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Abstract

Increasing the bit rate per wavelength division multiplexing (WDM) charmel,

not only increasing the number of charmels, is attractive for upgrading the trafflC

capacity of optical transmission systems. The remaining problems are the difrlCulties in

commecting different types of WDM system, and the signal wave form distortion due to

the polarization mode dispersion. (PMD). TherefTore, a simultaneous wavelength

conversion and high bit rate PMD compensation are expected. Semiconductor optical

amplifier (SOA) based wavelength conversion is the most promising device for those

subsystems, because of its advantages of bit-rate-independent and format-independent

operation.

Chapter 1: The background and the purpose of this work are described.

Chapter 2: The described SOA has an extremely low loss-less current of 5.4 mA,

which is the lowest record so far reported. The scattering of the polarization dependence

gain (PDG), which is due to the unintended stain in the active layer, is within 0.5 dB,

while the scattering in conventional SOA is 2.5 dB.

An SOA array integrated with spot size converter (SS-SOA) has been

fabricated for connecting the SOA to planar lightwave circuit (PLC). To reduce the

evaluation cost, I have proposed a novel method of measuring the PDG. By averaging

the signal gain over a wide wavelength range, the PDG can be accurately estimated with

low renection from gain ripples. The PDG of an angled-facet SS-SOA was successfully

evaluated even before the AR coating process.

Chapter 3: Chapter 3 discusses hybrid integration of SS-SOA and PLC. Hybrid

integration is attractive to fabricate practical modules with functional PLC, such as

arrayed waveguide grating (AWG).

A 4-channel SS-SOA gate array was assembled on a PLC platform for the first

time. It has an extinction ratio higher than 35 dB, operating at less than 50 mA. The

PDG is less than 1 dB throughout an ultra-wide-band of 1530-1600 Tm1. The spot-size

converting structure of the SS-SOA reduces the coupling loss to 4 dB, and improves the

horizontal 1-dB down tolerance to 2 Llm.
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Using the SS-SOA gate array and AWG, first in the world, a high-speed

wavelength selector was
demonstrated. The rise- and fall-times were less than 1 ns,

which is fast enough for packet switching.

Chapter 4: Chapter 4 describes photonic subsystems for upgrading transmission

network.

I demonstrated, for the firsttime, a simultaneous wavelength conversion from

C- to L-band using four-wave mixing (FWM) in a wavelength selector. Another type of

simultaneous wavelength conversion, from equal to unequal charmel spacing, was

demonstrated using cross-gain modulation (XGM). My aim is not a random wavelength

switching but a fixed wavelength shifting to cormect different networks. This allows

easy operation and control, which is necessary for practical use.

I proposed a novel teclmique in monitoring the state of the differential group

delay (DGD) of an optical fiber. Thanks to the XOR operation of the cross phase

modulation mPM), this teclmique is bit-rate independent and format independent. The

PMDs of 80-Gbit/s RZ format and 40-Gbit/s NRZ format were successfully

compensated. The power penalty was only 0.9 dB.

Chapter 5: The main results of this study, which shows the possibility to solve the

main problems of future high-speed WDM systems, the polarization mode dispersion

(PMD) compensation and simultaneous wavelength conversion, are summarized.
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Chapter 1

Introduction

Chapter 1 describes the background and purpose Of this thesis. The history and

problems of wavelength division multiplexing (WDM) networks are summarized.

Novel approach using all-optical signal processing as simultaneous wavelength

conversion, bit rate conversion, and polarization mode dispersion (PMD) compensation,

are proposed to upgrade WDM networks. Notice that those new teclmologies can be

used with simple and easy control circuits. Semiconductor optical amplifier (SOA)

based wavelength converter is expected as a key device for realizing these subsysterns,

because of its superior properties of bit rate transparency and fomat independency.



Chapter 1. Introduction

intervals.

WDM introduced a third degree of fTreedom, adding wavelength to space and

time as a dimension in wlhch system capacity could expand. It successfully overcame

the bandwidth limit of the traditional time division multiplexing by multiplying the

number of high
bit rate chamels. With the introductio1"f dense WDM, commercial

systems are approaching terabit per second (Tbit/s)per fiber, to accommodate the

increasing number of broadband subscribers and satisfythe demand
for higher-quality

services. The developments of Erbium-doped fiber amp]ifler (EDFA) has resulted in the

progress of various types of WDM system; the S-band (1460-1530 nm) [1.1,1.2]

C-band (1530-1565 nm)[1.1, 1.2],and L-band (1565-1625 nm) [1.3]
have all been used.

Several networks use equal-charu1el spacing, such as 25, 50 and 100 GHz, with

conventional single-mode flbers [1.1, 1.2],while others have adopted unequal-chaluel

spacing to avoid four-wave-mixing (FWM) impaiment over dispersion-shifted fiber

(DSF) [1.1, 1.4].Unequal-channel spacing that repeats 60/80 GHz spacing also

increases the number ofWDM cham1els in the EDFA-band [1.5].

However, problems, such as the limited wavelength resources and the

insuiflCient nexibility of the photonic networks, remain. Increasing the bit rate per

WDM chalue1, not only increasing the number of WDM chaluels, is attractive for

upgrading the capacity of WDM systems and reducing the demand on wavelength

resources.

Intemet trafrlC is still growing at a rate of 100% per year, though this is much

slower than the frequently heard claims in the mid nineties (1995/1996) that the growth

rate would double every three or four months. This continuous groMh is driving

photonics technology toward ever-increasing capacity in both backbone long-haul fiber

networks, nexible metro-networks, and access networks. A sufrlCiently high bit rate of

10 Gbit/s per WDM channel will be required for metro-network (Fig. 1-2). For

long-haul transmissions, a higher (> 40-Gbit/s) bit rate will be needed in order to

enlarge the total throughput with a limited number of wavelengths and Oa converters.

Already, transmission systems of 40 Gbit/s per WDM charmel and 10 Tbit/s per rlber

have been demonstrated [1.5, 1.6],as showl in Fig. 1-3. It is expected that in the next
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Chapter 1. Introduction

several years, the bit rate will begin to be limited by the 50-THz transmission bandwidth

of silica optical fiber.
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Chapter 1. Introduction

1.1.2. Problems in upgrading WDMsystems

The growing need for more channels and higher bit rate brings several new

challenges. One of the most serious
is polarization mode dispersion (PMD). PMD,

which is caused by the slight birefringence of the optical fibe1.,is an obstacle to

upgrading long-haul transmission networks,
because it results in wave form distortion by

causing differential group
delay (DGD) between the two principal polarization states, as

shown in Fig. 1-4. As describe below, the maximum fiber length decreases with

increasing bit rate, due to the PMD.

The DGD value is estimated as DGD
= K.LO.5 bs], where L [km] is optical

fiber length. The constant K [ps/krn0.5]is from 0.05 (newest fiber)to 2.0 (as is oRen the

case for US traditional fiber),and typically 0.2. Norrnally, the DGD value, which is

found as a timing jitterof the optical signal, must be less than 1/10 of the bit width.

Therefore, the lnaXimum fiber length L, assuming K=0.2, is 2500 km for 10 Gbit/s (bit

width= 100
ps)
but only 156 km for40 Gbit/s (bitwidth

= 25
ps).

Another problem is the difrlCulty in cormecting different types of WDM

systems. Recent progress in EDFA and high-speed modulation teclmique has led to

nexible networks with different wavelengths, chamel spacings, or bit rates. Then, two

conversion systems, simultaneous wavelength conversion and bit-rate conversion, are

expected to support the connection of near-future photo]hc networks. Simultaneous

wavelength conversion aims to cormect different WDM systems with different

wavelengths or channel spacings, and the full bit-rate conversion aims to connect

+fast
axis

transmiuer
optical fiber

I' slow
axis

////

/ /

-->/ +
/ /

/

reCeNer

di#erential group delay (DGD)

Figure 1-4 Polarization mode dispersion (PMD) ofa optical fiber
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Chapter 1. Introduction

relatively slow 10-Gbit/s local networks to fast 40-Gbit/s backbone networks. A number

of efforts have
focused on achieving these conversions, as summarized next.

1.2. Conventional techniques used in WDM systems

1.2.1. Simultaneous wavelength conversion

Simultaneous wavelength conversion of multi-WDM charmels is expected to

be a key teclmique for cormecting networks with different bands or chamel spacings. So

far, ten-channel wavelength conversion with 9-GHz channel spacing and a 140-Mbit/s

modulation rate has been achieved by using fTour-wave-mixing (FWM) in a

semiconductor optical amplifier (SOA) [1.7].Watanabe et a1. demonstrated five-channel

wavelength conversion using FWM with a highly-nonlinear-fiber [1.8].The FWM

technique, as shown in Fig. 1-5, is very simple and useful because it needs only a single

FWM device and a single pump source for conversion. However, the signal-to-noise

ratio (SNR) drops rapidly with increasing channel number [1.9],and the power level

nuctuates due to the saturation output power of the single converter. This tendency will

Pump

input VVDM

L

a)

i
0
a

a
U

･-

1
0

single FWM device

converted VVDM

Pump

input WDM converted VVDM

wavelength

Figure 1-5 Simultaneous wavelength conversion using fTour-wave mixing (FWM)
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Chapter 1. Introduction

become more pronounced wi1en the number of the
WDM chaluels varies as a result of

netwo1.k reconfigu1.ation or network failure.
Furthem10re, it is impossible to change the

WDM channel spacing,
for example fi.om 100 GHz to 50 GHz o1. from equal to unequal,

in a single FWM device.

1.2.2. Full bit rale conversion

Figure 1-6 shows what the network coniTlguration will look like in the near

future. The huge amount of data traffic will 1.equire a high bit rate of 10 Gbit/s, even in

metropolitan networks. The long-haul backbone network, which serves
a
number of

metropolitan networks, will need an extremely high bit rate of more than 40 G networks

and extremely high-speed 40-Gbit/s long-haul networks is indispensable, because it is

clear that most metropolitan users will not use the full capacity of40 Gbit/s. All optical

bit-rate conversion has a merit of bit-rate independent operation, and has a potential o

overcome the speed limit of electrical devices. Prior to bit-rate conversion, a simple

technique that adjuststhe phase of the 10-Gbit/s charmels is needed. Furthermore, the

conversion should operate for random WDM charmel wavelength.bit/s. Therefore,

practical fullbit-rate conversion between high-speed 1 0-Gbit/s metropolitan

For all-optical bit-rate conversion, extremely high-speed wavelength

conversion using differential-phase modulation (DPM) is one of the most promising

backbone

40 Gb/s, RZ format

C-band

D

simultaneous

wavelength conversion
another backbone

40 Gb/s, RZ format

10/40 Gb/s &

NRZ/RZ converson

metro

10 Gb/s NRZformat

Figure 1-6 Network configuration in the near future
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Chapter 1. Introductioll

approaches [1.10,1.1 1].Several papers have reported extremely high-speed operation

of more than 100 Gbit/s [1.12,1.13].However, there have been few DPM devices

aiming for practical use, such as in fllterless ope1.ation [1.14]for a la1.geWavelength

range. We have proposed a DPM wavelength convelte1. with a monolithic Sagnac

hterferometer integrated with Parallel-Amplifier Structure (SIPAS) [1.15,1.16].SIPAS

has low wavelength
dependence and can divide the input and converted signal, which

promises fllterless operation. It should be noted that DPM devices usually need the

return-to-zero (RZ) forn1at, While 10-Gbit/s WDM systems use the non-rett1rn-tO-Zero

mRZ) format. This RZ format is also convenient for high-speed optical transmission,

because the short-pulse u signal reduces the signal degradation fTrom fiber

nonlinearities, such as self-phase modulation [1.17, 1.18].Extremely high-speed

systems are being developed at laboratories around the world. TDM to WDM

conversion and WDM to TDM reconversion have been demonstrated using a

supercontinum source [1.19].TDM to WDM signal format translation has been

achieved using bi-directional FWM in a SOA [1.20],or monolithic Mach-Zehnder

interferometer (MZI) module [1.21].B. Mikkelsen et al. reported Rl to Nu

conversion using monolithic integrated active Michelson interferometer [1.22].

However, a total experiment comprising bit-rate conversion and reconversion, including

NRZ to RZ format conversion and reconversion, as well as phase adjustment
for

random WDM chaluels, had not been done until the present work.

1-2.3. Polarization mode dispersion (PMD) compensation

The compensation of PMD is an impoltant issue for high-speed photonic

networks. Monitoring the state of the differential group delay (DGD) is indispensable

for PMD compensation, as shown in Fig. 1-7, and several approaches have been

implemented using electronic circuits. A simple method for DGD monitoring is to

measure the intensity of half the frequency of the input signal. It is an elegant method

because only a photodiode (PD), a narrow band-pass fllter (BPF), and a power meter are

needed. Using this method, the PMD of a 40-Gbit/s signal in NRZ fTormat has been

-8-



Chapter 1. introduction

equalized [1.23,1.24].However, this teclmique requires a high-speed PD, for example,

20 GHz for 40 Gbit/s, which prevents the network upgrading to mo1.e than 100-Gbit/s.

The BPF should be strictly adjusted
to the input fTrequency, which disttlrbs the bit-rate

transparency of photonic networks. Moreover, the BPF is difflCult to use h an RZ

fomat, especially ilMyStemS using a short pulse ofa fTew ps.

Another teclmique for DGD monitoring involves evaluating the eye opening of

the data signals [1.25].This teclmique p1.OVides the most reliable information because

the eye opening has a high correlation to the bit elTOr rate (BER), which is the final

target fTorimprovement. However, the bit rate in this method is limited by the operation

speed of the decision circuit and electl-Onic exclusive OR (XOR) circuit, which is about

40Gbit/s.

For the polarization mode dispersion (PMD) compensation of extremely

high-speed signal of more than 80 Gbit/s, optical rnonitoring teclmiques are expected.

Rosenfeldt et a1. demonstrated, flrSt in the world, PMD compensation at 80 Gbit/s, using

a polarization-resolved evaluation of the degree of polarization (DOP) combined with a

polarization scrambler at the fiber input [1.26].Another teclmique for 160-Gbit/s

compensation monitors the eye opening of the data signals using an optical sampling

eye monitoring method [1.27].This teclmique provides the most reliable information

because the eye opening has a high con.elation to the bit error rate (BER), which is the

final target for improvement. However, both teclmiques may need large and expensive

equipment for each WDM channel, which would make them difrlCult to use in' large

WDM systems whh numerous channels.

PMD equalizer
input

coupler

feedback

output

DGD monitor

Figure 1-7 Configuration ofPMD compensator
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Chapter 1. Introduction

1.3. Novel approach using all-optical signal processing

1.3.1. All-optical signalprocessing using wavelength conversioI7 technique

This thesis presents optical devices for future transmission systems. The

conventional transmission systems
have mainly used electrical devices. It is well known

that electrical devices, such as
CPUs and buffer memories in computers, are very

intelligent and perfonn complex operations, such as packet routing, buffering,

retiming/reshaping of distolted pulses, and error correction to improve the bit error rates

(BERs) of the trulSmitted optical signals.

Though optical devices have advantages of bit-rate transparency and format

independency, most of them are difrlCult to control. Optical devices cannot read the

headers of optical packets, nor can they memorize a bit stream series. Even a perfect

optical switch, i.e.,one that is fast, large scale, 1ossless and noiseless, may be unusable

in hture systems, unless someone find a good way to receive the "control information",

such as "switch from which poll tO Which port?" or "when is the start time for

switching?"

However, two optical devices have achieved g1.eat Successes in commercial use.

One is the erbium doped fiber amplifier (EDFA), which has replaced electrical 3R

(regeneration,reshaping and retiming circuits),and the other is the alTayed waveguide

grating (AWG), which has replaced electrical matrix switches. Both are "passive" and

do not need control circuits, which may be key points in achieving efrlCient optical

devices.

This thesis describes several photonic subsystems for simultaneous wavelength

conversion, bit rate conversion and polarization mode dispersion (PMD) compensation.

