibit a SMSR of at least 23 dB. Furthermore we can also

see the result of chirping the PHASAR. The PHASAR orders around 1530 nm and 1580

nm are suppressed (>25 dB) in comparison to the central order around 1550 nm.

The output spectra of the channels, as a function of current below 200 rnA, showed very

little temperature dependency for external temperatures between 10°C and 25°C.
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The variance in lasing wavelength of the channels for different temperatures was

smaller than 0.2 nm. The peak output power for the channels was higher for lower

temperatures.

The MWL has a cavity length 0.9 em. Using Eq. 2.8 we can calculate the mode spacing

between the longitudinal modes supported by the Fabry-Perot cavity of the MWL. The

mode spacing of the MWL M equals 0.036 nm [3]. This gives us very dense output

spectrum of narrowly spaced longitudinal modes with a wavelength span equal to the

gain bandwidth of the SOA. The PHASAR has a 3dB passband of 1.3 nm [3]. The 3 dB

passband of the PHASAR can be explained as follows. Fig. 2.21 shows an illustration of

the distribution of longitudinal modes along the entrance of an output waveguide for a

particular channel.

phased array
waveguides

Figure 2.21: distribution ofwavelengths along output waveguide in PHASAR

The output waveguide of the PHASAR is wide enough (3 Jlm) so that a band of

wavelengths will focus at the entrance of the output waveguide. The modes that focus

off center of the waveguide are partially blocked proportional to distance from the

center of the waveguide. The 3 dB pass band is defined as the wavelength span between

the modes which focus off center in the waveguide and are attenuated 3 dB.

With a 3 dB passband of 1.3 nm and a mode spacing of 0.036 nm, the output waveguide

can transmit 36 Fabry-Perot modes of the MWL within the 3 dB passband.
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Fig. 2.22 shows a high resolution plot of the output spectra of channel 3 (l5°C) as a

function of increasing current.
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Figure 2.22: Output spectra ofchannel 3 as afunction ofcurrent.

For this plot the OSA was set to its maximum resolution of 0.05 nm. However it must

be noted that this plot is not accurate because the mode spacing is 0.036 nm and the

OSA resolution is only 0.05 nm. Nevertheless it gives an impression of the spectral

behavior of the channel and from this plot we can deduct that channel 3 has a linewidth

of approximately 0.4 nm center around 1558.2 nm. The spectral behavior of channel 2

was similar with a linewidth of 0.4 nm centered around 1555.0 nm.

In Fig. 2.20 extra peaks to the left side of each channel were visible. These side peaks

were located 1.6 nm away from the center laser peaks of each channel. The channels

were hopping to the wavelengths of these side peaks depending on the conditions of the

MWL (temperature, current). The injection current changes the refractive index inside

the SOA which directly influences the preferred lasing wavelength.
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For currents above 200 rnA, the MWL began lasing in the PHASAR order around 1580

run. Fig 2.23 shows a plot ofchannel 3 lasing at 3 different wavelengths simultaneously.
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Figure 2.23: Output spectra ofchannel 3 (15 DC) with an injection current of235 rnA.

Both channels displayed similar behavior with regards to mode hopping and PHASAR

order as a function of injection current and temperature.

Before discussing probable causes of the side peaks, it will first be explained why mode

hopping to the adjacent order occurs. For injection currents below threshold, the MWL

is not yet lasing and the SOAs emit a broad band of incoherent light referred to as

Amplified Spontaneous Emission (ASE). Because the SOA has a bandgap

corresponding to emission of wavelengths around 1550 run, it is expected that the

maximum of the SOA gain curve will lie around 1550 run. The SOAs of each channel

emit light in both directions (Fig. 2.24).
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Figure 2.24: Illustration ofPHASAR based MWL
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The light emitted at ports 01-04 has not been filtered by the PHASAR. The wavelength

dependent gain of the SOA can be plotted by measuring the ASE under threshold at

ports 01-04. In Fig. 2.25 we see a plot of the ASE spectrum of channel 3 measured at

port 03. The gain curve has a maximum around 1560 nm.
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Figure 2.25: Channel 3 gain curve ofSOA (100 rnA, 15°C)

Because the MWL has such a low efficiency most of the injected power is converted to

heat instead of light. Increasing the injection current causes the temperature to increase,

which causes the gain maximum to shift to longer wavelengths (red shift).

In Fig. 2.26 we see a plot of the gain curve for the SOA of channel 3 with an injection

of current of 350 mAo
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Figure 2.26: Channel 3 gain curve ofsoA (350 rnA, 15°C)
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The high injection current causes an uncontrollable temperature as a result the MWL no

longer lases and emits only ASE.

In Fig. 2.26 we see that the maximum of the gain curve has shifted to 1580 nm. The

gain around 1580 nm is 5 dB higher than the gain around 1560 dB. This increased gain

of 5 dB around 1580 nm compared to 1550 nm is enough to compensate the 5 dB

chirping suppression. This explains why the MWL begins lasing in the higher PHASAR

order for higher currents in spite of the chirping.

To find a probable cause of the side peaks in the laser spectra we first begin by

examining the behavior of the PHASAR which is part of the laser cavity.

The PHASAR can be characterized by measuring at the multiplexed port M 1 , for

injection currents below threshold. In Fig. 2.27 we see a plot of the PHASAR

transmission bands.
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Figure 2.27: PHASAR transmission bands

In the plot we see the channel numbers located above the peaks of the channel

transmission bands. To the left of each channel we observe the extra peaks that

sometimes were lasing. The PHASAR order around 1530 nm is more attenuated then

the PHASAR order around 1580 nm. The channel spacing between channels 1, 2 and 3

was 3.2 nm, while the channel spacing between channels 3 and 4 was 3.0 nm. This

matches the channel spacing of the PHASAR design. The measured Free Spectral

Range (FSR) is 22.6 nm. This is larger than the designed FSR of 19.2 nm.
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There are many possible causes for the side peaks in the output spectrum of the

channels of the MWL. We now subsequently examine many possible causes and the

probability ofthem being the actual cause.

A possible cause may be a form of crosstalk referred to as Phase Transfer Incoherence

[8], resulting from deviations in the optical path lengths of the array waveguides. These

deviations can be attributed to imperfection in the fabrication process. However we see

that the spacing between the peaks is regular for all channels, making it unlikely that

this may be the cause.

Another possible cause may be the polarization dependent wavelength shift of the

PHASAR which can be 2.9 nm [3]. With the use of a polarization filter and polarization

maintaining single mode fibers the two output polarizations of the MWL (TE and TM)

were separately observed with the OSA. The Output spectrum showed that the two

peaks were present in one polarization. This eliminated the polarization dependent

wavelength shift of the PHASAR as a probable cause.

Another possible cause could be reflections in the Fabry-Perot laser cavity. Reflections

between two points within the laser cavity can have two effects:

1. If the reflectivity is high enough then a new cavity is created with a different

length resulting in lasing at a different wavelength.

2. The reflection between the two points may cause some ofthe Fabry-Perot modes

to interfere constructively and others destructively. The result is that some of the

Fabry-Perot modes are filtered out.