Direct cormections between different optical networks were successfully demonstrated.

Using wavelength conversion techniques, these all-optical processing provide bit-rate

and format transparency. The same wavelength converters can be used in both 10-Gbit/s

and 160-Gbit/s networks. They do not matter if the signal fomat changes from NRZ to

u. Furthennore, they have the possibility to be used in future commercial networks,

-10-



Chapter 1. Introductioll

because no complex control circuits are needed. We are sure that, in the near-future,

those subsystems will upgrade the scale and capacity ofWDM transmission systems.

1.3.2. Hybrid integration ofSOA and
PLC

The above subsystems use semiconductor optical amplifier (SOA) based

wavelength conversion teclmiques such as
four-wave mixing (FWM), cross-gain

modulation (XGM), cross-phase modulation (XPM), and differential-phase modulation

(DPM). The SOA has superior characteristics of large signal amplification, small size,

Ion

high efr]ciency and low powe1. consumption.

Another important issue is the fabrication cost of the wavelength converter

module. To enlarge the misaligrmlent tolerance, two spot-size converters were

integrated to both side of an SOA. jhl integrated passive optical circuit that uses a silica

waveguide on silicon substrate, named a planar lightwave circuit (PLC), is used as a

platform. Figure 1-8 show the hybrid integration between SOA and PLC. Passive

alignment technique is used to reduce the fabrication cost.

semiconductor

optical device

(upside-down)

electr

core (spot-sizeconverter)
/

ode
solder si

W

1
core

cu.naddedTng
siiitonternt6

PLC platform

wiringregion assemblyregion PLCregion

Figure 1-8 Cross-sectional view ofa PLC platform
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Chapter 1. Introduction

1.4. Summary of Chapter 1

With the progress Of the wavelength division multiplexing (WDM) system,

both the bit rate and the number ofchammels are increasing. Many types of bit rates and

signal forn1atS are used in the same time, in the same system. Optical signal processing

is attractive
for upgrading the WDM system, because of its superior characteristics of

bit rate and format independent.

The problems of WDM systems are the difrlCulties in connecting different

types of WDM system, and the signal wavefTorm
distortion due to the polarization mode

dispersion (PMD). Therefore, a simultaneous wavelength conversion and high bit rate

PMD compensation are expected. Electronic teclmologieshave been developed to solve

these problems, but the bit rate and fonnat dependence in electronic circuit limit the

trafrlC CaPaCitance of the WDM system.

In this thesis, a novel approach using semiconductor optical amplifier (SOA)

based wavelength conversion is presented. It is one of the most promising devices,

because of its advantages of bit-rate-independent and format-independent operation.
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Chapter 2

Semiconductor optical amplirlerS aS

key devices of wavelength converters

Chapter 2 describes tllree types Of polarization insensitive semiconductor optical

amplifler (SOA) gates for wavelength division multiplexing (WDM) applications: 1) a

low-operating-current SOA gate with a small square bulk active region but without

spot-size converters, 2) a multi-charmel SOA gate array with tapered waveguide

spot-size converters on both sides (SS-SOA), and 3) an SOA with tensile strained

multi-quantum well (MQW) active layer. The low operating current SOA gate provides

an extremely low current for fiber-to-flber loss-less operation (5.4-7.0nh) and a
high

extinction ratio (> 30 dB) over a wide wavelength range (1530-1580 nm).
For hybrid

integration to the planar lightwave circuit (PLC) platform, the spot-size converter is

indispensable. The design, fabrication, and characteristics of SS-SOA gate array are

summarized. A novel technique of estimating the polarization dependence gain (PDG) is

proposed. The PDG of an SS-SOA is presented using this measurement technique. Wide

polarization independence of tensile-strained MQW-SOA was also demonstrated.



Chapter 2. SOA

2.1. Semiconductor optical amplifier (SOA)

The impoltant elements for the wavelength converters, which are the key

technologies for optical signal processing, are semiconductor optical amplifiers (SOAs)

and planar lightwave circuits (PLCs). The following gives the backg1'Ound of SOAs.

2.1. 1. SOA gate array

The SOA is expected to be the key component in future photonic networks,

because of such superior properties as signal amphflCation capability, high extinction

ratio, and wide wavelength independency. One of the principle functions of the SOA is

signal amplification as shown in Fig. 2-1, which requires high gain and high saturation

output power with a relatively high injectioncurrent.

Another important function is optical gating. The SOA gate can switch off and

on the input signal, which requires a high extinction ratio and fast switching time for

routing and buffering operations [2.1 , 2.2],with a relatively low injectioncurrent. So far,

electro-absoIPtion (EA) optical gates have been demonstrated [2.3].The switching time

of the EA gate is very fast (several 10 ps),and polarization
independence witlhn a

wavelength range of 1545 to 1560 rml has been achieved. However, the insertion loss,

which is about 7 dB, limits the cascadability of the EA gate. Moreover, the
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pola1.ization-independent band range is not enough for several applications of

wide-range WDM systems [2.4].SOA is one of the most promishlg OPtions for gate

elements because its provides a fiber-to-fiber lossless operation and a high extinction

ratio over a wide wavelength range,
1530 mn to 1600 1m for example.

Many groups have investigated integ1.ating SOA gate arrays into wavelength

selector or matrix switches, by means of monolithic- [2.5,2.6] or hybrid- [2.7,2.8]

integration teclmiques. The switching time is limited by the carrier lifetime, but is fast

enough for several packet switching systems [2.1,2.2]because a guard time of several

ns is usually set between packets.

The most significant Problem of the SOA is how to get polarization

independence in single pass gain. There are three SOA conflgurations for achieving

polarization independent gain: an SOA whose cross-sectional view of the bulk active

layer is almost square (mesa width nearly equal to active layer thickness),an SOA with

a tensile-strained bulk active layer, or an SOA with tensile-strained multiple quantum

well (MQW) active layer. As mentioned below, we utilized an SOA with square bulk

active layer for hybrid integration, and an SOA with tensile-strained bulk active layer

for monolithic integration.
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Chapter 2. SOA

2. 1.2. SOA with sql/al.e bulk active layer

The simplest method to achieve polarization
independence in single-pass gain

is to use a square lattice-matched bulk active 1-egion, 0.3-pm thick and 0.3-pm wide for

example, as shown in Fig. 2-2, so that the collflnement
factors of the transverse-electric

(TE) and transverse-magnetic (TM) modes become equal. This type of SOA tends to

have a relatively low saturation output power,
but it has superior characteristics for

specific applications, such as wavelength conversion that a strong gai1"aturation in

response to a low input power combined with
a short gain recovery time is needed, as

shown in Fig. 2-3. For this application, the thick active layer and high confinement

factor are more efficient than the thin active region,which
is adopted in a SOA with

tensile-strained active layer. Furthern10re, the high confinement factor achieves an

extremely low-power-consuming optical gate for use in packet switching application.

The advantage of the square bulk active region is that the polarization

independence in the single pass gain remains stable, even when the injectioncurrent or

the input signal wavelength is changed. Furthemore, the SOA keeps polarization

independence, despite the unintended strain (within 0.05 %) introduced due to the

fluctuation of the epitaxial groMh or fabrication process. This is because the strain from

the slab substrate can be reduced by the opposite strain from the buried structure [2.9,

2.10].Conventional numerical analysis assumed a slab structure. The unlaxial strain is

introduced as shown in Fig. 2-4 (a),where the strains are uniform both parallel to the
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substrate and growth direction. But in the buried structtlre, aS Shown in Figure 2-4 (b),

the burying material re-strains the active
layer, which results ilutrain relaxation and low

scattering of polarization
dependence ilHingle pass gain.

O

ck3d tththt

uniaxial strain

/ active Iayer

(a) slab structure

re-stra in

(b) buried structure

Figure 2-4 Schematic view of strain relaxation

2.1.3. SOA inlegrated with spot size converters (SS-SOA)

The problem with a square bulk active region is large far field divergence,

which causes poor coupling effTICiency to optical
fiber. This problem is more serious in

the case ofcoupling a multi-chalnel SOA gate array to a fiber array. Since the SOA is a

two-port device which couples to fibers or planar lightwave circuit PLC) waveguides at

both its input and output port, the coupling loss has a larger impact on the loss

performance, compared to a single-port device, such as a laser diode (LD). Moreover,

the loss degrades the extinction ratio sit,qliflCantly. Large variation in the gain and

extinction ratio may arise due to justa slight coupling loss variation, caused by a small

misaligrment or the variation of the gap between the SOA and fibers/PLC waveguides.

To solve these problems, Doussiere et a1. proposed a lateral taper at the end of the

square active region, which reduces the far field divergence and improves both the

coupling effTICiency and misaligmnent tolerance [2.11].Leclerc et a1. presented a 4-

chaluel SOA gate array module using the Si V-groove nip-chip technique for fiber
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coupling [2.12].At NTT, vertically tapered waveguides are used as spot-size converters,

as shown in Fig. 2-5.

spot-size convert

region (300 Ltm)

square bulk active

region (600 Llm)

Figure 2-5 SOA integrated with spot-size converters

2. 1.4. SOA with tensile strained active I.egion

Precise control of the strain introduced in the active layer enables polarization

independence, as shown in Fig. 2-6. So fa1.,SOA structures based on a tensile-strained

MQW active region have been constructed by controlhng the strain value in both wells

and barriers, carefuny adjusthg the wells and baJTiers thickness, and optimizing the

e
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Figure 2-6 SOA with strained active layer
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number of wells [2.13,2.14].The advantages of the tensile-strained MQW active layer

structure are saturation output power superior
to that of square bulk active layer

structures and large fabrication tolerance because of the wide stripe width. Moreover,

with this wide stripe width, it is easy to
integrate the SOA with a passive semiconductor

waveguide
having a typical stripe width of 1.5 pm [2.15].However, the weak point of

the tensile-strained MQW active laye1. StruCtu1.e is wavelength dependence. Godefroy et

a1. reported a MQW-SOA that has polarization dependence over a limited wavelength

1-ange Of 1520-1535 nm, but this is not enough fo1.Practical use [2.16].

Another method for polarization independence is to utilize a slightly

(0.1-0.15 %) tensile-strained btllk active layer [2.17].This structure, with its easy

growth control and relatively thick active layer, provides a high confinement factor that

is an advantage fo1- Wavelength conversion, and has a wide stripe width suitable for

monolithic integration.

2.2. Low-operating-current SOA gate (SOA without spot-size converters)

2.2. 1. Design andstructure

SOA is a key element for the future photonic subsystems. Notice that one

important requirement is not a "amplifier device" with high gain, high saturation output

power and relatively high operating culTent, but is a "gate device" with low saturation

output power and low power consumption. Therefore, an SOA with square bulk active

layer structure, which has a large optical confhement factor, may be the best choice.

Figure 2-7 shows the structure of the polarization-independent SOA gate with a

low operating current. The optical signal from a lens fiber is coupled to a facet of the

active region. The active layer is a 0.29-pm thick InGaAsP bulk layer with a band-gap

wavelength of 1.55 pm. The naITOW Sub-Lln"tripe Provides an almost square fom to

achieve polarization insensitivity. The device length is 300-pm. Both facets are

anti-reflection (AR) coated.
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Figure 2-8 shows the polarization dependence gain (PDG) as a function of

stripe width. The PDG is the gain difference between the TE and TM mode. The PDG

was calculated using a semi-vectorial finite elemental method for two structures, one

having a 0.3- and the other a 0.4-pm thick active layer. The TE mode gain was assumed

to be 10 dB. 7be PDG is zero, when the stripe width is equal to the thickness. This
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indicates that the polarization independence
is achieved with a square active layer. As

the stripe width becomes larger than the active layer thickness, the TE mode gain

increases more than the TM mode gain. This is because the confinement factor for the

TE mode becomes larger than that of the TM mode. Ifa small polarization sensitivity of

+_o.5 dB is pennitted, the fabrication tolerance will be j=0.05 LLm.

The SOA gates were fabricated using a full 2-inch wafer process. The mesa

structure was formed using CH4/H2 dry-etching and was buried withp- and n-Imp using

a buffer-insetted buried hetero-structure (BIBH) method [2.18].The mesa stripe is

0.23-Llm (top)tO 0.31-LLm (bottom) wide, and with this small and almost square active

region, a low operating current as well as polarization insensitivity is achieved. Another

SOA gate with a 0.4-pm-thick-and-0.4-Llm-Wide active region was also fabricated.

2.2.2. Setup and measurement

Figure 2-9 shows the setup for the gain measurement of a low-operation-

current SOA gate chip. Gating characteristics were measured using a polarization

exchanger and polarization-maintaining dispersion-shift flbers with tape1.ed lens fTacets.

The polarization extinction ratio of the measurement setup was more than 20 dB

throughout a wide-band range of 1530-1600 mn. The polarization exchanger could

switch the linear polarization of the signal light (TE to TM, and TM to TE) within 0.5 s.

The fiber-to-fiber gain for TE and TM signal was estimated. The measurement limit of

the polarization dependence gain (PDG) was 0.2 dB, which included the polarization

dependence of the measurement setup, the effect of the gain ripple of the SOA gate, and

polarization

maintaining

fiber

i/2

polarization

exchanger

1 nm

filter

DFB-LD +

isolator polarizer

r
-- 1

0

Figure 2-9 Experhnental setup for gain measurement
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60

the fiber-coupling misaligrment during the measurement.

Figure 2-10 shows the SOA gate gain characteristics for a continuous wave

(CW) optical input of-10 dBm at 1553 rm. The circles correspond to an SOA with a

0.3 (thick)x 0.3 (width)-Llmactive layer. Loss-less gating for an input power of less

than
-5
dBm was obtained at an extremely low current of 6.0 mA. The extinction ratio

of the SOA gate was more than 40 dB for an input power lower than -10
dBm and 33

dB for a
-5
dBm input. The reduction of the extinction ratio is due to the saturation of

the optical loss. The PDG at the loss-less operating current was less than 0.2 dB, which

was the measurement limit. These results show that the very narrow mesa structure of

0.3-LLm Was Successfully formed within the fabrication tolerance of 0.05 LLm. The

squares coITeSPOnd to a 0.4(t)x 0.4(w)-Llmactive layer. A loss-less operating current of

20 mA and polarization independence were achieved. The flber-to-fiber gain was 12 dB

at 50 mA and was larger than that of the 0.3(t)x 0.3(w)-Llmactive layer. This may be

because the confinement factor of the 0.4(t)x 0.4(w)-pm active layer is as large as 37%,

while that of the 0.3(t)x 0.3(w)-um one is 12%.
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The loss-less current and the extinction ratio change with the wavelength of the

input signal. This wavelength characteristic of the SOA gate with a 0.3(t)x 0.3(w)-pm

active layer is shotm in Fig. 2-ll. The minimum loss-less current is as low as 5.4 ndat

a wavelength of 1580 nm, which is the gain peak of the SOA gate. This is the lowest

record, as the lowest reported loss-less current had been 25 nd [2.19]. Although the

loss-less current increases with shorter input, low operating current of less than 7.0 mA

was obtained over 1530-1580 nm. The maximum extinction ratio was 50 dB at 1530 rm.

The extinction ratio decrease with longer wavelength input because of the saturation of

the optical loss, but a high extinction ratio of more thal1 30 dB was obtained over a

wide-band of 1530-1580 nm. These results indicate that the SOA gate is very useful for

use in wide band WDM systems.
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2.3. SS-SOA gate array

2.3. 1. Designforpolarizalionindependence

Figures 2-12 and 2-13 show the structure of an SS-SOA gate with straight and

angled facets, respectively. Both SS-SOA gates consist of 600-pm bulk active layer

(band-gap wavelength = 1.55-Ltm)and two 300-LLm Vertically tape1.ed bulk passive

regions(band-gap wavelength
= 1.3-LLm at the facet)[2.20].To get higher fiber-to-fiber

gah1, the thickness of the active region
is set to 0.4 pm. The thickness of the spot-size

converter layer gradually changes from 0_4 LLm at the butt-jointinterface to 0.2 Llm at

the facet. The basic type with a straight spot-size converter region was fabricated to
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0.7

confirm the basic characteristics (such as polarization dependence gain),and an angled

type having a 7-degree angled-facet SS was fabricated to have low renectivity at the

facet, high gain, and low gain ripple for commercial use.

The polarization dependence gain (PDG) of an SS-SOA is the sum of

polarization dependence of the active region gain (PDAG) and the polarization

dependence of the coupling eFICiency (PDCE) at the both facets. Since we have

adopted a butt-jointstructure in which the SS-SOA is divided into the active region and

passive SS region, we can consider that the polarization dependence of the active region

gain (PDAG) is only due to deviation from the square shape of the active layer, and the

polarization dependence of the coupling efrlCiency (PDCE) is due to the shape of the

tapered guiding layer in the spot-size converter region. It should be noted that the

SS-SOA has proven to be polarization independent even if an undesired strain is

introduced during the epitaxial growth or fabrication process, because the buried
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structure reduces the strain in the square active
layer [2.21].Figure 2-14 shows the mesa

width dependence of the total polarization
dependence gain (PDG), the polarization

dependence of the active region gain (PDAG) and the polarization dependence of the

coupling efr'ciency (PDCE), calculated by the 2-D finite element method [2.22].The

spot size of the coupled
PLC (or fiber)was assumed to be 4.0 pm. As for the

polarization dependence of the active region gain (PDAG), the pe1-fectly square active

layer (mesa width 0.4 Llm) Provides
a polarization insensitive gain. As the mesa width is

increased, the gain of the TE mode becomes larger them that of the TM mode. On the

other hand, the coupling efrlCiency of the TE mode decreases as the mesa becomes

wider. This is because the optical confinement of the TM mode becomes smaller than

that of the TE mode at the facet of the spot-size conveller region. This tendency is

enhanced when the mesa becomes wider. Consequently, the spot size of the TM mode

expands more efFICiently than that of the TE mode, which leads to the difference in the

coupling efficiency. Fortunately, since the mesa width dependence of the polarization

dependence of the active region gain (PDAG) and the polarization dependence of the

coupling efrlCiency (PDCE) is of opposite polarity, the total polarization dependence

gain (PDG) becomes smaller. Assuming that an acceptable PDG is witllin 0.5 dB, the

fabrication tolerance of the mesa width ranges from 0.36 to 0.54 Llm, Which is wide

enough to control it using photolithography and the dry-etching teclmique.

2.3.2. Fabrication process ofa
SS-SOW

The SS-SOA was fabricated, as shown in Fig. 2-15, using 2-inch wafer

processes. A 0.4-Llm thick bulk-active layer was grown on an n-InP substrate using

metal organic vapor phase epitaxy (MOVPE). The island of the active region was

formed by dry- and wet-etching teclmiques. The vertical guiding SS region was butt

jointedto the active layer using selective area growth [2.23].The mesa was fonned

using an i-line photolithographic stepper. A high contrast i-line positive photoresist was

used to achieve good verticality at sub-micrometer patterning, consisting of 0.3-pm

dimensional fidelity. The 0.5-pm wide mesa stripe was fomed by Cmm2 dry-etching,
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which provides verticality of the mesa stripe.
The etched mesa structure was buried with

the buffer-inserted buried hetero-structure (BIBH) method and the upper electrode was

forn1ed at the active region. Finally, both facets were coated with antirenection (AR)

fllms [2-24].

full 2-inch process

MO-CVD

1

venical taper

by selective

area grotNth

1 .

CH4/H2

dry etching

pn buried

growth by

buffer-insened

BH method

A -iM

J-iM

4R-W

jMW

Figure 2-15 Fabrication ofa SS-SOA

2.3.3. UnlformiO,offabricatioI7

i
AR coating

The structure uniformity was checked to ensure reproducibility of the straight

facet SS-SOA. Figure 2-16 shows a histogram of mesa width distribution, which

indicates that the mesa width is within 0.05 Ltm Ofthe design value. This results in the

polarization dependence gain (PDG) increase of less than 0.5 dB and the coupling loss

increase ofless than 0.5 dB. Figure 2-17 show a histogran1 0fthe distribution of the spot

size converter thickness at the facet. The thickness is fabricated to 0.03 Lm Ofthe design

size, which ensures a coupling loss increase of less than 0.5 dB. The unifTormity of the

threshold current was first Checked using as-cleaved samples. Figure 2-18 shows the

threshold current distribution over a 2-inch wafer. The averaged th1.eShold current was

19.8 mA, and the standard deviation was 1.0 mA. Even with a very narrow stripe, these

results indicate that the SS-SOA was well fab1-icated with good uniforn1ity.
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2.3.4. Characteristics ofstraight-jbcet
SS-SOA

Alter AR coating, the gain and polarization characteristics of the SS-SOA were

evaluated using nat-end dispersion- shifted flbers with a spot-size of4.0 pm. The fibers

were butt-coupled to the facet of the straight facet SS-SOA. Figure 2-19 shows the

fiber-to-fiber gain and polarization dependence gain (PDG) characteristics versus

injectioncurrent. The wavelength of the input light is 1550 lm at an input power of-10

dBm. Fiber-to-flber loss-less culTent is 28 mA, and fiber-to-flbe1. gain is 10 dB at 40 nd.

The PDG is less than 0.2 dB, which is the measurement limit, independent of injection

cun.ent. The extinction ratio, defined as the difference in the optical power between at

the loss-less culTent and at 0-nd, is greater than 35 dB. Figure 2-20 shows the PDG

versus wavelength, which is less than 0.2 dB.
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Figure 2-21 shows the tolerance of the coupling loss between an SS-SOA and

an optical fiber, versus the oBlset. The typical coupling loss was 2.6 dB. A 1-dB increzue

in coupling loss corresponds to alignment tolerances of 2. 1-pm (horizontal..X-axis)and

1.9-Llm (Veltica1:Y-axis).The aliglment tolerance of the optical (Z)-axisdirection was

12.0-pm. These large tolerances mean the SS-SOA is suitable for hybrid PLC module

using passive alibqment.

2.3.5. Characteristics ofaI7gled-face[
SS-SOA

Figure 2-22 shows the fiber-to-fiber gain and polarization dependence gain

(PDG) characteristics versus injectioncurrent of an angled-facet SS-SOA aRer AR

coating, with a DFB-LD ofa wavelength of 1550.0 nm at an input power of-20 dBm.

Fiber-to-fiber loss-less current is 40 M, and fiber-to-fiber gain is 20 dB at 150 mA.

The fiber-to-flber gain is higher than that of the straight-facet SS-SOA, because the
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carrier density of the angled-facet SS-SOA
is higher than the straight-facet SS-SOA due

to the low reflectivity at the facet. The PDG is less than 0.2 dBj. Which is the

measurement limit, independent of injectioncurrent. The extinction ratio, deflned as the

difference in the optical powe1. between at the loss-less current and at 0 mA, is greater

than 50 dB. The extinction ratio is larger than that of the straight-facet SS-SOA, because

the un-coupled input light from the input fiber does not couple to the output fiber.

Figure 2-23 shows the PDG versus wavelength, which is less than 0_2 dB. The gain

ripple of the SS-SOA is less than 0.5 dB. The coupling efficiency is 2.5 to 3 dB. These

results indicate that the angled-facet SS-SOA is useful for optical gate with high-gahl

and large extinction ratio.
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2.3. 6. Details
ofpolarizationestimation

1 ). Theorv for evaluatinLO total Polarization dependence

1 560

Our aim is to measure the polarization dependence gain (PDG) of a SS-SOA

with a certain gain ripple, such as found in an angled-facet SS-SOA without Ju coating.

By averaging the signal gain over a wide wavelength range, the PDG can be accurately

estimated with low reflection of gain ripples. Using this method, the PDG of the

angled-facet SS-SOA can be estimated before AR coating. Therefore, the evaluation

cost, which is one of the most serious problems of SS-SOA, can be reduced.

As'suming residual renectivities R1 and R2 at both facets, we express the signal
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gain G due to a Fabry-Perot resonator as

G(q))=
(1-R1)(1-R2)Gs

(1-JikGs)2 +4
R,R,G... sin2(p)

(p=2mL/i) (1)

where G, is the single pass gain (equalto signal gain G at R]=R2=0), pthe phase of the

gain ripples, L the cavity
length, n the refractive index, and i the signal wavelength

[2.25].

To know the potentiality of Gs, when the SS-SOA has no gain ripples, we

introduce the signal gahl averaged over the wavelength range, Gav, such that

G
I.2mHdqG(p)(1-R,)(1-R2)G.T

all

Jo2"'Hdp
2mH 1 ( R,R2Gs)2

tan-1(
1+ RIR2 G,

1 RIR2 G.T ･tan2mH)
, (2)

where m is the ratio of the averaging bandwidth to a gain ripple period, which is about
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0.25 Tm for the 1200-pm-long SS-SOA. Figure 2-24 shows the nuctuation of Gav

against m when Gs=20 dB or 15 dB at R1=R2=-24.7 dB. The nuctuation seems to be

negligible when m,6. Note that ifR], R2 << 1 and JikG...<<1,Ga.,becomes close

to G,. Therefore, we can know Gs with some accuracy by measuring Gav. The accuracy

is good enough at 0.5 dB even when G,=20 dB.

Then we looked at the deviation between Gavand Gs. When we simply set

R1=R2=R and assume m as a integer, the ratio ofGavand Gs, Q, is

Q
Gm, (1-R)2

G.T 1-(RG.j
(3)

Figure 2-25 shows the relation between R and G5 unde1. the condition that the accuracy

ofQ=0.50
dB is the solid line (curve A) and Q=-0.50 dB is the broken line (curve B). If
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G5 and R satisfy the condition within the range of the two curves, we can measure Gay

with a small difference, within 0.50
dB from G5. As R becomes smaller, the range ofG,

becomes wider. Curve A is almost linear, because RGsis nearly constant in the small-R

region.
curve B has a threshold of (1-R)2for the small-G5 region, and is also linear

above the th.eshold. Figure 2-26 shows the relation
between R and ripple V at the upper

limit of Gs under the condition of the accuracy Q=0.50 dB (cun,e A) and O=-0.50 dB-

(cut.VeB), which satisfy the equation

v = ((1+ RGs)/(1-RG.Y))2. (4)

IfR=-24.7 dB (0.34%, which is the renectivity that may be achieved in an ant,cried-fTacet

SS-SOA without AR coating [2.26]),Vand Gs are permitted to be about 6.0 and 20 dB,

respectively. Even if the renectivity is as bad as R=-19.5 dB, V=6.5 dB and Gs=15 dB
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are allowed. Therefore, we can obtain the PDG from the difference by measuring Gm,

instead of Gs for TE and TM modes:

PDG = Gm,(TEmode) -Go.,(TMmode). (5)

Acco1-dingly, the PDG also has accu1-aCy Withi1"n en.Or Of less than 0.5 dB under the

condition ofR << 1 and RGs
<< 1, even when the gain ripples reach about 6.0 dB.

2). Evaluate total I)Olarization
dependence usin^o the EDF-ASE method

The gain ripple of an angled-facet SS-SOA without AR coating is shovm in

Figure 2-27, which indicate that the maximum gain-ripple is lower than 6 dB when the

injectioncun.ent is towel. than 73 mA. Therefore, the PDG with a current ofless than 73

nd can be evaluated without AR coating. According to Fig. 2-22, the chip gain Gs at 73

nA is about 20 dB, assuming a coupling efficiency of2.5-3 dB.
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Figure 2-27 Gain ripple of an angled-facet SS-SOA

-42-



Chapter 2. SOA

The experimental setup for measuring the averaged gain to detemine PDG is

shown in Fig. 2-28. The wide band amplified spontaneous enlission (ASE) from a

polarization maintaining Er-doped fiber (EDF) was coupled to an angled-facet SS-SOA

through an optical filter and polarization exchanger. By using the polarization

maintaining
EDF-ASE, an input signal of a linear TE polarized light was selected. The

bandwidth of the optical fllterwas set at 7
1u1, Which is more than 25 times larger than

the gain ripple period in the SS-SOA This means
m in eq. (2) is larger than 25, which is

enough even if the power level of the gain ripple nuctuates because of multiple

resonances. The center wavelength was 1550 rm. The polarization state was maintained

by using polarization maintaining flbers, and the polarization of the injectionsignal, TE

or TM, was switched by the polarization exchanger. The polarization extinction ratio

was maintained at up to 20 dB. The input power was -20
dBm

Figure 2-29 shows the results of the PDG measurement of a SS-SOA without AR

coating, using the ASE of Er-doped fiber (+) and conventional DFB laser source of a

wavelength of 1550.0 llm (X). With the DFB, the PDG varied from -1.4 to 1.5 dB at

the culTent Of 45 to 73 nd, because of the gain ripple of the SS-SOA without AR

coating. On the other hand, when the ASE of Er-doped fiber was used, the measured Gay

of the TE and TM light seemed to be averaged [accordingto eq. (2)],and PDG was

obtained by eq. (5).The PDG in the ASE method was less than 0.2 dB and did not vary

with the driving current less than 73 mA. These results agree well with the measurement

for an angled SS-SOAwithAR coating using a DFB-LD, as shown in Fig. 2-22.
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Figure 2-28 Experimental setup for PDG estimation
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100

Figure 2-30 shows the measured PDG against the mesa width of a straight

SS-SOA with AR coating that has a gain ripple of 3 dB. With the ASE method, the

evaluation results are in good agreement with the simulation (Fig.2-14), and we can

conclusively state that the ASE method is a very effective way to ascertain the PDG h"

SS-SOA.

3). PolaI.izalion dependence in couDlin lClenC

Figure 2-31 shows the experimental setup for evaluating the polarization

dependence in coupling efrlCiency (PDCE), which clarifleS the factors ofPDG. An input

signal ltom a DFB-LD with a wavelength of 1.51 pm was launched into a SS-SOA

through a polarization exchanger. A minus bias of-1 V was applied to the SS-SOA, and
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the photo-current of the
SS-SOA was measured. As the active region of the SS-SOA is

long enough (600 pm), the
SS-SOA perfectly absorbs the input signal. The absorption

loss is more than 40 dB for both TE and TM input. TherefTore, the TE/TM mode

difference of the photo current
is equal to the power input to the active layer, that is
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polarization dependence in coupling efrlCiency (PDCE) including the SS loss. Figure

2-32 shows the measured polarization dependence in coupling efrlCiency (PDCE)

against the mesa width, which is
in a good agreement with the simulations (Fig.2-14).

Therefore, tlhs teclmique is effective for separating the pola1.ization dependence in

coupling efrlCiency (PDCE) and in active gain (PDAG), which is very beneficial in

SS-SOA design and fabrication.
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2.3. 7. Relaxation
ofstrain in the

buried active I-egion

One of the most serious problems of conulerCial SOAs is how to conflnn

polarization independence. Usually the epitaxial growth, such as MOVPE, may

introduce an undesired strain of less than 0.05% to the wafTer, which results in a

deviation of polarization dependence gain (PDG). The fabrication process also may
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introduce an undesired strain. To evaluate the innuence of the undesired strain, we

measured the PDG of SOAs with a slightly strained active layer. Three types of SOAs

(without spot-size converter)with a strain of -0.09%, +0.02%, and +0.08% were

fabricated using a specially controlled MOVPE grov^h method. Each active 1.egiOnWas

0.4-Llm Wide and 0.4-pm thick.
The cavity length was 600-pm. AAer AR coating, the

PDG at a chip gain of 10 dB was measured using tapered fiber. The optical power of the

input signal was -10
dBm with a wavelength of 1550 1m1.