The entire laser cavity was examined for possible reflections between two points with a

distance corresponding to a mode spacing of 1.6 nm. Reflections in the cavity were

eliminated as a possible cause as there were no distances found in the cavity

corresponding to a wavelength spacing of 1.6 nm.

Soldano and Pennings warn that the reflections in MMI devices may not be neglected

[12], especially in lasers. Reflections may originate at the output end of the MMI
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between the output waveguides. As a result of internal reflections, the MMI could

function as a filter, allowing only discrete wavelengths equal to an integer multiple of

the roundtrip length of the MMI to pass through.

In the MWL cavity a 1x2 MMI (3dB splitter) is integrated to couple light out of the

cavity towards the WLC. The 3 dB splitter has a length of 80.5 11m, corresponding to a

mode spacing of 4.6 nm (Eq. 2.8). This eliminates reflections in the 1x2 MMI as a cause

of the 2 peaks.

After the power of the signal is split 50/50 by the 3 dB splitter the signal propagating

towards the WLC is once again split 50/50 into the two arms of the wavelength

converter (WLC) integrated on the chip. The splitter used in the WLC is a 2x2 MMI

with a length of 230 11m (Fig 2.28). This length corresponds with a mode spacing of 1.6

nm. Under the hypothesis that light reflects back and forth between the two end facets

it is conceivable that the 2x2 MMI functions as a Fabry-Perot filter with a mode spacing

of 1.6 nm.
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Figure 2.28: 2x2 MMI (3dB splitter)

The MMI functioning as a filter can lock the laser to the modes supported by the MMI

if it is integrated in the cavity or externally connected to the cavity. To demonstrate this

we look at an example of a Fabry-Perot cavity supporting 4 modes connected to an

MMI.
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In Fig. 2.29 a step by step account is given of how the filter causes mode locking of the

laser. If we were to switch on the laser, the following events would take place before the

laser output stabilizes:

Laser cavity MMI filter cavity
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Figure 2.29: Modelocking induced by an externalfiltering cavity

1. The Laser generates 4 equally spaced discrete wavelengths (~ ,~ ,~ , A4 ) which

are supported by the cavity. These 4 wavelengths propagate through the MMI

which filters out 2 of the wavelengths.

2. Two wavelengths (~ and~) are reflected back towards the laser cavity.

3. In the laser cavity the reflected wavelengths (~and~) stimulate extra photon

emission of the same wavelengths, thus increasing the gain for these two

wavelengths in comparison to the other wavelengths.

4. After a while the laser is locked to ~ and~ , emitting only these two

wavelengths.
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In the figure (Fig. 2.30) below we see a schematic of the laser cavity with the externally

connected MMI and how the Fabry-Perot spectrum is filtered by the PHASAR and the

MMI.

HR coated
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Fabry-Perot
modes

PHASAR
passband

MMI-filter MWL spectrum

Figure 2.30: MWL laser cavity with external MMlfilter

The Fabry-Perot laser cavity supports many longitudinal modes which are within the

gain bandwidth of the SOA. The PHASAR functions as a filter with a 3 dB passband of

1.3 nm. Reflections in this MMI could cause the MMI to function as a filter which leads

to mode locking of the MWL to discrete wavelengths with a spacing of 1.6 nm which

are still able to pass through the PHASAR.

Experimental measurements on MMIs carried out within the OED group show that in

practice reflections in MMIs do not cause them to behave as filters with a mode-spacing

equal to their length. The experimental measurements were performed by characterizing

various MMIs, on a chip with cleaved reflective facets.

By examining the output spectrum at the facets, we can measure the mode-spacing and

calculate the cavity length that corresponds with the spacing. The measurements showed

that light can be reflected at the input of the MMIs, creating a cavity between the

reflective facet and the input of the MMI.
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There can also be reflections at the output end inside the MMI, creating a cavity

between the facet and the output of the MMI. As expected there are also reflections

between the two reflective facets, which create a cavity between both facets.

In Fig. 2.31 an illustration is shown of an MMI with reflective facets and the possible

reflections.
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Figure 2.31: Possible reflections with a MMI

The output spectrum however did not show any mode-spacing which would correspond

to reflections between the ends of the MMI (Fig 2.31 ).Based on these experimental

results the conclusion can be drawn that it is not likely that the 2x2 MMI, located

outside the cavity (Fig. 2.30), is the cause of the two peaks observed in the output

spectrum of the channels of the MWL. Moreover reflections from the ends of MMIs

have been shown to be lower than 1 percent.

Another possible cause of the two peaks is reflections in the Free Propagation Regions

(FRP) of the PHASAR. Fig. 2.32 shows the mask layout of the PHASAR. In the layout

of the PHASAR FPR-l is the FPR which is connected to the waveguides leading to the
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MWL SOAs. FPR-2 is connected to the single waveguide leading to the multiplexed

output. FPR-2 has a length of 260 Jlm which does not correspond with the peak spacing

of 1.6 nm. However FPR-l has a length of233 Jlm which does correspond with a mode

spacing of 1.6 nm.

Figure 2.32: Mask layout ofchirped PHASAR

However taking a closer look at FPR-l we can see that it is chirped (Fig. 2.33).

Figure 2.33: FPR-I ofPHASAR

The chirping results in different lengths for each output waveguides corresponding to a

certain wavelength. Because this distance is not constant this would mean that mode

spacing would also not be constant. Given the fact that the mode spacing of 1.6 nm is

constant for all the channels it is unlikely that reflections within the FPR are the cause

of the 1.6 nm mode spacing.
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Another possible cause could be the multiple reflections in the laser cavity which form

several shorter cavities within the cavity between the HR coated facets (Fig. 2.34).

HR coated
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HR coated
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PHASAR
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1 2
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1400 ~m
I 2
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I 4

8618 ~m

+---------------------+. 5

Figure 2.34: multiple cavities in MWL cavity

Butt joint reflections can occur at the waveguide to SOA joint and SOA to waveguide

joint (points 1&2 in Fig 2.34). Reflections can also occur at the input and output of the

PHASAR (points 3&4 in Fig 2.34). The effect of these reflections is multiple cavities

within the MWL cavity. In Fig. 2.34 five cavities have been identified, reflections in the

MMI are negligible. Because the cavities overlap each other it is not necessary to

consider the cavities between them. For example the cavity between sub-cavities 2 and

3 (Fig 2.34) are already automatically calculated when analyzing the sub cavities.

Each cavity has its own Fabry-Perot spectrum corresponding to its length.