Figure 2-33 shows the PDG of a slightly strained square bulk SOA. The

deviation of PDG is less than 1 dB. As the run-to-run undesired strain of the epitaxial

groMh can be controlled to be less than +/-0.05%, the innuence of the strain on the

PDG is less than 0.5 dB. This value is small enough compared to the SOA with wide

active region such as tensile-bulk or tensile-MQW active
layer, which is about 2.0-2.5

dB/0.05% [2.27,2.28].Tlhs may be because of the relaxation of strain in the square

active layer, as described at session 2.1.2. Figure 2-34 shows the relaxation of strain

versus the aspect ratio, mesa width divided by the thicklleSS, Ofthe active layer [2.10].A
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prefect square, with an aspect ratio of 1, reduces the stain to one-fifth compared to an

active region with a wide aspect ratio.

As mentioned above, the advantage of square bulk active region
is the stability

of polarization independence, even the injectioncuITent Or the input signal wavelength

is changed. Furthermore, the square active region maintains polarization
independence

even though an unwilling strain (within 0.05 %) is introduced during the epitaxial

gTOu4h or fabrication process.
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2.3.8. Details in swi[ching charac[eristics

The switching time of the straight facets SS-SOA was improved using a

speed-up condenser, located beside the terminal resistor of 45 ohm, as shown in Fig.

2-35. The turn-on current was 40 nd. Both the 10%-to- 90 % rise-time TI. and the

fall-time Tfwere 0.5 ns with a condenser larger than 30 ps, as shown in Fig. 2-36. The

sum of the delay time Td and Tr versus the bias ctment was also evaluated. The Td is
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large influenced by the bias current. As the bias current becomes larger, both the Td and

the extinction ratio become smaller. As shown in Fig. 2-37, the Td+ Tr is less than 2 ns

whenthe bias current is 8 to 10 mA. On the other hand, the on/off ratio is expected to be

more than 40 dB with a bias current of less than 10 mA. Figure 2-38 shows the gated

eye patterns with 10-Gbit/s input signal at the driving condition of a bias current of 8

mA and turn-on current of40 nd.
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2.4. Tensile-strained MQW-SOA

2.4.1. Abstract ofMQW-SOA

The SOA gate with a tensile-strained multi-quantum well (MQW-SOA) as the

active layer [2.14,2.29]has recently been sttldied. The advantages of the MQW-SOA

gate a1.e Wide stripe width, large
fabrication tolerance, and large flbe1'-tO-flber gain.

Godefi.oy et al. reported a polarization-independent SOA gate that can operate over a

limited wavelength 1.aJlge Of 1520-1535 nm, which is not enough for practical use.

Our aim for the high-performance tensile-strained MQW-SOA gate was to

control the peak wavelength of the amplified spontaneous emission (ASE) to be 1520

lul at the loss-less operating current in order to achieve polarization
independence for a

signal wavelength between 1530 and 1580
m1. The fabricated MQW-SOA has very low

polarization dependence of 0.3 dB, which remains unchanged over a driving current

ranging
between 30 and 60 nd, input signal wavelength ranging between 1530 and

1580 rm, and a mesa stripe width ranging between 1.0 and 1.75 Ltm.

2.4.2. Device structure and measurement setup

SOAs with a 1-pm n-cladding layer and a 5-period tensile-strained lnGaAs(13

nm)/InGaAsP(20 rm) MQW
layer were grown on n-InP substrates by means of metal

o1-ganic molecular beam epitaxy (MOMBE) [2.30].The InGaAs strains were -0.47,

-0.54, -0.61,
or
-0.68%.

Mesa stripe widths of 1.0, 1.25, 1_50, and 1.75 Llm Were formed

by CH4m2 dry-etching. The MQWs with the mesa stripe were buried by the buffer

inserted buried heterostructure (BIBH) method using metal organic vapor phase epitaxy

(MOVPE). The device length was 600 LLm. The facets were coated with antirenective

(AR) coating. The peak wavelength of the ASE was set to a relatively short wavelength

of 1520 mn at 40 mA. The ASE output power difference between the TE and TM modes

has a large current dependence near the gain peak of 1520 nm, but a relatively small

dependence for a longe1. Wavelength between 1530 and 1580 nm. The1.efore,
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polarization independent flber-to-fiber-gain can be expected tllrOughout the wide fiber

amplifier range of 1530-1580 nm.

Gating characteristics were measured using lensed polarization-maintaining

dispersion-shin fibers and a polarization controller. Optical coupling loss between the

lensed fiber and the SOA gate was 5 dB/facet. The polarization extinction ratio of the

measuremen't setup was >20
dB ovel. the entire fiber amplifier gain band (1530-1580

nm). The polarization controller could switch the
linear polarization of signal light (TE

to TM, TM to TE) within 0.5 s. The measurement limit of the polarization
dependence

was 0.2 dB, which includes the polarization
dependence loss (PDL) of the measurement

setup, the effect of the gain ripple, and the fiber-coupling rnisalignment during the

measurement.

2.4.3. Experimental results

Figure 2-39 shows the polarization dependence gain (PDG) at the fiber-to-fiber

loss-less current versus the InGaAs strain of the active layer. The input signal was -10

dBm at 1553 rm. The PDG decreases with decreasing strain. Ave1-y low PDG ofO.3 dB

is achieved at a strain of-0.47%. This figure also shows that the PDG is very sensitive

to hGaAs strain, i.e., 2dB/0.1%). Therefore, the strain value in MQW bq.OWth must
be

precisely controlled.

In the following, we describe the various characteristics of the -0.47% strained

sample. Figure 2-40 shows the mesa width dependences of the fiber-to-fiber loss-less

culTent, extinction ratio, and PDG. No change could be observed for an extinction ratio

of50 dB and aPDG ofO.3 dB forawiderangeto of active layerwidth (1.Oto 1.75 pm).

The loss-less culTent Slightly increased from 30 to 40 nd. These results indicate that the

mesa width tolerance is more than 10 times i,qeater
than that of bulk SOA. Figure 2-41

shows the gain characteristics of the 1.75-pm wide SOA gate fTo1.an optical input of

1553 run. Fiber-to-flber loss-less gating is obtained at a current of 40 mA. The

polarization dependence gain at the loss-less operation current is 0.3 dB. It is worth

noting that this value did not change when the driving current was varied from 23 to
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100 mA. Figure 2-42 shows the wavelength dependences of the fiber-to-fiber loss-less

current, the extinction ratio, and the polarization dependence gain at an input of -10

dBm. Low loss-less operation culTent Of less than 50 mA and a high extinction ratio of

more than 40 dB are obtained over the entire fiber-amplifler gain band of i530-1580 1m.

It should be noted that the polarization dependence of 0.3 dB does not change over the

entire 1530-1580 m range. We carried out ASE spectrum measurement for the
-0.47%

strained sample. The spectrum shows that the ASE gain peak was 1520
run at a loss-less

current of40 mA. The ASE output power difference between the TE and TM modes has

relatively small wavelength dependence of less than 0.5 dB for the 1530-1580 run

region but it was 2 dB nezu. 1520 1m. Therefore, we conclude that the short-wavelength

ASE peak results in the insensitivity at longer wavelengths.

Other key parameters of the SOA gate were also measured. The saturation

output power is 0 dBm, which is sufficient for an optical gate used in a loss-less

condition. The noiseflgure is 8.5. The gatingtime is lessthan 1 ns (0-100%) or 600 ps

(20-80%) for both rise- and fall-time on condition of8 to 40 mA. The bit error rate for a
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dBm-

mese results indicate that the MQW-SOA is promising fTor use in optical packet

switclhng, including a fast photonic asynchronous transfer mode (ATM) system [2.1,

2.2].

2.5. Summary of Chapter 2

The SOA described h Chapter 2 has an extremely low fiber-to-fiber lossless

culTent Of5.4 nd at a 1580 nm inptlt, because of its small square bulk active region of

0.3 Llm (thickness)XO.3 pm (width).This operation culTent is lower than that of any

SOAs so far reported.

The scattering of the polarization dependence gain, which is due to the

unintended stain in the active layer, is within 0.5 dB, while the scattering in

conventional SOA is as large as 2.0-2.5 dB. This is because the buried structure reduces
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the amount of strain introducing to the square active
layer.

The monolithic integration of spot size converters at both the input and output

ports of the SOA alTay gates is indispensable for comecting an SOA to planar lightwave

circuit (PLC) waveguide, because it enlarges the spot-size of SOA and keeps a large

misalignment tolerance. A 4-chalmel polarization insensitive SOA integrated with

spot-size converters (SS-SOA) gate alTay has been fabricated. The integrated spot-size

converter utilizes a new butt-jointstructu1.e tO optimize the bulk active laye1. and the

spot-size converter region
individually.

Cost is also an important issue. The SS-SOA an.ay is generally much more

expensive than a laser diode (LD), though their structures are very silnilar. This is

because of the complexity involved in evaluating the polarization dependent gain of the

SS-SOA. The polarization dependent gain in the SOA is known to be the sum of the

polarization dependence in the active region gain and polarization dependence in the

coupling efrlCiency at both facets. To reduce the evaluation cost, those characteristics

must be nleaSured through sampling and selection tests before the module fabrication

process, and, if possible, before the anti-renection (AR) coating is applied. We have

proposed a novel method of precisely measuring the polarization dependent gain of a

SS-SOA. By averaging the signal gain over a
wide wavelength range, the polarization

dependence gain can be accurately estimated with low renection from gain ripples. We

successfully evaluated the polarization dependence gain of an angled-facet SS-SOA

even before the AR coating process. The measurement error is within 0.5 dB, which is

small enough to evaluate the chip characteristics

The polarization dependence in the coupling efficiency between a SS-SOA and

optical flber has also been evaluated by measuring the photo-cun.ent for TE and TM

input signals. It is possible, therefore, to specifythe polarization characteristics of the

active region and spot-size convelter region of a
SS-SOA. The details of the switching

time of the SS-SOA gate are also described. By using a speed-up condenser, the

switching time including the turn-on delay time is reduce to less than 2.5 ns, which is

fast enough for packet switching.

Another type of SOA, with a 0.47 % tensile-strained MQW active region,has
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also been constructed. By controlling the peak wavelength of the amplified spontaneous

emission (ASE) to be 1520 ml at the lossless operating culTent, We achieved

polarization independence for a signal wavelength between 1530 and 1580 nm. This is,

to our knowledge, the largest wavelength range as an SOA with tensile-strained active

layer. The fabricated MQW-SOA has low polarization dependence of 0.3 dB, which

remains unchanged over driving cun.ents between 30 and 60 mA and mesa stripe width

between 1.0 and 1.75 pm.
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Chapter 3

SOA based modules as key elements

of all-optical signal processing

Chapter 3 described the integrated SOA devices as key elements of all-optical signal

processing. Hybrid integrations of the SS-SOA and PLC platfonn, such as the SOA gate

allay, Wavelength selector, and wavelength converter, were discussed. The fabrication of

the monolithic integrated wavelength converter, that is the Sagnac interferometer

integrated with a Mach-Zelmder interferometer was described.



Chapter 3. SOA based modules

3.1. Planar lightwave circuit (PLC)

3.1.1. PLC 1,I,aVeguide

An integrated passive optical ci1-Cuit thahlSeS a Silica waveguide on silicon

substrate is named
a
planar

lightwave circuit (PLC), and has bee1"tudied around the

world [3.1,3.2].The silicon substrate is low in cost and available
in electronics areas.

The silica waveguides have the same refractive index as optical
fibers, so a good

coupling efrlCiency with fibers
can be expected. The amplitude, phase, and polarization

of optical signal are efficiently controlled, because the waveguide has a well-deflned

core shape. Therefore, a variety ofPLCs such as optical splitters, switches, and arrayed

waveguide gratings (AWG), have been fabricated.

The PLC has a square SiO2-GeO2 Silica core defined by photolithography and

reactive ion etching (RIE). The silica core is buried with SiO2 glass using a frame

hydrolysis deposition (FHD) teclmique developed for optical fiber fabrication [3.3].The

total thickness of the SiO2 glass layer on the Si substrate is around 50 pm. The refractive

index difference A between the core and cladding SiO2 glass is 0.25 to 2 %, as listed in

Table 1. Low-A waveguides
are p1-efen-ed for the fabrication of simple PLCs that require

lowe1- fiber coupling losses. The higher-A waveguides in Table 3-1 are used for the

fabrication of large-scale PLCs with complex waveguide bends.

Table 3-1 Parameters forPLC waveguides

Waveguide type low A middle A high A super-high A

Refractive index

difference (%)
0.25 0.45 0.75 1.5 - 2

Coresize(pin) 8x 8 7x7 6x6 4.5x4.5-3x3

Loss (dB/cm) <0.1 <0.1 <0.1 0.1

Coupling loss (dB) < 0.1 0.1 0.5 2

Bending radius (Inn) 25 15 5 2
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Optical crossbar switches using the the1.mO-optic (TO) effect have been

fabricated. Figure 3-1 shows the logical alTangement Of an 8x8 crossbar switch using

2x2 elements. The 64 elements, forming a diamond-shaped a1.ea, are each controlled in a

cross state or bar state. At zero bias. the element is fixed in the cross state. but it can be/ /

switched to the
ba1- State With a control signal.

Each 2x2 switch element, which is shown

in Fig. 3-2, is a symmetrical Mach-Zelmder interferometer (MZI) that consists of two

directional couplers and two waveguide arms. Phase shifters, which
are thin-film

heaters, are deposited on both arms to provide a silica core with optical tuning or

switching functions utilizing the thellnO-optic (TO) effect in the refractive index of

silica core (1x10-5/K). Figure 3-3 is the waveguide layout of an 8x8 switch matrix on a

8
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3-inch silicon substrate. Since
a single switch element is 15-mm long and a linear

15-stage switch matrix would exceed the diameter of the silicon wafer, the wi10le switch

matrix is folded. Fiber arrays of 16 single-mode fibers (8 for the signals and 8 for the

test)are butted to the facet of the input and output poll Figure 3-4 shows the

relationship between supplied heating power and nonnalized output power for one of

the elements of the TO switch. The solid line and the dotted line represent the output

power nonnalized to the input power for
a signal fibe1. and

a test fiber, respectively.

Note that the crosstalk at 0 lnW is not a minimum. This is due to a srnall

difference in the optical length between the ams of the Mach-Zelmder interfTe1-Ometer

(MZI). Therefore, a littlebias power is applied and the crosstalk is 1-educed a few dB.

The averaged loss of64 paths is 12.7 dB. There is only a small difference of less than 3

dB between the loss values. The averaged crosstalk is -24.2
dB.

A practical 16 x 16 TO matrix switch was also fabricated [3.4]using a 6-inch

wafer. Its ar1.angernent has a strictly non-blocking structure and the insertion loss is

path-independent. Each switch element has a double-MZI structure, as shown in Fig.

3-5, which is cornposed of two asymmetrical MZIs with an optical path length

difference of a half-wavelength, a TO thin heate1., and an intersection. As the leaked

light power from the first MZI is blocked again by the second MZI, the double-MZI

element provides a higl"xtinction ratio in the bar-path, which is important in the matrix
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switch configuration. A simple phase trimming technique employing high-power local

heating, collects Pemanently the phase error in each MZI, eliminating the need for

electrical biasing.

3. 1.2. Awayed waveguide gl.aling (A WG)

The structure of the PLC an-ayed waveguide grating (AWG) is shown in Fig.

3-6. It consists of input and output waveguide an-ays, two slab waveguides, and a
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phased-an-ay region of multi-channel waveguides with an optical length difference AL

between adjacentwaveguides.
A WDM optical signal from one of the input waveguides

radiates in the slab waveguides and is then coupled to the multi-chaluel waveguides.

Aner traveling th-ough the lnulti-channel waveguides, the light conve1.geS On a focal

line where the ends of the output waveguides are located. As each challnel of the WDM

signal converges on different positions on the focal line, depending on the wavelength,

the AWG can be used as
a
multiplexer/demultiplexer ofWDM signals.