The effective length of the PHASAR is 118 11m. This has been calculated using the

channel spacing (3.2 nm) and Eq. 2.14:

A,2
L=---

2·N .~A,eff

(2.14)
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The linewidth of the Fabry-Perot modes is given by Eq. 2.15:

(2.15)

III which ~V 1me is the linewidth in Hz, h is Planck's constant, v is the central laser

frequency in Hz and P is the laser power in Watts. The cavity bandwidth in Hz,~vcav'

is given by Eq. 2.16:

(2.16)

in which R], R2 are the facet reflectivity coefficients, c is the free space velocity of light

and L the cavity length. The matlab code used for calculating and plotting the Fabry

Perot modes is given in appendix B. The actual calculated linewidth was not used as

this was very small (in the order of! 0-7 nm). For the simulations a larger linewidth was

used. The plots below show the Fabry-Perot spectrum of each cavity.
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Figure 2.35: cavity 1
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Figure 2.36: cavity 2

42



MWL, principles, design and characterization

0.9

0.8

0.7

-g 0.6

·~O.5

i 04

0.3

0.2

0.1

0.9

0.8

0.7

-g 0.6

~O.5

i 04

0.3

0.2

0.1

1555.5 1556 1556.5 1557 1557 5 1558 1558.5 1559
Wa""lenglh (nm]

Figure 2.37: cavity 3
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Figure 2.39: cavity 5

The Fabry-Perot spectra of these 5 cavities can be added up to see if any wavelengths

match each other. In Fig 2.40 the spectrum of all the cavities added up is shown.
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Figure 2.40: cavity 1+2+3+4+5
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In Fig. 2.40 it can be seen that there are two dominant peaks with a normalized

magnitude of 1.These peaks occur at wavelengths where there is the most overlap

between Fabry-Perot of the sub-cavities. The two peaks are at a wavelength of 1556.1

nm and 1557.8 nm. The space between the two peaks is 1.7 nm. This spacing is very

close to the actual spacing of 1.6 nm. The difference in wavelengths and space could be

due to minor errors in the cavity lengths used. From these simulation results it can be

concluded that reflections in cavity are most likely the cause of the two peaks in each

channel with a spacing of 1.6 nm. By changing the phase in the simulation it can be see

that sometimes only one peak is dominant, or sometimes both peaks shift to a longer

wavelength.

Reducing all these internal reflections should eliminate multiple peaks in the output

spectrum of each channel. Two sources of reflections have been identified: Butt joint

reflections at SOA-waveguide joints and refractive index mismatch between the FPR

and the input/output waveguides.

Butt-joint reflections (Fig. 2.41) can be suppressed with tilted active regions [3].
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Figure 2.41: Tilted active region
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Butt-joint reflections result from a mismatch in refractive index between the active

region and the passive waveguide. By tilting the active regions (Fig.2.35), the reflected

light radiates to the side of the waveguide out of the chip and not back into the

waveguide. The reflections at the input and output of the PHASAR are also caused by a

refractive index mismatch. The input waveguides are much narrower than the FPR,

which is basically a wide waveguide. The narrower input waveguides have a lower

effective refractive index than the FPR. The effective refractive index of the FPR can be

reduced by increasing the etch depth of the FPR. This leads to a better match with the

effective refractive index of the input waveguides. The end result is a reduction in

reflections at the input and output of the PHASAR.
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3 WLC principles, design and characterization.

3.1 Principles of a cross phase modulation WLC

Phase modulation of an optical signal is accomplished by modulating the real part of the

refractive index of a non-linear optical component through which the signal is

propagating. In the first part of this chapter Cross Phase Modulation (XPM) wavelength

conversion with a Mach-Zehnder interferometer (MZI) is explained.

3. 1. 1 Mach-Zehnder interferometer

In Fig. 3.1 is a schematic of a Mach-Zehnder interferometer (MZI).
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Figure 3.1: Schematic ofa Mach-Zehnder interferometer [from 13J

The MZI has two inputs and two outputs. If light is injected into the In] it propagates

through the 2x2 MMI which splits the light 50/50 into the two phase shifting sections

(arms) of the MZI. After propagating through the MMI, the light at the outputs of the

MMI has a phase difference in relation to the input of the MMI. The relative phase

difference between the light in the upper arm and the light at In] is -1t/4 radians.
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From In] to the lower arm the relative phase difference is 1t/4 radians. The phase

difference between the light in the arms is 1t/2 radians. If no extra phase is added in the

arms then the light in both arms reach the second MMI with the same relative phase

difference. From the upper arm to Out] of the MMI the light receives an additional

phase of -1t/4 radians. The relative phase of the light from In 1 via the upper arm to Out

] is now -1t/2 radians. From the lower arm to Out] the light receives an additional1t/4

radians. The relative phase of the light from In ] via the lower arm to Out ] is 1t/2

radians. At Out ] the total phase difference between the light from both arms is 1t

radians resulting in destructive interference.

From the upper arm to Out 2 the relative phase difference is 1t/4 radians. Therefore the

relative phase of the light from In] via the upper arm to Out 2 is 0 radians (-1t/4 + 1t/4).

From the lower arm to Out 2 the light receives an additional phase of -1t/4 radians. The

relative phase of the light from In ] via the lower arm to Out 2 is 0 radians (1t/4 - 1t/4).

At Out 2 the phase difference between the light from both arms is 0, resulting in

constructive interference. In this case when no additional phase is added in the arms the

MZI is in the cross state. Light which is injected in In] it will exit the MZI at Out 2.

If light is injected in In ] and an additional phase shift of 1t radians is added to the upper

arm then constructive interference occurs at Out] and destructive interference at Out 2.

In this case the MZI is in bar state

In an SOA based MZI (Fig. 3.2) SOAs are used as phase shifters in the MZI arms.

50%

SO~

In 2 MMI

50%

Figure 3.2: Illustration ofan SOA based MZI
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In an SOA the refractive index can be changed by injecting a current into the SOA [14].

The relationship between the change in refractive index and the number of free carriers

in the active region [15] is given by Eq. 3.1

(3.1)

where rois the classical radius of the electron, n is the refractive index and me and mh

are the effective masses of electrons and holes, respectively. Increasing the amount of

free carriers leads to a reduction of the refractive index.

The velocity v with which light propagates through a medium is inversely proportional

to the refractive index of that medium (Eq. 3.3)

v=c/n (3.3)

where c represents the free space speed of light and n the refractive index of the

material. A reduction of the refractive index leads to an increase in velocity and

shortens the optical path length of the medium. The optical path length (A) of a

medium with length L is related to its refractive index by:

A=n·L (3.4)

For identical SOAs if II =12 then ~ =n2 and the MZI is in the cross state. No additional

phase is added in the MZI arms because the velocity of the light propagating through

both arms is the same. The MZI can be put in the bar state by injecting currents II '* 12 ,

so that the light in the upper arm has a different velocity than the lower arm. For certain

currents the difference in velocity is sufficient so that the upper arm has a phase

difference of1t radians compared to the lower arm.
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3.1.2 Cross phase modulation wavelength conversion with a MZI

Cross Phase Modulation (XPM) wavelength conversion is based on the modulation of

the real part of the refractive index in the SOA. If an amplitude modulated control signal

is injected into one of the SOAs of the MZI, the refractive index of that SOA changes

with the same bit pattern as the amplitude modulated control signal. This change in

refractive index changes the phase of the probe signal propagating through that SOA.

Changing the phase of the probe signal in one of the arms of the MZI leads to

destructive of constructive interference at the output of the MZI. In Fig. 3.3 an

illustration of an MZI-wavelength converter is shown.

CP

Aconverted

Figure 3.3: Illustration ofan MZI wavelength converter

The first step in operating the wavelength converter (WLC) is to choose an input and an

output. In the remainder of this paragraph the operation of the WLC will be explained

using input In 1 and output Out 1. The light injected into In 1 is referred to as the probe

signal (Aprobe)' it is the wavelength to which the incoming signal will be converted. The

incoming modulated signal, which is injected in to the control port (CP), is referred to

as the control signal (Acontrol ).
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The next step is detennining a working point. To find this point a probe signal is

injected into the WLC and no control signal is injected into the control port. By setting

I] to a constant current and sweeping 12 , the output power of the WLC as a function of

12 can be measured. For 12 =OmA the light in the lower arm is absorbed in the SOA

and at the output only the light propagating through the upper arm is present. Increasing

12 increases the power of the light in the lower arm and the changes the phase of the

light in that arm. At the output the light from the two arms interfere constructively and

destructively repeatedly as the phases in the lower arm changes. By plotting the output

power of the WLC as a function of 12 for I] is constant, the electrical switching curve

of the WLC is obtained. In Fig 3.4 a theoretical ideal electrical switching curve is

shown.

Output power

11 =Constant

Figure 3.4: Illustration ofan ideal WLC electrical switching curve

Points A and B (Fig3.4) represent the working points of the MZI, where the phase

difference results destructive or constructive interference. After point A the curve

dampens as the gain of the SOAs decrease as a result of thermal roll-off and gain

saturation.

The next step in operating the wavelength converter is choosing the mode of operation,

inverting or non-inverting. For inverting operation the output signal will have the

inverted bit pattern of the input signal. For example if the input signal has a bit pattern
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of 1010 then the bit pattern of the output signal will be 0101. For non inverting

operation point A must be chosen. In point A the output power is low as a result of

destructive interference. If the control signal is low then the phase in the upper arm of

the MZI does not change and the output remains low. If the control signal power is high

then the phase in the upper arm changes and this leads to constructive interference at the

output of the MZI resulting in a high output power. For inverting operation point B is

chosen. The output power is high for a low control signal power and low high control

signal power.

The gain of an SOA as a function of input signal power is not constant. For a certain

input signal power there are not enough free carriers left in SOA to provide a constant

gain. If the input signal power is increased further beyond that level then the gain begins

to decrease. In the figure below (Fig. 3.5) an illustration is shown of a typical SOA gain

curve.

Gain [dB)

/
Saturation

NON-Linear

operation area

Input power

Figure 3.5: Illustration ofa typical SOA gain curve

Saturation of the SOA leads to non-linear behavior of the SOA. The four main types of

non-linearity [6] are cross gain modulation (XGM), cross phase modulation (XPM), self

phase modulation (SPM) and four wave mixing (FWM). The MZI-WLC uses XPM to

achieve wavelength conversion. Saturation of the SOAs by the probe signal is not

desired. The cross phase modulation caused by the control signal in the SOA is most
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efficient if the probe signal almost saturates the SOA. The control signal which is

injected into the WLC should have sufficient power to push the SOA into saturation.

Non inverting wavelength conversion by means ofXPM works as follows:

1. The currents for the WLC SOAs must be set so that the WLC is in non inverting

working point A.

2. If the control signal power is high this reduces the number of free carriers in the

SOA causing an increase in the refractive index (Eq. 3.1), which changes the

phase of the probe signal in the upper arm. This results in a decrease in phase

difference between the two arms at the output of the MZI. The probe signals

from the two arms interfere constructively resulting in a high output power

3. If the control signal power is low then the refractive index does not change and

the output probe signal power remains low.

The result is that the input probe signal is modulated in the WLC with the same bit

pattern as the control signal. The output of the WLC is the converted signal, which is

probe signal modulated with the same bit pattern as the control signal. The original

signal is also present at the output of the WLC and has to be filtered out.

An important measure of performance for wavelength converters is the extinction ratio.

The output extinction ratio (ERou, )' is defined as the difference between the minimum

and maximum (probe signal) output power (Fig. 3.6).

Probe Signal output Power

B

1 /

A .----------YERin

Control Signal Power

Figure 3.6: Input / Output extinction ratios for non-inverting operation (A) and inverting operation (B)
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The input extinction ratio (ERin) is defined as the difference in control signal power

needed to go from probe signal output power minimum to maximum (or vice versa).

Another important measure of performance is the optical bandwidth which is found

from the output extinction ratio versus the probe signal wavelength.

3.2 Design of the MZI wavelength converter

Two variants of the MZI-WLC were implemented on the chip. The first WLC (WLC-l)

is a co-propagating WLC and the second (WLC-2) a counter-propagating. In co

propagation the probe and control signal inside the SOA propagate in the same

direction. In counter-propagation the probe and control signal propagate in opposite

directions in the SOA. In Fig. 3.7 we see an illustration of the circuit for WLC-l.

monitor

Aconverted

........._.-- Jl..JlJ1....
P~Jl..JlJ1....

Acontrol

CP' Acontrol
2 ...n.rLJL

Acontrol

----- ...n.rLJL

C~I

: feedback
I
I

50%

28%

72%

50%

MMI

Figure 3.7: Schematic ofWLC-l, co-propagating control signal

The control signal (Aeon/raJ)' can be injected into control port C~ for direct injection

into the SOA, or into C~ for pre amplification. The pre-amplified control signal is split

in an MMI, with 72% of the power going towards the SOA and 28% towards the

monitor. The monitor is a reversely biased SOA through which the power of the pre

amplified control signal can be measured. The measurements from the monitor can be

used in a feedback regulator to control the amplification by means of controlling the
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injection current. The (pre-amplified) control signal is combined with the probe signal

in a 3-dB 2xl MMI coupler and fed into the SOA. In the co-propagating WLC-l, the

control signal is also present at the output P~ and must be filtered out.

The second wavelength converter (WLC-2) on the chip has been designed for counter

propagation of the control and probe signal. In the illustration below (Fig. 3.8) we see

the circuit of WLC-2.

50%
MMI

SO%

Acontrol

-!1JLJl

c~

Aconverted

.......-_JLfu'-
p~

monitor

Aconlrol

.J1IUl

C~

Figure 3.8: Schematic ofWLC-2, counter-propagating control signal

In this design we see that the control signal propagates through the SOA in the opposite

direction of the probe signal. The advantage of this design is that only the converted

signal is present at the output port P~ , therefore no filtering is needed. In the counter

propagation converter the bit rate is limited to 10 Gb/s, in the co-propagation converter

the limit is 10-20 Gb/s [3]. Fig 3.9 shows the chip layout of the wavelength converters.
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Figure 3.9: Chip layout ofWLC-1 and WLC-2
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The cleaved facet has a reflectivity of approximately 32 %, which is enough to cause

lasing within the MZI. An anti-reflection (AR) coating was applied to the facet of the

chip in order to reduce reflectivity. The AR-coating suppresses the reflection ofTE and

TM polarization by 40 dB [3]. In this design 2x2 MMIs were used for the inputs and

outputs of the MZI. In the original design [3] 2x1 MMIs were used. Using 2x2 MMIs

instead of 2x1 MMIs has several advantages. The greatest advantage is that the MZI is

more balanced (11 i':::i 12 ) when operating in non-inverting mode, which increases the

optical bandwidth of the WLC [16]. Also the two output ports can be used to have both

the inverted and the non-inverted output signal simultaneously. In the current design

this is not implemented, only one output port is used.