The design of the AWG is as follows. The AL 1-eSults in the phase difference of

27m AL/A, where n is the effective refractive index of the PLC waveguide, and A is the

light wavelength. The light emitted to the slab waveguide from the multi-charmel

waveguides is diffracted at an angle 8 which satisfleS

n (21L+ dsin8) = m1, (1)

where d is the pitch of the multi-channel waveguides at their exits and m is the

diffi.actio1"rder. The dispersion dx/d1, where x is position of the converged beam on

the focal plane (theedge of the output waveguides at the slab waveguide),
is derived by

differentiating eq. 1 as

dx/d1 = fm/nd, (2)

wherefis the focal length, which is equal to the length of the slab waveguide. The full

widt1"t half-maximum (FWHM) of the converted beam is at best lf7nNd because of

multi-channel
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the diffraction limit, where N is the numbe1. Of waveguides of the rnulti-charu1el

waveguides. Using the FWHW and the dispel-Sion, the wavelength resolution Al
is

givenby

A}. = A/Nm. (3)

Equation 3 shows that hig1"rder diffraction is needed or high resolution. In eq. 1 the

diffraction order is given by m
=

nAL/A
for small 0. Therefo1.e an AWG with large AL

can multiplex and demultiplex the WDM signal with a small wavelengt1"pacing. In

fTact, a
practical AWG such as 32x32 chanllels with 100 GHz spacing and 64x64

charmels with 50 GHz spacing have been fabricated.

3.1.3. SS-SOA/PLC hybrid integration

Another important role of the PLC is to provide platforms for semiconductor

and PLC hybrid integration. The Si substrate can be used as the heat sihk and optical

bench on which the semiconductor chips, such as SOAs and laser diodes, are lnOunted

and coupled to the silica core. Figure 3-7 illustrates the PLC platfom structure [3.5].

The silica waveguide is fomed only on the ground plane of the silicon subst1-ate, and

the terraced surface acts as an optical bench. High-speed electrical wiring can be formed

semiconductor

optical device

(upside-dovvn)

electr

core (spot-sizeconverter)
/

ode
SOlder si

VV

i
core

:.naddedTngsi,iconterrace

PLC platform

wiringregion assemblyregion PLCregion

Figure 3-7 Cross-sectional view ofa PLC platform
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on the platfom fbr ns operation of the SS-SOA gate.

One of the applications of the gate ar1-ay module
is a wavelength selector that

consists ofa two AWGs and
a SOA gate alTay. It operates as a digitaltunable dropping

filterfor WDM wavelength charu1els, as shown in Fig. 3-8. Zirngibl et a1. demonstrated

a monolithic wavelent,crth selector with rib-loading
InGaAsP AWGs and quantum well

SOAs [3.6].But it is hard to use practically because it is difrlCult to get wide

wavelength range of polarization
independence.

NTT Corporation has developed 8- and 32-chamel wavelength selector

modules, which consists of two and eight 4-charu1el SS-SOAs respectively, as shown in

Fig. 3-9. The key technique is the multi-platfonn scheme using PLC-PLC direct

attaclm1ent [3.7].By using this teclmique, complicated and large-scale-integration

modules can be simply constructed by attaching separately fabricated PLC elements

without any deviation in the optical path length. It should be noted the PLC-PLC

attachment can be easily achieved in the same way as the well established fiber-PLC

comection. This modular scheme not only eliminates the wafer size limitation but also

greatly simplifies the design and fabrication of hybrid-integrated modules.

The 32-chaluel wavelength selector consists of a 1 x 32 input AWG, a 32-ch

optical gate array circuit (eight4-ch SS-SOA on a PLC platform), and
a 32 x 1 output

AWG. The PLC-platfonn and two 100-GHz AWGs were fabricated separately, and then

the AWGs were di1.eCtly connected to eithe1. Side of the PLC platform using UV curable

adhesive. The input and out put fibers were also collneCted to the AWGs. The average

insertion loss of the 32-charmel is 2.3 dB. Eight sets of4-chaluel electronic gate drivers,

which has an emitter coupled logic digital interface, were installed on a printed wiring

board.

1 2 3 4 5 6 7 8

wavelength vvavelength

selector

1 2 3 4 5 6 7 8

wavelength

Figure 3-8 Principle operation of the wavelength selector
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PLC-PLC direct attachment

1
PLC-platform

4 channel SS-SOAx 2

Figure 3-9 Configuration of the wavelength selector

3.2. Optical gate array modules

The SOA chip must be fully packaged with electrical coru1eCtO1-S and input/

output fibers for the practical use
in WDM system. The key point is how to coru1eCt the

fiber to the SOA chip. It has been done using a couple oflenses, which is somewhat a

expensive teclmique. Passive aligrmlent, Which mounts the SS-SOA on the PLC

platfonn, is a very simple and low cost packaging teclmology.

size: l200 pm x 16rJO.LLm

I-

}'

vertICaly I-dPer'e.d5PDt Size

converter region (30rJ
,tim)

Figure 3-10 Four channel SS-SOA
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3.2.1. SOA gate array module

Aner anti-renection coating, a 4-chaluel SS-SOA chip (Fig.3-10) was bonded

with an AuSn solder on a PLC platform (Fig. 3-ll) using the passive aligrunent

technique. The core of the PLC waveguide was 6 pm x 6 pm i1"ize with a refractive

index difference ofO.75%. The space between the facet of the SS-SOA and the angled

facet of PLC was 10-15 pm. The input and output single-mode fiber an-ays were

colueCted to both facets of the 4-chaluel PLC waveguides. The total coupling loss

between the SOA gates and fiber, including the coupling loss between the SOA gates

andthe PLC, was 5 dB.

Figtlre 3-12 shows the fiber-to-fiber gain versus the driving current of the

hybrid gate array module (a 4-chalnel SS-SOA gate on a PLC platform) at
a wave-

length of 1550 run. The optical input power was
-10
dBm. The gain characteristics of

each charu1el are very similar. Fiber-to-fiber loss-less was obtained at 33 mA for all

charmels. The detailed gain characteristics of the 4 chamlels are shown in Fig. 3-13. A

high extinction ratio ofnearly 40 dB, defined as the optical loss at 0 mA, was achieved

aP

over

cladding

g

SS-SOA

(upside-down)

I I

LJ I 1 LJ silica

waveguide

marker
silicon Terrace

electrode/solder

PLC platform

under

cladd mg

PLC region assembly region PLC region

Figure 3-ll C1-OSS-Sectional view of SS-SOA/PLC hybrid integration
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in all channels. The polarization dependence gain (PDG) was 0.5 to 0.8 dB, which agree

well with the calculation (Fig.2-14). Figure 3-14 shows the wavelength sensitivitv of/

the extinction ratio and the
loss-less current of a gate array module. The extinction ratio
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was more than 35 dB and the fiber-to-flbe1. loss-less cun.ent was less than 50 mA over a

wide wavelength range of 1530 to 1600 1u1. The minimum lossless cun.ent was 25 mA

for 1580 lm.

3.2.2. Wavelength selectol. (With a PLC-AWG and SOA gate a"ay module)

One of the applications of the
SOA gate allay module is a wavelength selector,

which operates as a digitally tunable
dropping filter of wavelength channels. Using a

hybrid SS-SOA gate array rnodule and a PLC-AWG wavelength multiplexer, the

wavelength selector can be applied in a practical system because the polarization

independent and ultra-wide-band (1530-1600 rm) operations
were proven. Figure 3-15

shows the high-speed wavelength selector using 4-channel gate array module and 8x8

PLC-AWG. Four wavelengths, 1532.0, 1553.5, 1554.3, and 1600.0 nm at 2.5 Gbit/s, 10

Gbit/s, 10 Gbit/s, and 633 Mbit/s, respectively,
were demultiplexed by the PLC-AWG

I

and were selected by the gate array module [3.8].Note that the wavelength selector

operated in an ultra-wide band of 1532 to 1600 nm. Wavelengt1"eparation can be set

at 0.8 nm, as shown in the separation between chaTmels 2 and 3. The crosstalk between

the channels of the PLC-AWG is less than /30 dB. The input power to the SOA gate was

W

modulator

L= LJ

PD

DFB-LD

7 PLC-
AVVG

)

+

i?
1-nm filter

kAPLC-

AVVG

wavelength selector

hybrid SS-SOA module

Figure 3-15 Setup for wavelength selector using a PLC-AWG and a SS-SOArnodule
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-10
dBm. The driving cun-ents forthe SS-SOAgates were 10 mA at the off states and 50

mA at the on states. A tunable filter with a 1-1ul bandwidth was used before the

photodetecto1.. Figure 3-16 shows the dynamic responses of the wavelength selector.

Both the rise- and fall-times are less than 1 ns, which makes the wavelength selector

suitable fo1.high-speed optical packet switching, including photonic ATM system [3.1,

3.2].We also checked the electrical and optical inte1-fe1.enCe between channels by means

of bit en-or rate (BER) measurements. The BER of chamle1-3 was measured, as shown
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in Fig. 3-17. Though the other charmels were randomly driven, no power penalty was

observed. The elect1-icalor optical interference
between channels, which causes the

noise to the measured charu1e1-3 was, the1.efo1.e,negligible.

3.2.3. Wbvelength selecto"770dule

To reduce the size and cost of the wavelength selector, the PLC platfo1-m and

AWG should be integrated. However, the wafe1. Size limitation, the difficulty of

evaluating the performance of each circuit element, and the fabrication yield prevent

la1.ge-scale integration. To overcome these problems, we introduced a multi-platform

scheme using the PLC-PLC direct attachment technique [3.3].By using this techique,

complicated and large-scale integration modules can be simply constructed by attaching

separately fabricated PLC elements without any large degradation in the optical path

length deviation. This modular scheme does not only eliminate the wafer size limitation,

but greatly simplifies the design and fabrication of hybrid integration modules.

The 8-chamlel wavelength selector module is divided into thee PLC elements:

a 1 x 8 input AWG with a 100 GHz spacing, a 8-chaTmel SS-SOAhybrid integrated on a

PLC platform, and a 8
x 1 output AWG. The PLC platfom consists of two 4-chamel

ss-SOA gate array chips, as shown in Fig. 3-18. The silica waveguide core is 6 pm2 and

has a refractive index difference of 0.75%. Au/Sn solder pads and Au electrodes were

4-ch SS-SOAt

gate array
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sower pad tll
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Figure 3-18 SS-SOAs onaPLCplatform
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Figure 3-19 Direct attachment technology

SS-SOA gate arrays were nip-chip bounded on the PLC platform using passive

alignment. The space between the SS-SOA and PLC' s angled
facet is 10-15 Llm, and

the estimated coupling losses are 3.9-4.9 dB/point.

Two PLC-AWGs with a transmission loss of 3.2-3.9 dB were directly attachedI

to the PLC platform using UV curable adhesive,
as shown in Fig. 3-19. It should be

noted that direct PLC-to-PLC attachment can be easily achieved using the same

well-established procedure
for PLC-to-fiber cormection. The PLC-flber and PLC-PLC

coupling losses are 0.4 and 0.3 dB/point, respectively. The input and output fibers were

also connected to the AWGs.

Figure 3-20 shows the structure, and Table 3-2 shows the loss budget of the

8-ch wavelength selector. Figure 3-21 is a photograph of the fabricated wavelength

selector module. Figure 3-22 shows the optical transmission spectra of the wavelength

selector at an injectioncurrent of50 mA and input optical power of-10 dBm. The 3-dB

bandwidth of each channel is about 30 GHz. The peak transmission powers are almost

uniform. Figure 3-23 shows the gain characteristics at the center wavelength of the

transmission band. For all 8-channel, fiber-to-fiber lossless operation was obtained at an

injectioncurrent of40-45 mA. The polarization dependence gain is less than 1 dB for
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injectioncurrent of 40-45 mA. The polarization dependence gain is less than 1
dB for

input power of8 dBm.

PLC-PLC direct attachment

2m

i

PLC PLC

4-channel SOA x 2

Figure 3-20 Structure ofwavelength selector

Table 3-2 Loss diagram

loss (dB)

ATVG transmission loss
:

3.2-3.9

SONPLC coupling loss 3.9-4.9

PLC/fiber coupling loss
OA

PLCRLC coupling loss 0.3

PLC-AWVG

SS-SOA gate array on PLC

Figure 3-21 Photograph ofa wavelength selecto1.
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3.3. Wavelength conversion device

3.3. 1. HybI7'd integrated cross phase modulation (XPM)

Figure 3-24 shows schematic views of the hyb1-id integrated MZI module

[3.12].The 2-chaluel SS-SOA was flip-chip bonded with a Au/Sn solde1. On a PLC

platforn1. The space between the SS-SOA and the PLC s angled facet is 10-15 LLrn. The

averaged coupling loss between the SS-SOA and the PLC waveguide was estilnated as
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fiber array

2 channel Lil
ss-SOA
/D

Figure 3-24 Hybrid integrated wavelength converter

optical Tiberarray

PLC plalfornl

Figure 3-25 Photograph of a hybrid integrated wavelength converter

MU ad_apter.I8 port/slot

common contTDIler 8 slots

Figure 3-26 Eight-slot module

4 dB. The four-single-mode-fiber an.ay is directly attached to the both sides of the PLC

by using UV-curable adhesive. Figure 3-25 and 3-26 show photog1-aPhs of a module

and eight- slot equipment with eight modules.

Figure 3-27 is an example of static all-optical switching curve, which shows

wavelength conversion from the input signal with wavelength of Lh. tO the convelted
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signal with a wavelength of Lc. The module was set to the inverted operation mode. A

low input signal power operation of-10 dBm was achieved. The bias currents of the

two SS-SOAswere 85 and 130mA.

3.3.2. Monolithic integrated dlFerentialphasemodulation (DPM)

Figure 3-28 is a photograph of a Sagnac interferometer with pal-a11e1-

amplifier structure (SIPAS), which is a deep-ridge waveguide MZI having polarization

insensitive SOAs in both arms [3.13].It was fabricated with a teclmique forjoiningthe

deep-ridge waveguide to a buried passive waveguide, and the passive waveguide to the

SOA. The SOA active layer is 0.1 0/.tensile-st1-aimed bulk InGaAsP and 0.3-pm thick. A

0.5 pm-thick
InGaAsP col-e (Lg= 1.05 Llm)

Was used for the passive waveguide. The
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propagation loss of the deep-ridge passive waveguide is about 5
dB/cm. The coupling

loss between the SOA and passive regions is about 1 dB, including the active-to-passive

coupling loss and deep-ridge
to buried coupling loss. SOA lengths are 600 um, and

total chip
length is4.5 mrn.

The working principle of the SIPAS is similar to that of the SLALOM [3.14].

An input CW lightis divided into clockwise (CLW) and counterclockwise (CCW)

traveling lights. Since the PAS is asymlnetrically placed
in the loop, the CLW and CCW

lights reach the SOAs at diffe1.ent times, which leads to different phase modulation

between CLW and CCW lights when signal
light is input into the SOAs. ARer traveling

the loop, CLW and CCW lights are superimposed and transmitted to the output port due

to differential phase modulation (DPM). We place the PAS asymmetrically by 0.5 mm

so that the switching window tha1*S tO DPM becomes 10 ps, which enables the

high-speed operation over 40 Gbit/s. If the FAS is set in the cross state the signal light

caluOt get into the loop, which shows the possibility of filter-free wavelength

high-rnesa waveguide BOA high-mess waveguide

1

.

. m
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-
I--A1

.
1.-J.1
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Figure 3-28 Structure ofa SIPAS
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3.4. SummaI7, OfChapter 3

Chapter 3 discusses hybrid integration of SS-SOA and planar lightwave ci1-Cuit

(PLC). The hybrid integration is considered to be an attractive way to fabricate practical

modules with functional PLC waveguides, such as couplers or an-ayed waveguide

gratings (AWGs). Moreover, it is easy to connect PLC waveguides to fiber arrays.