3.3 WLC characterization

The input probe port of the WLC is directly connected to the MWL on the chip. It is

therefore not possible to completely characterize the WLC without using the integrated

MWL. In this paragraph measurements which can be performed without the use of the

MWL are presented. In the next chapter, the characterization of the total integrated

circuit (MWL-WLC), is performed to characterize the WLC with the use of the

integrated MWL

3.3.1 Measurement set-up

Measurements are performed on the WLC by injecting a control signal into the control

ports and measuring the output of the WLC at the probe port. For injecting the control

signal and measuring the output signal a fiber array containing eight single mode

polarization maintaining fibers is used. The fiber array is aligned with the chip so that

three of the fibers in the array are aligned with the output and input ports of the WLC

( P~ ,C~ ,C~ ). A tunable light source (TLS) provides the non-modulated control

signal. The power of the control signal is controlled by an optical attenuator (ATT).

The output of WLC is filtered by 'a band-pass filter (BPF) and then measured with the

power meter (PD) or the optical spectrum analyzer (OSA).
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In Fig. 3.10 the measurement scheme for the WLC is shown.

1=1560 nm

MWL

WLC-' Fiber
Array

Figure 3.10: Measurement schemefor characterization ofWLC-1

For connections between the fiber array and the power meter or GSA, standard single

mode fibers are used. Polarizations maintaining single mode fibers are used between the

TLS, ATT and the fiber array.

3.3.2 WLC SOA measurements

If the facet reflectivity of the WLC is not sufficiently suppressed by the AR coating, the

WLC may begin to lase. In the figure below (3.11) we see how two Fabry-Perot laser

cavities may be formed in the WLC which can lead to lasing in the WLC.
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Figure 3.11: Two Fabry-Perot laser cavitiesformed in WLC
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From LI curves and the output spectra of the SOAs we can determine if the WLC is

lasing for certain temperatures and currents. For both SOAs of WLC-l the LI curves

were measured and the output spectra at various temperatures (l0, 15, 20 and 25 DC).

The SOAs were measured at various temperatures because at low temperatures the gain

ofthe SOA may be sufficient to cause lasing in the WLC cavities (Fig. 3.11).

From the LI curves it appeared that there was no lasing in WLC-l. In figure 3.12 the LI

curves of the SOAs of WLC-l at a temperature of 15 DC are shown.
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Figure 3.12: LI curves WLC-1 SOA 1&2 at l5°C

In the LI curves we see that the two SOAs are identical in power output as a function of

current. There were no visible laser peaks in the output spectrum of the SOAs for

currents ranging from 0-200 rnA and temperatures ranging from 10 - 25 DC.

To determine how high the power level of the input control signal must be in order to

saturate the SOA, the gain of the SOA was measured for increasing input control signal

power. A control signal with a wavelength of 1560 nm was injected into port C~ .

At port P/1. the light output power was measured. The gain of the SOA can be obtained

by dividing the output power by the input power. The actual input control signal power

is equal to the TLS output power minus all the losses the signal incurs on its path before

reaching the SOA. A back-to-back (B-2-B) measurement (Fig. 3.13) was performed to

determine the attenuation of the band-pass filter, the attenuator and the fibers

connecting them. The TLS was set to a fixed power level and the ATT was swept from

-20 dB to 0 dB. The measurements were repeated for various SOA-2 injection currents

ranging from 150-200rnA at a temperature of 15D C.
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In Fig 3.13 the back-to-back measurement is shown with the dashed line.

l=1560nm

MWL

WLC-1 Fiber
Array

Figure 3.13: Back-to-back measurement oftotal attenuation ofTLS, AIT and BPF

A total loss of 8 dB was measured from the output of the TLS to the input of the PD.

These losses are accounted for by a 2 dB loss in the ATT and a 4 dB loss in the BPF.

The rest of the losses come from the 6 optical connectors which have a loss of

approximately 0.3 dB each. The losses in the fiber are negligible. The fibers have a

length of 2-3 meters and the attenuation is approximately 0.2 dB per km. Taking the

losses into account, the actual power that is coupled out of the fiber to the chip can be

calculated.

From the output of the fiber the control signal suffers more attenuation on its path to the

SOA. The fiber-to-chip coupling loss between the array and chip amounts to 10 dB. In

the chip the signal suffers an estimated attenuation of 2 dB in the curved waveguide and

an additional 4 dB loss in the 2xl MMI before reaching SOA-2. The total loss between

the TLS and the SOA is 19.2 dB accounted for by: 4 optical connectors (1.2 dB),

attenuator loss (2dB), fiber-to-chip coupling loss (10 dB), loss in curved waveguide (2

dB) and loss in MMI (4 dB). The total input control signal power at the SOA equals the

TLS output power minus 19.2 dB total attenuation. The losses on the propagation path

between the SOA output and the power meter: 4 dB loss in the MMI, 10 dB fiber-array

coupling losses, 4 dB loss in the BPF and 1.2 dB total loss from 4 optical connectors.
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The total losses on the output path equal 19.2 dB. In the Fig. 3.14 the gain curve of

SOA-2 for an injection current of 150 rnA is shown.
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Figure 3:14: WLC-l SOA-2 gain curve. SOA-2 current is 150mA at a temperature of15°C

From this curve it appears that SOA-2 is already saturated for a control signal power of

-38 dBm. The gain curves for injection currents ranging from 150-200 rnA all displayed

a similar declining trend. In chapter 4 another method using the integrated MWL to

determine the gain curve of the SOAs in the WLC is presented.

From the measurements performed on the WLC it was seen that the two SOAs are

identical in terms of output power and output spectrum. The SOAs appear to be already

saturated for a relatively low input signal power. In the WLC characterized in [3] the

SOAs were not yet saturated for an input signal power of -5dBm in the fiber.
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4. Characterization of a WLC integrated with a MWL

4.1 Design and operation

The WLC presented in chapter 3 is now integrated with the 4 channel MWL presented

in chapter two. The output wavelength of the MWL can be discretely tuned by injecting

current into one of the 4 SOAMWL ofthe PHASAR based MWL (Fig. 4.1).

HR coating

M,

°4
SOAMHZ _ 4

°3
SOAMWL _3

0,
SOAMWL .,

°1
SOAMWL1

ARcoating

.__--- ----1 c~

p~

'----------1 Cp,

I I , IL I ,-_. J

MWL WLC

Figure 4.1: Illustration ofa WLC integrated with an MWL

The MWL provides a continuous wave probe signal (Aprobe) which is injected into the

WLC. The WLC converts the incoming amplitude modulated control signal to the

wavelength of the probe signal. By setting the currents of SO~andSO~ the WLC can

be set for inverting or non-inverting conversion. Fig 4.2 shows the chip layout of the

MWL-WLC.
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Figure 4.2: Layout wavelength converter with integrated MWL from [3)
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The chip has two wavelength converters WLC-l and WLC-2. WLC-l is a co

propagating wavelength converter and WLC-2 is a counter propagating wavelength

converter. Each converter has its own integrated 4 channel MWL.

4.2 Static measurements of MWL-WLC

The measurements for characterization of the MWL-WLC can be divided into two

types: static and dynamic measurements. Static measurements are those which are

performed with an un-modulated control signal. Dynamic measurements are performed

with a modulated control signal. The measurement scheme shown in Fig. 4.3 is identical

to the scheme used in chapter 4 for characterizing the WLC.

MWL

WLC-1 Fiber
Array

Figure 4.3: Scheme for static measurements ofMWl-WLC

4.2.1 MWL-WLC laser performance

If no current is injected into the SOAs of the WLC, then the SOAs will absorb the

incoming probe signal. If current is injected into S04 then the probe signal traveling

through the upper arm will be amplified. Because no current is injected into SOA2 the

probe signal propagating in the lower arm is absorbed. In the Output MMI there is no

interference because only the probe signal from the upper arm is present. The amplified

probe signal can be measured at port P~. By setting the injection current of one of the

laser channels to a fixed current and sweeping the current of one of the WLC-SOAs, the
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output power and spectrum of the probe signal can be measured as a function of WLC

SOA injection current. Fig. 4.4 shows the output power of channel 3 as a function of

WLC-l SO~ injection current measured at portP~. The injection current of channel 3

is 154 rnA at a temperature of 15°C.
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Figure 4.4: LI curve WLC-l SOA-l atWLC-l PPl, I_channel 3 =154mA, T=15°C
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The curve of the output power displays unexpected peaks and valleys. For ideal

conditions, the probe power injected into the SOA should be constant. The output probe

signal power should increase with increasing SOA injection current and eventually

decrease at higher currents due the thermal roll-off. The expected curve would then be a

smooth curve without the peaks and valleys. This behavior was the same for both

channels 2 and 3 for various injection currents. In Fig 4.5 the output spectra of channel

3 are shown measured at P~ with a temperature of 15°C for WLC-l SO~ currents

corresponding to the peaks and valleys of the LI curve in Fig. 4.4.

Current SOA-11559 1560 50
Wavelength [nm]

0.2

0.0-k82~~~::::-~1555
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Output spectra PP1 channel 3 =154mA WLC-1 SOA-1
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Figure 4.5: Output Spectra channel 3 =154mA at PPlfor various WLC-l SOA-lcurrents, T=15°C
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In Fig. 4.5 it appears as if the laser is being amplitude modulated as a function of the

injection current. Channel 3 normally lases predominantly at a wavelength of 1558.2

nm with an occasional side peak at 1556.6 nm. It can be seen that channel 3 is now

predominantly lasing at 1556.6 nm.

Channel 2 displayed similar behavior. The lasing wavelength of channel 2 has also

change. In previous measurements channel 2 was predominantly lasing at a wavelength

of 1555.0 nm. It is now lasing at a wavelength of 1553.8 nm.

Amplitude modulation of the probe signal could probably be caused by light reflected

from the AR coated facet back into the MWL cavity which would cause interference.

The AR coating is supposed to suppress reflections, however the coating can diminish

over time and with use of the chip. In Fig. 4.6 the normal propagation path of the probe

signal through the WLC is shown.

_-----1C~

,
// ----------------_.""".~-----j

, p~
~~ #

\ ..... ~~~4~~ ./"

SOA2
'----------1 Cp,

Figure 4.6: Propagation path ofprobe signal through WLC

The probe signal propagates from the MWL towards the output port P~. In the ideal

situation when there are no reflections at the output facet, there would be no light

propagating towards ports C~or CPz. Therefore it can be determined if there are

reflections from the AR coated facet by measuring the output power at ports C~ orCPz .

To determine if the probe signal is reflected at the output AR coated facet, a current of

175 rnA was injected into channel 2 and the currents of SO~and SOA2 to 150rnA and

140 rnA respectively. For these WLC-SOA currents the probe signal interferes

constructively at the output of the MZI. The light output power was measured at all the
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3 portsC~, p~ andC~. In Fig. 4.7 the output spectrum measured at the 3 ports clearly

show that there is a significant amount of light reflected at the AR-coated facet.

Compared to the power measured at P~ we can see that there is a significant amount of

probe signal power present at portC~. No current was injected into the SOApre '

therefore it behaves as an absorber for light explaining why there is less probe signal

power measured at port C~.
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Figure 4.7: Output spectrum channel2 current = 175mA measured at ports CP1, PP1 and CP2.

SOA-1 current = 150 mA SOA-2 current = 140 mA T= T=15°C

The reflected probe signal which propagates back into the MWL cavity has a different

phase than the probe signal propagating out of the cavity. If the phase difference equals

1t then there would be destructive interference. The phase of the signal propagating

through the SOA varies as a function of injection current due changes in the refractive

index of the SOA. If the phase shift in the SOA equals 1t then the probe signal will have

a phase shift of 21t after it passes back through the SOA resulting in constructive

interference. We can now calculate the injection current needed for a phase shift of 1t in

the SOA. Using Eq. 3.1 under the assumption that the amount of holes injected is equal

to the amount of electrons the following simplified equation is derived for the refractive

index change in the SOA for a wavelength of 1557 nm:

an = (-6.025.10-21 cm-3
). N (4.1)
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A phase shift of 1t is corresponds to half a wavelength traveled in the medium, therefore

the refractive index must change so the optical path in the SOA decreases by half a

wavelength. The wavelength of the probe signal in the SOA equals the free space

wavelength of the probe signal divided by the effective refractive index. Simulations in

ADS calculated an effective refractive index of 3.4 in the SOA. Therefore the

wavelength of the probe signal in the SOA is:

A
1 _ free space - 458

A SOA - - nm
Neff

Half a wavelength in the SOA equals 229 nm. Thus the optical path length decrease in

the SOA for a 1t phase shift equals 229 nm. The optical path length in the SOA equals:

(4.2)

in which LSOA is the length of the SOA in the MZI and equals 500 Ilm. The change in

optical path length as a function of the change in refractive index is then:

(4.3)

By combining equations 4.1 and 4.3 the amount of free carriers injected into the SOA

per cubic cm (N) is related to the change in optical path length by:

8A _N = SOA em 3

- 6.025 .10-21
• L

SOA

(4.4)

The free carriers are injected into the SOA into the active region (Q(1.55)) under a 2 Ilm

wide ridge. The ridge provides a lateral contrast in refractive index, which confines the

light propagating through the SOA in the lateral direction directly under the ridge area.

For an active region film thickness (ta) of 120 nm the confinement factor r is 0.26 [3].
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Fig. 4.8 shows the cross section of the SOA and light confinement in the active region

under the ridge.

SOA cross section

Injection current

t a = 120nm t

Gold contact
InGaAs

InP

Q(1.25)

Q(1.55)

Q(1.25)

InP

width active region=20 11m

Figure 4.8: Light confinement in WLC- SOA

The optical area Aopt [3] is the total area within the active region to which the light is

confined and is given by the following equation:

(4.5)

in which W IS the width of the ridge (2 Ilm). The optical volume Vopt in the active

region equals the optical area multiplied by the length of the SOA:

v = wtaLSOA

opt r (4.6)

This volume represents the volume of the SOA in which light is propagating. The free

carriers must be injected into this volume in the SOA in order to gain the required

refractive index change. The total amount of electrons NT injected into the SOA equals:

(4.7)
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The injected electrons recombine with the holes in the active layer. The recovery

time Tree is defined as the time needed to replenish the active area with free carriers for

the gain to recover from 10% to 90%. An SOA with a length of 500 ~m has a recovery

time of200 ps [3]. The current injected into the SOA equals:

(4.8)

in whiche is the charge of an electron. For a phase shift of 1t in the SOA the calculated

injection current equals 28.1 mAo This current is in agreement with the difference in

current between two peaks in Fig. 4.4. This result supports the hypothesis of amplitude

modulation in the MWL as a result of constructive and destructive interference due to

phase changes in the probe signal reflected back into the MWL cavity.