A 4-charmel SS-SOA gate array was assembled on a PLC platfom for the first

time. The PLC has an angled waveguide
facet structure, which effectively reduces the

waveguide facet renection without any significant coupling loss increase. The coplanar

waveguide fomed on a thick silica layer ensures high-speed electrical signal

transmission. The 4-charmel SS-SOA/PLC hybrid gate array module has an extinction

ratio higher than 35 dB, operating at less than 50 mA. The polarization dependence is

less than 1 dB thoughout an ultra-wide-band of 1530-1600 rm. The spot-size

conversion structure of the SS-SOA reduces the coupling loss to about 4 dB and

improves the 1-dB down tolerance to better than 2 and 20 pm for the horizontal and

axial directions, respectively. These large tolerances are essential for suppressing the

coupling loss variation among channels.

We demonstrated the first 4-channel high-speed wavelength selector with a

combination of two modules: an SS-SOA hyb1.id gate array module and a PLC-AWG. It

can be used in a practical system because polarization independent and ultra-wide-band

(1530-1600 1u1) OPerations
were proven. The rise- and fall-times were less than 1 ns,

which make the wavelength selector suitable for packet switching.

In the part of chapter 3, Sagnac interfhometer integrated
with paralle1-

amplifler Structure (SIPAS), is described. The SIPAS is fabricated monolithically by

butt-coupling the passive high-mesa waveguide and buried active layer. It enables a fast

wavelength conversion and f11te1.lessoperation.
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Chapter 4

Photonic subsystems using all-optical

signal processing

Chapter 4 describes the goal of this work; photonic subsystems for near-future networks.

Using hybrid integrated devices, silnultaneous wavelength conversion from C-band to

L-band and from equal-spacing WDM chaTmel to unequal-spacing WDM charmel was

demonstrated. Bit-rate-independent and format-independent polarization mode

dispersion (PMD) compensation using hybrid wavelength converte1- has been achieved

for the fh-st tilne. Full bit-rate conversion was successfL111y delnOnStrated using a

monolithic integrated wavelength converter.



Chapter 4. Photonic subsystems

4.1. Simultaneous wavelength conversion from C- to L-band

4.1.]. SimultaneoLIS Wavelength convel.Sion LISing
FWM

The capacity of the long-haul WDM netwo1-k
is continuously growing. The

progress in optical fiber amplifler teClm01ogies expands the carrier wavelength regionof

wavelength division multiplexing (WDM) transmission systems from the conventional

C-band (1530-1570 rm1) tO the
S-band (1490-1530 lu1) Or

L-band (1570-1610 1u1).

Unequal charmel spacing is used in Japan to avoid the four-wave mixing (FWM) in

dispersion shin fiber (DSF), while equal chaTmel spacing is used in US or Europe. Both

a coarse WDM system of more than 400-GHz spacing and a dense system of 25-GHz

spacing may be used in adjacent
fibers. Simultaneous wavelength conversion of

multi-WDM charmels is expected to be a key teclmique for comleCting such networks

with different band or chaluel spacing.

Here, we present an efrlCient 4-charmel simultaneous wavelength conversion

from C-band to L-band WDM signals. A hybrid wavelength selector, which consists of

polarization-insensitive SS-SOA gate arrays on a PLC platform and two PLC arrayed

waveguide gratings (AWGs), is used as the four-wave mixer. Each wavelength

conversion was achieved by using FWM in each SS-SOA gate. The spacing between the

input WDM optical signal and the WDM pump light was set equal to the

free-spectral-range (FSR) of the AWG.

Compared to the usual optical-electrical-optical (0/E/0)-conversion [4.1],our

simultaneous wavelength conversion is format-independent, have a possibility to

operate of more than 100 Gbit/s, and can be used as a wavelength dispersion

compensator. Moreover, the total cost can be reduced using a multi-frequency laser

[4.2]as a multi-wavelength pump source.
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4.1.2. Experimental setup and I.eSult

The feasibility of the simultaneous wavelength conversion was evaluated using

a system comprising four WDM-chamlels.
Figure 4-1 shows the experimental setup.

Four WDM signal lights in the 1550-rml
band (which is in the fi1.StFSR of the

wavelength selecto1.)
Were modulated at 2.5 Gbit/s. Another four wavelengths in the

1560-nm band (which is in the second FSR) were multiplexed as pump lights using an

AWG and a couple1.. A fiber amplifier (FA) with a wavelength of 1530-1565 rm was

used to compensate for the optical loss, and 4-pairs of signal and pump lights were fed

into the wavelength selector. The input power of the signal and pump lights was 8

dBm and 10 dBm at the input of wavelength selector. The pump light had circular

polarization to reduce the polarization dependence of the four-wave mixing (FWM).

The signal and pump lights were demultiplexed at the first AWG of the wavelength

selector. Each signal-and-pump pair was launched into the individual SS-SOA on the

PLC platfonn. Charme1 5-8 of the wavelength selector were used as four-wave mixers.

Each SS-SOA operates as a wavelength converter using FWM. The injectioncurrents of

the SS-SOAs were 170 mA. The converted lights in the 1570-run band (which is in the

third FSR) were multiplexed at the second AWG of the wavelength selector. The optical

output was enhanced using a FA with a wavelength of 1570-1600 rm, so that the input

signal and pump lights could be cut. The spectrum and bit elTOr rate Were evaluated for

the converted lights.

Input

h5-?.8

(1552 nm)

EDFA

(C-band)
coupler

:;
AWvI G

I pump Fjrray

(1562nm)

AVv' G

SS-

SOA

AWE

wavelength

selector

EDFA Output

(L-band) 715'-h8'

cDUPler
i
(l572nm)

1.rEj

spectrurTl

l-nm

filter

/
PD

ErrLlr

detector

Figure 4-1 Experimental setup for simultaneous wavelength conversion
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Figure 4-3 Eye pattern ofa converter signal

Figure 4-2 shows the spectrum of the simultaneous wavelength conversion.

Four converted lights were obtained with four signals and four pumps. The output

power of the converted lights was about -25
dBm. Considering the coupling loss and

transmission loss of the AWGs, the
input power and conversion output power at the

SS-SOA facets were about 0 and -17
dBm, respectively. The conversion efficiency of a

SS-SOA, therefore, was -17
dB. Tile POlarization dependence of the conversion was

less

than 1 dB. This small dependence is due to the low polarization sensitivity of the

SS-SOA and AWG, and the circular polarization of the pump. Thus, we concluded that
a

WDM chaTmel with conventional C-band
can be converted to L-band.

Dynamic perforn1anCe Was measured at 2.5 Gbit/s. Figure 4-3 shows the eye

patterns of the converted light. The eye openings are clear. Figure 4-4 shows the bit

elTOr rate (BER) characteristics for a typical input and four converted signals. Only a

small power penalty of less than 0.5 dB was observed. The receiver sensitivity was -31

dBm at a BER of 10-9. These results indicate that this simultaneous wavelength

-89-



Chapter 4. Photonic subsystems

1
a
)

i 1
L

0
i

i

a)

'3 1

o-4

D-6

o-8

1D-10

-34 -32 -3D -28

reveived optical power (dBm)

Figure 4-4 Bit erro1-rate

conversion is a useful teclmique for WDM systems. It may also be used with much

larger scale systems that have more (i.e.,16 or 32) WDM charu1els.

4.2. Simultaneous wavelength conversion from equal- to unequal-spacing

4.2.1. Simultaneous wavelength conversion using XGM

Several networks use equal charmel spacing with conventional single-mode

flbers [4.3],while others have adopted unequal charmel spacing to avoid four-wave

mixing (FWM) impairment over dispersion-shifted fiber (DSF) [4.4,4.5]. Charmel

spacing of25, 50, and 100 GHz has been utilized individually.

Simultaneous wavelength conversion of multi-WDM chaluels is expected to

be a key teclmique for cormecting networks with difFerent bands or chaluel spacings. To

solve the SNR and the level nuctuation problems, we introduced simultaneous

wavelength conversion using a hybrid wavelength selector module, which consists of

spot-size converter integrated semiconductor optical amplifier (SS-SOA) gate allays
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and two arrayed waveguide gratings (AWGs). Because the wavelength selector has an

individual SS-SOA for each WDM channel, there is negligible interfe1.enCe between

channels. It should be noted that our aim is not random wavelength switching but fixed

wavelength conversion to comleCt different networks. This allows very easy operation

and control, which is necessary
fTor practical use. The optical powe1. level of the

converted signals can be controlled individually. However, the FWM teclmique, as

mentioned in section 4.1, can not change the
WDM chaluel spacing, for example from

100 to 50 GHz or from equal to unequal spacing, because of the complicated

wavelength alTangement OfWDM input signals, pumps, and converted signals.

Here, we present the first ever eight-charmel simultaneous wavelength

conversion from equal to unequal WDM channel spacing using input and output AWGs

and a hybrid integrated SS-SOA an.ay. The key device is the input AWG, which

concurrently demultiplexes both the equal-spaced WDM signal and unequal-spaced

pump lights to couple a pair comprising a signal and a pump. In the experiment, eight

signal-and-pump pairs were launched into each SS-SOA, which operated as a cross gain

modulation (XGM) device. The output AWG multiplexed only the converted

unequal-spaced conjugatedsignal.

4.2.2. Experimental setup and results

To evaluate the feasibility of the simultaneous wavelength conversion, we

demonstrate a system using eight WDM charmels.

Figure 4-5 shows the experimental setup. Eight equally spaced WDM signal

lights were modulated at 2.5 Gbit/s. Another eight lights with unequal spacing were

used as pump lights. A fiber amplifier was used to compensate for the optical loss. The

averaged input power of the equally spaced signal was 0 to +2 dBm at the output of the

fiber amplifier. Note that a single input AWG demultiplexed both the signals and pumps,

and each signal-and-pump pair was launched into each SS-SOA. It is true that the input

AWG should be specially designed considering the wavelength of WDM signals and

pumps [4.6],but here we used a conventional 50-GHz spacing AWG, because our
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Figure 4-5 Experimental setup for simultaneous wavelength conversion

From equal to unequal charmel spacing

purpose here was simply to confirm the feasibility. The wavelength arrangement for the

inputAWG is shown in Table 4-1.

Two four-charmel SS-SOA gate arrays were hybrid integrated on a PLC

platform. Each SS-SOA operates as
a wavelength converter using XGM. The injection

currents of the SS-SOA 1.ange fi-om 70 to 100 mA according to the wavelength

dependence of XGM. The
-6

converted lights were

multiplexed at the second output

AWG. The spectrum and BER

were evaluated for the converted

lights.

Figure 4-6 shows the

XGM characteristics of a

SS-SOA. The horizontal axis is

the signal power before the first
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Figure 4-6 XGM characteristics
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Table 4-1 Wavelength alTangement Ofthe input AWG (nm)

out

in
1 2 3 4 5 6 7 8

1 1545.8

2 1546.5

3

-

-
-

4

5

6

7

8

9

-

1548.1

-

1549.3

1550.1

-

10

ll -

12 -
- 1550.7 -

13 - -
- -

14 - - - 1552.9

15

16

- - - 1553.7

1551.3 1551.7 1551.7 1552.5 1552.9 1553.3 1553_7 1554.1
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Figure 4-7 Input and output spectrum

AWG, and the veliical axis is the convelied power aner the second AWG. The optical

loss was 15 dB, which is due to the loss oftheAWGs. The extinction ratio was 10 dB.

Figure 4-7 shows the spectrum of the input and output WDM signals.
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Simultaneous wavelength conversion from equal to unequal spacing is successfully

demonstrated. The polarization dependence of the conversion was less than 0.5 dB. This

small dependence results from the low polarization sensitivity of SS-SOA and AWGs.

Dynamic performance was measured at 2.5 Gbit/s. Figure 4-8 shows the eye

patterns of the converted light at the wavelength of 1550.1 1m. The eye openings are

clear. Figure 4-9 shows the BER characteristics for eight converted signals. Only a

small power penalty of less than 0.5 dB was observed. The receiver sensitivity was
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-33
dBm at a BER of 10-9. These results indicate that this simultaneous wavelength

conversion is useful for cham1el-space shining in WDM networks. It could also be

used with much large1. scale systems that have more (i.e.,16 or 32) WDM channels.

4.3. Full bit-rate conversion

4.3. 1. Bit-rate conversion using
SIfAS

Recent progress fTor upgrading the total throughput of the WDM system

requires a high bit-rate of 10 Gbit/s WDM charmels for metropolitan netwo1.ks and
an

extremely high (> 40 Gbit/s) bit-rate for long-haul network. It should be noted that

metropolitan networks usually use non-return-to-zero mRZ) format, while long-haul

networks are supposed to use return-to-zero (u) fonnat.

A full bit-rate conversion from 10-Gb/s random WDM charmels to a 40-Gb/s

channel, including NRZ-to-RZ format conversion and reconversion, was successfully

demonstrated. The key teclmique is wavelength conversion using a monolithic Sagnac

Interferometer integrated with parallel-amplifier structure (SIPAS).

Another impoltant Procedure, phase adjustmentprocedure for 10-Gbit/s-to-40

-Gbit/s
bit-rate conversion, was also successfully demonstrated, using slight

wavelength conversions with a planar lightwave circuit (PLC) and semiconductor

optical amplifler (SOA) hybrid integrated Mach-Zelmder Interferolneter (MZI) and

wavelength dispersion of an optical fiber.

4.3.2. ConjigurationforfLIllbit-I.ate conversion

Figure 4-10 shows the configuration of the demonstration system. The key

features are as follows.

I)NRZ/RZ and MUX
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Figure 4-10 Experimental setup for full bit-rate conversion

Four 100-GHz spacing WDM channels of 10-Gb/s NRZ fomat (A) we1-e

launched into a polarization independent EA modulator [4.7]with 10-GHz sinusoidal

modulation. The modulator simultaneously converted the four NRZ signals to RZ

fonnats with a pulse width of25 ps (B).A flber loop was used to an.ange the piled up

u pulses into
a serial bit stream. It should be noted that the bit stream was formed

with a single modulator and a single flbe1.,Which is a simple and extensible teclmique

for stream forming. This teclmique can also be used in larger-scale WDM systems,

ones with 8 or 16 channels, for example.

II)Wavelength fitting and phase adjustment

In confirming NRZ/RZ and MUX operation, there are two important issues:

the channel spacing, which must be nearly equal, and the phase of the four WDM

charmels, which must be adjusted.
Using a multi-channel XPM module, each input

WDM charmels was arranged to have an equally spaced fixed wavelength. Then a

slight wavelength adjustment (ex.,
0.1
rm) provided

a phase shift at the fiber loop,

which assured the phase adjustmentat the
EA modulator. A thern1al tuning of the CW

source achieved this phase adjustment.
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Ill)Bit-rate conversion using SIPAS

For 40-Gb/s bit-rate conversion, four different wavelengths of the multiplexed

bit stream were convelied to a single wavelength by using a SIPAS with a gating

window of less than 25 ps (C).Differential phase modulation (DPM) can compensate

for the slow caITier recovery time of SOAs to achieve high-speed wavelength

conversion. The SIPAS has a low wavelength
dependency and offer the possibility of

filter-less operation.

rv) DEMUX and RZmRZ

An EA modulator was also used to demultiplex the converted 40-Gb/s stream

into the 10-Gb/s RZ format (D). Another DPM device with a gating window of 100 ps

enlarged the pulse width, thus completing the 10-Gb/s RZ-to-NRZ reconversion (E).

4.3.3. Experimental results offullbit-rate conversion

Figure 4-ll shows the experimental setup. Four 10-Gb/s WDM channels were

converted to equal spacing using a multi-channel PLC-SOA hybrid integrated MZI

module. The CW and averaged signal powers of the XPMs were
-2
to 2 dBm. A

10-MHz clock with a wavelength of 1310 nm was served, utilizing the unoccupied poll

of the XPM module. This clock is indispensable for the synchronization of bit rate

conversion. The four converted signals were coupled to an optical flber with a

dispersion of 150 ps/rm. Therefore, a slight wavelength adjustmentof
less than 0.5 nm

provides a phase shift of 75 ps. Four phase-adjustedWDM channels with 100-GHz

spacing from 1552 to 1555 rm were launched into an EA modulator with 10-GHz 4V

sinusoidal modulation (A, B). A second 2-km fiber loop with a total wavelength

dispersion of -25 ps/100-GHz
was used to an-ange the piled up RZ pulses into a serial

bit stream with a pulse width of25 ps. A pall Ofthe bit stream was monitored and the

converted wavelengths of the XPMs we1.e COntrOlled to the most suitable values.