4.2.2 WLC SOA gain curve

The probe signal power injected into the SOA can be estimated by subtracting the

estimated losses from the measured value at the HR facet multiplexed port MI.

The WLC SOA gain curve is then obtained by dividing the probe signal output power at

port P11. by the estimated probe input power. Fig. 4.9 shows the losses the probe signal

incurs propagating from the MWL through the WLC.
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Figure 4.9: Estimated path losses in chip.
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The reflectivity at the HR coated facet is 80%, therefore the probe signal power

measured at the multiplexed port PM is only 20% of the power in the cavity. The power

coupled out of the cavity is equal to the power in the cavity is equal to 4 -PM .

The probe signal propagating towards the WLC, suffers a 2 dB attenuation in the curve,

4 dB attenuation in the 2x2 MMI and 4 dB attenuation in the 2x1 MMI before reaching

the SOA. In Fig. 4.9 Ppp represents the probe output power measured at portP~, which

is equal to the probe output power POUT plus 4dB attenuation in the 2x2 output MMI.

The SOA gain can be calculated with Eq. 4.9:

GSOA = POUT -~N = (Ppp +4dB)-(4·PM -2dB-4dB-4dB) (4.9)

The gain curves were plotted by setting SO~ or SOAz to a fixed current and sweeping

the current of channel 2 or 3. This gives us the measured probe output power Ppp as a

function of channel injection current. Then by sweeping the channel current and

measuring at portM1 , we obtain the measured probe signal power PM as a function of

current. This way the input probe signal power into the SOA ~N can be estimated for

currents above threshold. Fig. 4.10 shows the Gain curve of SO~ for channel 2 at a

temperature of 15°C.

SOA-1 Gain 150mA T=15 ch2

---------~-----~,

/' ~ "- ,
' ...

~"
~,. ,
: "'"I ~,I
I

~"I

I ~"'"
I "'iI "

25.0

24.5

24.0

23.5

iii' 23.0

~
22.5c

-j;j

CI 22.0

21.5

21.0

20.5

20.0

-42.0 -41.5 -41.0 -40.5 -40.0 -39.5 -39.0 -38.5 -38.0 -37.5 -37.0

Input power [dBm]

Figure 4.10: SOA-1 gain curve for channel 2 at T=15°C.
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From the gain curve it can be seen that for an input signal power of -39 dBm the SOA

becomes saturated. This verifies the conclusion in chapter 3.3.2 that the SOAs were

already saturated for input powers of -38 dBm. The first SOA gain curve measured in

chapter 3 showed a decrease in gain of 0.9 dB/dBm of input power when the SOA was

saturated. This curve (Fig. 4.10) shows a decrease in gain of 1.4 dB/dBm of input power

after the SOA becomes saturated.

4.2.3 WLC switching curve

Operation of the MZI wavelength converter requires the optimal injection currents for

the SOAs in order to put the MZI in inverting or non-inverting mode. To find these

currents experimental measurements can be performed where one of the SOAs is biased

to a fixed current while the current of the other SOA is swept. This generates the

electrical switching curves from which working points can be determined.

Operating at a temperature of 15°C, the currents of channels 2 and 3 were set to 175

rnA. The current of SO~ was set to 150 rnA and SOA2 current was swept from 0 to

200 rnA. In the plot below (Fig. 6.8) we see the electrical switching curves of WLC-l

for channels 2 and 3.
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Figure 4.11: Electrical switching curves ofWLC-1 for channels 2 and 3

As explained in chapter 3 a working point for non-inverting wavelength conversion

must be chosen at a destructive point in the electrical switching curve.

In the electrical switching curves (Fig. 4.11) the non-inverting working points are

marked by "WP" along the SOA-2 current axis.
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The chosen working point is an injection current of 150 rnA for SO~ and 180 rnA

for SO~. For these SOA injection currents the electrical curves displayed the highest

output extinction ratio. The curve of channel 2 resembles a typical electrical switching

curve with the exception of the dent at an SOA2 current of 120 rnA. The curve of

channel 3 does not resemble a typical MZI switching curve as shown. Before we

analyze the irregularities in these curves we will examine the output spectra of the

switching curves.

Fig. 4.12 shows the output spectra of WLC-l for channel 2 at a destructive point

(working point) and constructive point along the switching curve.
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Figure 4. J2: Output spectra ofWLC-J for channel 2 for constructive and destructive interference

In Fig 4.12 the plot of the WLC output spectrum for constructive interference, the SO~

current was set to 160 rnA. For the plot of the WLC output spectrum for destructive

interference, SO~ current was set to 180 rnA (working point). From the plots in Fig.

4.12 an output extinction ratio (ER) of 12 dB is observed for WLC-l and channel 2. For

these settings channel 2 is now operating at a wavelength of 1555.2 nm. For these

injection currents the conditions in the total chip (refractive index and temperature)

favor lasing at this wavelength instead of the other peak.

The output spectrum of the WLC for constructive interference of channel 3 was

observed at an SOA2 current of 160 rnA. The output spectrum of destructive interference

was observed at an SO~ current of 180 rnA (working point).
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Fig 4.13 shows the output spectra of WLC-l for channel 3 at a destructive point

(working point) and constructive point along the switching curve.
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Figure 4.13: Output spectra ofWLC-1 for channel 3 for constructive and destructive interference

Channel 3 is now lasing at a wavelength of 1557.0 run, which is slightly longer than the

regular operating wavelength of 1556.6. In these measurements the sensitivity of the

OSA was probably not high enough and therefore in the plot of destructive interference

the signal is not detected above ASE. Based on the plots it can be assumed that the

output ER for channel 3 is approximately 32 dB, which is much higher than that of

channel 2.

Based on conclusions drawn in the previous two chapters the irregular electrical

switching curves can be explained. In chapter 2.3.3 it was determined that the two peaks

in each channel were caused by reflections which formed sub cavities within the MWL

cavity. In chapter 4.2.1 it was shown that reflections from the facet feeding back into the

MWL cavity was causing destructive and constructive interference as a function of the

WLC-SOA injection current. Appendix A contains plots of the spectra measured at

various points on the electrical switching curves of channels 2 and 3.

Looking at the spectra of the electrical switching curve for channel 2 (App A.l) it can

be seen that the channel output wavelength remains constant except at an SOAz current

of 120 mAo For this current there are multiple peaks present in the channel output

spectrum. This current coincides with the dent in the electrical switching curve.
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The spectra of the electrical switching curve of channel 3 (App. A.2) is much more

irregular than that of channel 2. The channel output wavelength toggles between

wavelengths of 1557 nm and 1558.2 nm. Also there are multiple peaks in the spectrum.

It can now be concluded that the irregular electrical switching curves are caused by

unstable lasing. Because the channels are not lasing at one constant wavelength the

output of the WLC is effected by the constant changing of wavelength and signal

power. This is the result of reflections in the MWL cavity, reflections at the AR coated

facet which feed back into the MWL cavity and changing of the conditions within the

chip as a function ofcurrent and temperature.

In this chapter it has been shown that the reflections from the AR-coated facet cause

feedback into the MWL which disturbs lasing in the MWL cavity. There are two ways

to eliminate feedback into the laser. The first is to place the output waveguides of the

MZI at an angle with the facet so that the reflected light radiates to the side of the

waveguides out of the chip and not back into the waveguides (Fig. 4.14).

28%

MMI

: feedback C~,.
monitor

AR-coated facet

...........

c~

Figure 4.14: WLC-1 with an angle between waveguides andfacet.

The second is to integrate an isolator between the MWL and the WLC. The principle of

an isolator is to allow light to propagate through the isolator in the forward direction but

not in the backward direction. Until recently integrated isolators only worked for TM

modes. Shimizu and Nakano [17] have reported an active waveguide optical isolator

which works for TE modes. They reported losses of 14.7 dB/mm for propagation in the
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backwards direction for wavelengths around 1550 run. However it must be taken into

account that the active optical isolator is in principle an SOA with a layer of

ferromagnetic metal. As it is design for a wavelength of 1550 run, the active region will

emit photons of this wavelength when a current is injected. The light emitted from the

active region travels back into the MWL cavity, but should not be a major problem as

this is just ASE. ASE should not disturb the lasing process in the cavity.

4.2.4 Static wavelength conversion

Wavelength converSIOn with an un-modulated control signal was attempted. The

channels of the MWL were set to 175 rnA and the WLC was set to its non-inverting

working point (SO~ = 150 rnA, SOAz = 180 rnA). A control signal with a wavelength of

1560 run was injected into portC~. In Fig 4.14 we see plots of output spectra when no

control signal is injected and for an injected control signal of 8 dBm.
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Figure 4.14: WLC in non inverting mode with injected control signal.

In the plot on the left the WLC is set to non inverting mode, in which channel 2

interferes destructively. In the plot on the right an un-modulated control signal is

injected into the WLC via portC~ . The control signal has a power of 8 dBm and a

wavelength of 1560 run. Comparing the two plots with each other we see that the power

of the probe signal increases slightly (2dB) when the control signal is injected.

These measurements were repeated for channel 3, but there was no change in probe

signal power when a control signal was injected.
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Characterization ofa WLC integrated with a MWL

The poor static conversion observed in Fig. 4.14 is probably due to the fact that the

SOAs are already greatly saturated by the probe signal. If the probe signal saturates the

SOAs this has a negative effect on the cross phase modulation efficiency. This problem

can be overcome by optimizing the SOAs for higher saturation power. Based on these

results it can be concluded that the MWL-WLC cannot achieve wavelength conversion.
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Conclusions and recommendations

5 Conclusions and recommendations

In chapter two the MWL was characterized. The output power was relatively low and

the threshold currents were relatively high compared to an identical MWL characterized

in [3]. This is most likely the result of damage to the HR-coated facet. Furthermore the

channels of the MWL were not lasing at a single constant wavelength but at two

wavelengths with a spacing of 1.6 nm. It has been reasonably argued that this is caused

by butt-joint reflections and reflections at the input and output of the PHASAR within

the MWL cavity. Butt joint reflections can be eliminated by integrating tilted active

regions and reflections at the input and output of the PHASAR can be eliminated by

increasing the etch depth of the FPRs.

In chapter four the complete integrated MWL-WLC was characterized. It was shown

that reflections from the AR-coated facet are non-negligible and the feedback resulted in

disturbance in the MWL cavity. This feedback caused unstable lasing with regards to

lasing wavelength and output power. Feedback from reflections can be avoided in two

ways. The first is to place the output waveguides of the WLC at an angle with the AR

coated facet so that reflected light radiates to the side of the waveguides out of the chip

and not back into the waveguides. The second is to integrate an active waveguide

optical isolator.

In chapter four static wavelength conversion with the MWL-WLC failed. This is most

likely the result of the SOAs already being saturated by the power of the probe signal,

which has a negative effect on the cross phase modulation efficiency. This problem can

be solved by optimizing the SOAs for a higher saturation power
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Appendix A: Electrical switching curves spectra

Appendix A: Electrical switching curves spectra

A.1 channel 2 electrical switching curve spectra
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Appendix A: Electrical switching curves spectra
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Appendix A: Electrical switching curves spectra
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Appendix A: Electrical switching curves spectra

A.2 channel 3 electrical switching curve spectra
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Appendix B: Matlab code for Fabry-Perot modes MWL cavity

Appendix B: Matlab code for Fabry-Perot modes MWL cavity

clc; clear all;

-->E

--------------------1
1

1

\
%
%1 1
%1 1 1 \ 1
% 1---------------- SOA ------------ PHASAR
%1 1 1 1
% I 1 -----'1
% <-- A --><-- B --><-- C --><-- D --><--

A=400*1Q1'-6; B=1000*10/\-6; C=2000*l0/\-6; D=118*10/\-6; E=A+4700*10/\-6;

phi=O; p= phi*229* 10/\-9; % Phi is integer values ofpi.
% p = phase shifts corresponding to half a wavelength in the cavity

L(l)=A-p; L(2)=A+B-p; L(3)=A+B+C-p; L(4)=A+B+C+D-p; L(5)=A+B+C+D+E-p;

Wc=1555*l0/\-9;
Neff=3.4;

% Central wavelength
% Effective refractive index

for i=I:5
MS(i)=(Wc/\2)/(2*Neff*L(i)); %Mode spacing for each cavity with length Ll to L5

end

% Create an array containing the first wavelength of each cavity (LI-L5) which is larger than 1555 nm
j=1 ;
for k=I:5

form=I:41000
mode = (2*L(k)*Nefi)/(41 001-m);

if mode>1555* 10/\-9
specG)=mode;
j=j+l ;
break

end
end

end

% Assign function for Fabry-Perot modes for each cavity
forh=I:5

z(h)=pi/MS(h);
end

% Fit a cosine function over the modes, give each mode a linewidth by means of the power of the cosine
% function and plot
t=Wc: 10/\-14: 1559* 10/\-9;

O=cos(z(1 )*(t-spec(1 )))./\200;
P=cos(z(2)*(t-spec(2)))./\200;
Q=cos(z(3)*(t-spec(3)))./\200;
R=cos(z(4)*(t-spec(4)))./\200;
S=cos(z(5)*(t-spec(5)))./\200;

y=O+P+Q+R+S;
y=y./max(y);
plot(t,y)
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Appendix C: Measuring equipment

Appendix C: Measuring equipment

Microscope:

Piezzo stage controller:

Stage:

Current source / temperature controller:

Power meter:

OSA:

Tunable laser source:

Band pass filter:

Attenuator:

Wild Epimakroskop M450

Melles Griot Nanotrak 17MNAOO1

Thorlabs Nanomax P7MAX601IR

Tektronix Pro 8000

Newport 1835-C

Ando AQ-6315A

Agilent 81600B

JDS Uniphase TB9

JDS Uniphase HA9
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