10 to 40-Gb/s bit-rate conversion was done using DPM in a SIPAS. Four

different wavelengths of the multiplexed bit stream were converted to a single
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wavelength, 1551 nm, by using the SIPAS with a gating window ofless than 25 ps (C).

The CW and averaged signal powers were about 10 dBm. The cun.ent of the SOAs was

about 200 mA.

A second EA modulator was used to demultiplex the 40-Gbit/s stream into

10-Gbit/s Rl format (D). Another DPM device, which consists of a SS-SOA and a

PLC asymmetric MZI with
a gating window of 100 ps, enlarged the pulse width, thus

completing 10-Gbit/s RZ to NRl conversion (E).The input current of the SS-SOA was

80 mA. The CW and signal powers were about 0 dBm.
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Figure 4-12 Optical signals with and without phase control
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Figure 4-12 shows the 10-Gbit/s x 4 bit-stream signals before the SIPAS. By

adjustingthe wavelength ofcham1e1
3 by 0.1 rm (phase sift of 15 ps),

it is possible to

avoid the cross point of the NRZ signal. Figure 4-13 shows the eye patterns measured

at points (A) to (E).Clear eye openings for NRZ-to-RZ conversion (B), 10 to 40-Gbit/s
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conversion (C),40 to 10-Gb/s reconversion (D) and RZ to NRZ reconversion (E) were

observed. Figure 4-14 shows the bit error rate from point (A) to (E). The receiver

sensitivity at a bit rate of 10-9 was
less than -32

dBm. Only a small power penalty of

less than 0.8 dB was observed. These results indicate that the above teclmiques will be

useful for future bit-rate conversion.

4.4. Polarization mode dispersion (PMD) compensation

4.4. 1. PMD compensation

The explosive growth of data traffic has increased the bit-rate of WDM

transmission systems to 40 Gbit/s or more, which reduces the dispersion margin of the

bit train. Polarization mode dispersion (PMD), which is caused by the slight

birefringence of the optical fiber, is an obstacle to upgrading long-haul transmission

networks.

For monitoring the differential group delay (DGD), we proposed a novel

teclmique that uses a semiconductor optical amplifier (SOA) and planar lightwave

circuit (PLC) hybrid integrated wavelength converter (WC). Thanks to the XOR

operation of the WC, this teclmique is bit-rate independent and format-independent.

4.4.2. DGD monitoring technique using
a hybrid integrated wavelength converter

Figure 4-15(a) shows a schematic view of the hybrid integrated WC [4.8].We

employ PLC hybrid integration teclmologies, which are attractive for constructing

optical modules with fiber array pigtails. The hybrid module consists of a PLC

Mach-Zelmder interferometer and a 2-channel SOA with spot-size converters (SS-SOA).

The pola1-ization-insensitive 2-charmel SS-SOA array is 1200 pm long x 800 pm wide

with charmel spacing of400 pm. The SSISOA consists of a 600-LLm bulk active region

(band-gap wavelength
=

1.55 pm) and two 300-pm vertically tapered SS regions

(band-gap wavelength
= 1.3 L1rn at the facet).The stripe width is 0.5 um. The SS-SOA
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an.ay was mp-chip bonded on the PLC platfonn, which is 30 x 3 x 1 mm3 in size, using

a passive alignment technique. The space between the SS-SOA and PLC's angled facet

is 10-15 pm and the coupling loss is about 4 dB. The four-single-mode-fiber array

was directly attached to both sides of the PLC using UV-curable adhesive. The built-in

peltier device in the package precisely controls the module temperature.

The DGD monitoring teclmique is as follows. The input optical powers of the

divided two polarization states (TE and TM) are fed to both ams of the hybrid

integrated WC. The WC is nomal1y set to the cross state. This minimizes the output

power of the converted light at the bar poll, Which is the monitor port of the DGD. If a

large DGD exists, the phase diffTerence between the two ams results in switching of the

:css-soAAq
2-channel SS-SOA

waveguide
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array

TEinput 1

cross port

XOR output

(bar) + I

TMinput lE

TE
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I

XOR (alvvays0)

(b)XOR circuit using wavelength convelter

Figure 4-15 Hybrid wavelength convelier as an XOR circuit
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Figure 4-16 Mach-Zelmder interferometer as an XOR circuit

converted light from the cross port to the monitor bar port, and the output power of the

monitor bar port increases as shown in Fig. 4-15(b).A minimum output power means

the value of DGD is also at the comfortable minimum state, which should be kept by

controlling the PMD equalizer. As a result, the WC operates as an XOR circuit. The

monitor port shows "0" when the input powers of the two anns are equal, while it shows

"1" when they are unequal, as shown in Fig. 4-16. This circuit has a possibility to work

at more than a 100 Gbit/s, because the push-pull switching mechanism (DPM:

differential phase modulation) of the
WC cancels the slow relaxation of the induced

refractive index change [4.9].

4.4.3. Experimental setup and results for 20-40 Gbit/s input signals

Figure 4-17 shows the experimental setup for input signals of 20-40 Gbit/s.

Thee types of optical signals with wavelength of 1556 rml Were used. A 40-Gbit/s RZ

signal was formed using two polarization insensitive electroabsorbtion (EA) modulators

and an optical multiplexe1- COnSisting of two couplers and optical delay lines. The
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PD

10GHz

40-Gbit/s NRZ signal and 20-Gbit/s Manchester signal were generated using an

electrical multiplexer and a phase shiRer. To emulate the wave form distortion caused by

PMD, we prepared polarization-maintaining flber (PMF) whose DGD between the fast

and slow axis was about 30 ps. The power ratio between the two principal polarization

states was changed from 0 to 10 dB, by adjustingthe polarization controller (PC) before

thePMF.

To equalize the PMD, a second PC and a PMF having a DGD of28 ps were

used. A part of the signal was divided for monitoring, and then the polarization states of

the monitored signal were divided using a bulk polarization beam splitter (PBS) module.

The optical powers of the divided two polarization states were equalized within 1 dB

using the SOAs and fed to both arms of the hybrid integrated wavelength converter. The

optical 1engths between the PBS and the arms of the wavelength converter were

adjusted
to be equal using optical delay lines. Of course, this adjustment of optical

length can be achieved easily if the integrated PLC-PBS is used. The wavelength

converter has input power monitor polls with power meters, which make it possible to

adjustthe optical power of
both anns.

A DFB laser with a wavelength of 1552 nm was used for the optical source of

the WC. With the SS-SOA current biases of80 and 82.5 mA, the WC was normally set

to the cross state. The WC operates as an XOR circuit. The output powe1- from the XOR

circuit (bar poll)
was minimized by controlling the PMD equalizer. The optical signal,
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after PMD compensation, was optically demultiplexed to 10-Gbit/s RZ fomat using an

EA modulator, and the
BER was evaluated.

Figure 4-18(a) shows the eye patterns fo1'the 40-Gbit/s RZ, 40-Gbit/s NRZ and

20-Gbit/s Manchester signals. Though large wavefom distortions we1.e Observed befo1.e

the PMD compensation, a clear eye pattern was observed alter the compensation. Figure

4-18(b) shows the BER of the PMD compensation of 40-Gbit/s Rl and NRZ formats.

The minimum received optical power at 10-9 was -33
dBm, and the power penalty for

both formats was less than 0.8 dB. These results confirm bit-rate independent and

before compensation
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format independent PMD compensation using the hybrid integrated wavelength

converter.

4.4.4. Experimental setup and results for 80 Gbit/s input sigI7al

The data signal was prepared using a
1555-rm optical pulse stream generated

by a fiber mode-lock laser with a repetation rate of9.95328 GHz. The pulse width was 5

before aher
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Figure 4-19 Experimental 1-eSults fbr a 80 Gbit/s signal
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ps. An 80 Gbit/s signal was formed using LiNbO3 mOdulator and optical MUX ci1.Cuit.

To emulate the PMD wave form distoIlion, we used polarization-maintaining fibers

(PMFs) whose DGDs between the fast and slow axis were 12.5 and 25.0 ps.

To equalize the PMD, a second polarization controller and a variable DGD

generator were used. The optical signal, after
PMD compensation, was optically

DEMUX to 10 Gbit/s using the SIPAS, and the BER was evaluated.

Figure 4-19(a)shows the eye patterns for 80 Gbit/s, with DGDs of 12.5 ps and

25.0 ps. Though large wave form distortions were observed before the PMD

compensation, a clear eye pattern was observed aRer the compensation. Figure 4-19(b)

shows the BER at 10 Gbit/s. The minimum received optical power at 10-9 was -21
dBm,

and the power penalties were less than 0.9 dB. These results confirm the high bit-rate

operation of the all-optical XOR circuit.

4.5. Summary of Chapter 4

Chapter 4 describes photonic subsystems for upgrading transmission networks.

First, we introduce simultaneous wavelength conversion using a hybrid

wavelength selector module that consists of SS-SOA gate arrays and two PLC-AWGs.

Because the wavelength selector has an individual SS-SOA for wavelength conversion

of each WDM charme1, there is negligible interference between chalmels. The optical

power level, and the WDM chammel spacing of the converted signals can be controlled

individually. It should be noted that our aim is not random wavelength switching but

fixed wavelength conversion to cormect different networks. This will allow very easy

operation and control, which are necessary for practical use.

We demonstrated, for the first time, simultaneous wavelength conversion from

C-band to L-band using fTour-wave lnixing (FWM) in a wavelength selector [1.60].

Another type of simultaneous wavelength conversion, from equal to unequal charmel

spacing, was demonstrated using cross-gain modulation (XGM) in a wavelength

selector.

Then we demonstrated full 40-Gbit/s all-optical bit-rate conversion. A SIPAS
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was utilized for the conversion. A clear eye opening, en.or-free operation, and low

powe1. Penalty were observed throughout the 10-to-40-to-10-Gbit/s and

NRZ-to-RZ-to-NRZ conversion.

Lastly we have proposed a novel teclmique in monitoring the state of the

differential group delay (DGD) of an optical fiber, using a hybrid integrated wavelength

converter. Thanks to the XOR operation of the wavelength conversion, this teclmique is

bit-rate-independent and format-independent. Using this monitoring teclmique,

compensation ofpolarization mode dispersion (PMD) was successfully demonstrated. It

has the possibility to work even for input signal of more than a 100-Gbit/s as well as for

high-speed burst signal. The hybrid integration is very attractive because the PLC can

easily implement a polarization beam splitter (PBS), one of the key components for

PMD compensation.

By monitoring the output power from the wavelength converter, the PMDs of

40-Gbit/s and 80-Gbit/s u format, 40-Gbit/s NRZ folmat, and 20-Gbit/s Manchester

format were successfully compensated. Only a small power penalty of less than 0.8 dB

was evaluated.

These subsystems in Chapte1. 4 successfully demonstrate a direct cormection

between different optical networks and provide high bit rates and bit-rate transparency.

Furthermore, they have the possibility to be used in future commercial networks,

because no complex control circuits are needed.

-107-



Chapter 4. Photonic subsystems

RefTerence in Chapter 4

4.1. K. Inoue, and M. JilmO, "Signal improvement effect in 0/E-E/0 conversion

using an electro-absorption (EA) modulator," IEEE Photon. Teclmol. Lett., vo1.

9,pp. 109-111, 1997.

4.2.

4.3.

4.4.

4.5.

4.6.

4.7.

4.8.

M. Zirngib1, C. H. Joyner, C. R. Doerr, L. W. Stulz, and H. M. Presby, "An

18-chamlel multifrequency laser," IEEE Photon. Teclmo1. Lett., vo1. 8, pp.

870-872, 1996.

A. K. Srivastava, D. L. Tzeng, A. J. Strentz, J. E. Jolmson, M. L. Pearsall, 0.

Mizuhara, T. A. Strasser, K. F. Dreyer, J. W. Sulhoff, L. Zhang, P. D. Yeates, J.

R. Pedrazzani, A. M. Sergent, R. E. Tench, J. M. Freund, T. V. Nguyen, H.

Manar, Y. Sun, C. Wolf, M. M. Choy, R. M. Kummer, D. Kalish, and A. R.

chrapilyvy, "High-speed WDM transmission in allwaveTM fiber in both the

1.4-pm and 1.55-LLm bands," Proc. 9th Opt. Amp. and their Applications

(OAA), Vai1, Colorado, post deadline paper, PD 2, 1998.

T. Sakamoto, K. Hattori, M. Fukutoku, M. Fukui, M. Jirmo, and K. Oguchi,

"Properties of gain-shined EDFA (1580 run-band EDFA) cascades in WDM

transmission systems," Proc. 9th Opt. Amp. and their Applications (OAA), Vai1,

Colorado, TuB3, pp. 88-91, 1998.

F. Forghieri, R. W. Tkach, A. R. Ch1-aPlyvy, and D. Marcue, "Reduction of

four-wave mixing crosstalk in WDM systems using unequally spaced

chaluels," IEEE Photon. Teclmo1. Lett., vo1. 6, pp.754-756, 1994.

ITU-T Recolnmendation G.692, "Optical interfaces for multichammel systems

with optical amplifiers," Appendix V.2, V.3, Oct. 1998.

K. Tsuzuki, Y. Kawaguchi, S. Kondo, Y. Noguchi,. N. Yoshimoto, H. Takeuchi,

M. Hosoya, and M. Yanagibashi, "Four-chaluel arrayed polarization

independent EA modulator with an IPF carrier operating at 10 Gb/s", IEEE

Photon. Teclmo1. Lett., vo1. 12, no. 3, pp. 281-283, 2000.

R. Sato, T. Ito, K. Magari, Y. Inoue, I. Ogawa, R. Kasahara, M. Okamoto, Y.

Tohmori, Y. Suzuki.. and N. Ishihara, "Low input power (-10 dBm) SOA-PLC

-108-



Chapter 4. Photonic subsystems

hybrid integrated wavelength converter and its 8-slot equipment", European

Conference on Optical Communication, 2001, ECOC'2001, Th.F.2.3, 2001.

4.9. J. Leuthold, C. H. Joyner, B. Mikkelsen, G. Raybon, J. L. Pleumeekers, B. I.

Miller, K. Dreyer, and C. A. Bun'us, "100-Gbit/s all-optical wavelength

conversion with integrated SOA delayed-interference configuration", Electron.

Lett.,vo1. 36,no. 12,pp. 1129-1130,2000.

-109-



Chapter 5

Conclusion

Semiconductor optical amplifier (SOA) based wavelength conversion is the

most promising for those subsystems, because the all-optical wavelength conversion

has advantages of bit-rate transparency and high-speed operation. Therefore, the design

and characteristics of SOA must be studied carefully.

(1) The SOA described in Chapter 2 has an extremely low fiber-to-fiber lossless

current of5.4 mA at a 1580 rm input, because of its small square bulk active region of

0.3 pm (thickness)XO.3 pm (width). This operation current is lower than that of any

SOAs so far reported.

(2) The scattering of the polarization dependence gain, which is due to the

unintended stain in the active layer, is within 0.5 dB, while the scattering in

conventional SOA is as large as 2.0-2.5 dB. This is because the buried structure

reduces the amount of strain introducing to the square active layer.

(3) The monolithic integration of spot size converters at both the input and output

ports of the SOA array gates is indispensable for cormecting an SOA to planar

lightwave circuit (PLC) waveguide, because it enlarges the spot-size of SOA and keeps

a large misaliglmlent tolerance. A 4-charmel polarization insensitive SOA integrated

with spot-size converters (SS-SOA) gate array has been fabricated. The integrated

spot-size converter utilizes a new butt-jointstructure to optimize the bulk active layer
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and the spot-size conveller 1.egion individually.

(4) To reduce the evaluation cost of a SOA, the polarization characteristics must

be measured before the module fabrication process, and, if possible, before the

anti-renection (AR) coating is applied. We have proposed a novel method ofprecisely

measuring the polarization dependent gain of a SS-SOA. By averaging the signal gain

over a wide wavelent,crth range, the polarization
dependence gain can be accurately

estimated with low renection from gain ripples.
We successfully evaluated the

polarization dependence gain of an angled-facet SS-SOA even before the AR coating

process. The measurement error is within 0.5 dB, which is small enough to evaluate the

chip characteristics.

(5) The polarization dependence in the coupling ef{1Ciency between a SS-SOA

and optical fiber has also been evaluated by measuring the photo-culTent for TE and

TM input signals. It is possible, therefore, to specify the polarization cha1.aCte1.istics of

the active region and spot-size converter region of a SS-SOA. The details of the

switching time of the SS-SOA gate
are also described. By using a speed-up condenser,

the switching time including the turn-on delay time is reduce to less than 2.5 ns, which

is fast enough for packet switching.

(6) Another type of SOA, with a 0.47 % tensile-strained MQW active region, has

also been constructed. By controlling the peak wavelength of the amplified

spontaneous emission (ASE) to be 1520 rm at the lossless operating current, we

achieved polarization independence for a signal wavelength between 1530 and 1580

rm. This is, to our knowledge, the largest wavelength range as an SOA with

tensile-strained active layer. The fabricated MQW-SOA has low polarization

dependence of 0.3 dB, which remains unchanged over driving currents between 30 and

60 mAand mesa stripe width between 1.0 and 1.75 Llm.

Chapter 3 discusses hybrid integration of SS-SOA and planar lightwave circuit

(PLC). The hybrid integration is considered to be an attractive way to fabricate

practical modules with functional PLC waveguides, such as couple1.S Or an-ayed

waveguide gratings (AWGs). Moreover, it is easy to cormect PLC waveguides to {1ber
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arrays.

(7) A 4-charmel SS-SOA gate alTay Was assembled on a PLC platform for the first

time. It has an extinction ratio higher than 35 dB, ope1.ating at less than 50 mA. The

polarization dependence is less than
1 dB throughout an ultra-wide-band of 1530-1600

rm. The spot-size conversion structure of the SS-SOA reduces the coupling loss to

about 4 dB and improves the 1-dB down tolerance to better than 2 and 20 Llm for the

horizontal and axial directions, respectively. These large tolerances are essential for

suppressing the coupling loss variation among charu1els.

(8) We demonstrated the first 4-chamel high-speed wavelength selector with a

combination of two modules: an SS-SOA hybrid gate array module and a PLC-AWG.

It can be used in a p1.aCtical system because polarization independent and

ultra-wide-band (1530-1 600 1m) OPerations were proven. The rise- and fall-times were

less than 1 ns, which make the wavelength selector suitable for packet switching.

(9) In the part of chapter 3, Sagnac interferometer integrated with parallel-

amplifier structure (SIPAS), is described. The SIPAS is fabricated monolithically by

butt-coupling the passive high-mesa waveguide and buried active layer. It enables a

fast wavelength conversion and fllterless operation.

Chapter 4 describes photonic subsystems for
upgrading transmission

networks.

(10) We introduce simultaneous wavelength conversion using a hybrid wavelength

selector module that consists of SS-SOA gate an.ays and two PLC-AWGs. Because the

wavelength selector has an individual SS-SOA for wavelength conversion of each

WDM charme1, the1.e is negligible interference between channels. We demonstrated,

for the first time, simultaneous wavelength conversion from C-band to L-band using

four-wave mixing (FWM) in a wavelength selector.

(ll) Another type of simultaneous wavelength conversion, fi.om equal to unequal

charmel spacing, was demonst1-ated using cross-gain modulation (XGM) in a

wavelength selector.

(12) Then we demonstrated full 40-Gbit/s all-optical bit-rate conversion. A SIPAS
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was utilized for the conversion. A clear eye opening, en.or-free operation, and low

power penalty were observed th1-Oughout the 10-to-40-to-10-Gbit/s and

NRZ-to-RZ-to-NRZ conve1.Sion.

(13) Lastly we have p1.OPOSed a novel teclmique in monitoring the state of the

differential group delay (DGD) of an optical fiber, using a hybrid integrated

wavelength converte1.. Thalks to the XOR operation of the wavelength conversion, this

teclmique is bit-rate-independent and format-independent. By monitoring the output

power from the wavelength converter, the PMDs of40-Gbit/s and 80-Gbit/s u format,

40-Gbit/s NRZ format, and 20-Gbit/s Manchester fomat were successfully

compensated [1.64,1.65].Only a small power penalty of less than 0.8 dB was

evaluated.

By using these SOA based subsystems, it is possible to replace conventional

electrical ones. As the SOA based wavelength converters have superior characteristics

of bit-rate and format transparencies, they are the key teclmologies in upgrading the

capacity and flexibility in the future WDM networks, which accommodate the

increasing numbers of broadband subscribe1.S.
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Photonic inter-module connector

A Photonic inter-module connector (PIMC) for near-future electronic

communications switching systems is demonstrated through the use of PLC 8 x 8

switches [1].A small switch matrix is sufrlCient because those systems will consist ofa

limited number of electronic modules. If an active module is fails, a stand-by module

must quickly take its place. The experimental PIMC can switch 156-Mbit/s photonic

intercormections between seven subscriber-line-concentrator modules and eight

circuit-switching modules [2].

A.1. Introduction

Near-future electronic switching systems are expected to accommodate an

increasing number of subscribers, satisfy demands for high-quality services, and fulfill

requests fo1. improved reliability. These systems will be made up of several function

blocks, or modules, intercormected via optical interfaces [3,4].Multi-module schemes

are advantageous because if an active module fails, is can be easily replaced with a

stand-by module by switching the inter-module connector.

A photonic inter-module coru1eCtOr (PIMC) that uses optical switches for the

intercormection, offe1-S Simple system construction, reduces hardware, and eliminates

0/E or E/0 conve1-Sion. Small-scale space-division (SD) optical switches are sufrlCient

as PIMCs, because the number ofmodules is limited.

Optical switching systems are cun-ently being developed, and a great deal of



Appendix

the effolt is focusing on developing' large-scale polarization-independent optical

switching devices having
low loss and low crosstalk [5,6].

Silica-based PLC waveguide switches have been fabricated [7]. An

experimental 8-line photonic space-division switching system has been demonstrated

using this optical switch [8].The PLC switch was experimentally confirmed to have a

number of advantages, such as low loss, low cosstalk, and long-tenn stability. Therefore,

this switch is one of the most probable candidates
for the switching device in the PIMC.

An experimental PIMC using crossbar type 8x8 optical switch is described.

Each switch consists of 64 switching elements. The experimental PIMC can switch

155.52 Mbit/s inter-module colueCtions through these optical switches.

A.2. Photonic inter-module connector

Figure A-1 shows the expected role of the PIMC in a future switching system

comprising several modules such as subscriber-line-concentrator modules and

circuit-switching modules. Each module is duplicated to provide quick recovery from a

minor fault or accident. In addition, a common stand-by circuit-switching module is

provided for serious faults, when both the affected module and its duplicate are

damaged, and require a long recovery time.

The PIMC, which is located between the duplicated subscriber-line-

to other systems
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n modules
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Figure A-1 Configuration including a PIMC
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concentrator modules and the duplicated circuit-switching modules, can quickly aid in

the recovery of serious module fTailure by changing the path from the affected module to

the stand-by circuit-switching module. The switching of the PIMC path is controlled by

the maintenance commands sent fTrom the console.

This system can,

1) reduce the recovery time fTor a fatal fault, and

2) diagnose and repair a faulty circuit-switching modules without affecting the other

active circuits.

Furthermore, by using optical switching, the PIMC can

3) reduce the complexity in system design and amount of hardware by eliminating the

need fTorE/0 and Oa convertors, and

4) accommodate the rising module interface bit-rate, because the optical switch matrix

is not sensitive to bit-rate transparency.

Table A-1 shows the difference between a photonic and an electronic

inter-module connector. The optical interface was a 155.52 Mbit/s Synchronous Digital

Hierarchy (SDH) interface [9,10].Because of the loss of the optical switches, the PIMC

needed some loss margin, unlike the electronic cormector, for the intercormection.

Therefore, we used a higher-powered output light and more sensitive detectors fTorthe

PIMC than fTorthe electronic connector.

The PIMC does not have SDH endpoint termination. Therefore, the system can

not diagnose the section overhead of the SDH interface, which the electronic cormector

Table A-1 DiffTerence between electronics inter-module cormector and PIMC

electronic inter-module connector PIMC

SDH

inteHace

no loss margin required loss margin required

fault detection by diagnosing fault detection by

the section overhead of the monitoring the input

SDH interface / output light power

bit rate

(Mbit/s)
51.84 and 155.52 155.52

switching

type
space division and time division space division
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uses to detect the interface trouble (such as fiber breakage) and the breakdown of the

inter-module cormector itself. So, it is indispensable for the PIMC to be able to monitor

the input/ output signal light powers to detect such faults.

The switching time of an optical switch is about 1.0 ms [11].The PIMC paths

are changed by commands from the maintenance system. This change takes a lot of time～

(more than several minutes) because the stand-by module requires software
I(e.g.

subscriber information)loading. Therefore, the switching speed of the optical switch is

suffTICient. Because of the relatively slow switching, the PIMC carmot switch through

time-division switching like an electronic system, but instead switches between flbers

through SD switching.

Figure A-2 shows a schematic ofa PIMC in a future system, where, m, n, and k

are the number of subscriber-line-concentrator modules, circuit-switching modules, and

optical switches, respectively. Each module and switch is duplicated to safeguard

against fatal system en-or (thus,the real number of modules and switches are 2m, 2n,

and 2k).The n is assumed to be limited, to say 10-20, and m is assumed to be more than

100. Then, k =
m/(n-1).

By using n x n optical switches, all subscribe1.-line-concentrator

modules can select any circuit-switching module, including the common stand-by

circuit-switching rnodule. Therefore, a small-scale (10-20) matrix switch is sufrlCient

for such practical systems.

As stated above, the PIMC can be constructed with relatively small, and slow

optical switches. It will therefore probably be the first photonic switching application

introduced into comme1-Cial switching systems.
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A.3. Experimental system

A.3. 1. General conjiguration

Figure A-3 shows the configuration of an experimental PIMC, which can

switch duplicated circuit-switching modules to several active modules and one stand-by

module by commands from the console.

The optical switches are silica-based 8x8 PLC thermo-optics (TO) matrix

switches. Each module has an up-stream fiber and down- stream flber, so one set of

the duplicated modules has fTour flbers for the intercormection. One optical switch is

used for each fiber, so the experimental PIMC has four optical switches, which move in

parallel. Considering the number of input/output polls Ofthe 8 x 8 switches, this system

can maximally cormect seven duplicated circuit-switching modules to seven active and

one stand-by duplicated subscriber-line-concentrator modules.

A small part of each PIMC's input/output signal is divided and the optical

powers are constantly monitored to detect faults. The control currents of the optical

switches are also monitored to detect electrode breakage.

The console can display and control the set-up of the inter-module cormections

and the 64 cross points of each optical switch. The monitored light powers and electrode

currents can also be displayed. Figure A-4 shows a photograph of the experimental

PIMC. The rack consists of one optical monitoring package, four optical switch

PIMC

duprICated

subscriber-Iine-

concentrator module

#
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optical

E/0 0/E

convenor

fiber

monitoring
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control &

monitor

duplicated circuit-

switching module
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switching

8
stand-by

optical
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Figure A-3 Expel-imental PIMC
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packages, fTour SDH-test packages with high output-power lasers and high-sensitivity

detectors, and one powel. Supply package.
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Figure A-4 Photograph ofexperimental PIMC

A.3. 2. Adjustment ofoptical switches

The TO switch has a small polarization sensitivity [12]as well as wavelength

sensitivity; both induce serious crosstalk problems. Polarization-insensitive operation,

i.e., tolerance to indefinite polarization states in the input light, can be achieved by

adjustingthe
bias and switching powers supplied to each switching element until the

crosstalk reaches a minimum with unpolarized light.As the wavelength range of the

optical interface is defined to be 1290-1330 rm1, the heater culTent Should be adjustedto

the minimum crosstalk point for the unpolarized optical signal whose wavelength is

1310 (cente1.Of 1290-1330) nm. Therefore, we developed a compact (220 x 150 x 120

mm) fiber-optics
depolarizer [13] with excellent mechanical stability.

The depolarizer, which is shown in Fig. A-5, consists of a half-wave-plate, two

polarization beam splitters, a polarizer and a polarization-maintaining PANDA fibe1.

[14].The light passes th-ough the half-wave-plate and is divided into P and S waves

tlmugh the polarization beam splitter BS1. The S wave is launched into the
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polarization-maintaining PANDA fiber, whose one principal axis is parallel to the

polarization of the S wave. The output light from the PANDA fiber is then coupled

orthogonally with the P wave at the second beam splitter BS2, aRer passing th1-Ough the

polarizer.

When the group-delay time diffe1-enCe,due to the length of the fiber delay line,

is longer than the coherence time of the light, (1) the two waves are completely

uncorrelated. And by adjustingthe rotation angle of the
half-wave-plate, (2) the two

waves are incident with an equal power at the second beam splitter BS2. Therefore, the

output from the depolarizer becomes a completely depolarized light. In fact, the

experimental depolarizer can depolarize the outputs of DFB lasers to a degree of

polarization ofless than 0.03 at 1305 run.

Figure A-6 shows the crosstalk of a TO switch element in the ba1. State Versus
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supplied heating power for different polarization states of a 1305-nm DFB laser light.

When orthogonally polarized light waves were launched, the crosstalk was minimized at

different supplied power due to anisotropic stress concentrations during heating, as

shown by curves LPl and LP2. The crossover point of these curves, i.e.,the desired

heating power in the bar state P(bar),occurs at the minimum point of ct1rve DP which

was obtained for depolarized light. The optimum heating power in the c1-OSS State,

P(cross),was also detern1ined.

Figure A-7 shows crosstalk in the bar state versus supplied heating power;

these curves were obtained when depolarized light with a wavelength of 1290, 1305, or

1330 run was launched into the switch. The wavelength sensitivity is caused mainly by

the wavelength dependency of the 3-dB couplers in the MZ interferometer. By setting

the heating powerto P(bar)at 1305 Im, the crosstalk at both 1290 and 1330 rm differs

by less than 0.7 dB from that at 1305 rm. Consequently, when lasers used in practical

applications operate over a wide bandwidth, the optimuln heating power for

wavelength-insensitive operation can be found by using depolarized light at the central

wavelength. Each of the 64 optical switch elements was adjusted
to the optimum

powers for both the cross and bar states, using these teclmiques.

The TO switch was mounted on a printed circuit board with drivers and control
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logic circtlits.The package
is 280 x 330 x 50 mm. Figure A-8 shows aphotograph of an

optical switch package. Mounted on the package are a pigtailed 8 x 8 optical crossbar

switch, SC colueCtOrS, an On-board power supply, and variable registorsthat adjustthe

heater powers.

A.3.3. Optical monitoring

For detection of faults in the SDH optical interface and the PIMC itself,

input/output light power monitoring is indispensable. Therefore, a small part, -7
dB, of

each signal light is split by a coupler, and the signal power is constantly monitored.

If both the input/output powers are detected, the system is assumed to be in a

norn1al state. If neither powe1. is detected, the input fiber or the fi.ont-sidemodule, may

be affected. Ifonly the input power but not the output power is detected, the PIMC itself

(maybe the optical switch)
is affected by a fault.

In this experiment, we prepared only 12 silica-based wavelength-insensitive

couplers [15],to allow the experimental PIMC to merely switch the path between a

duplicated subscriber-line-concentrator module and two duplicated circuit-switching

modules. The average, minimum and maximum insertion loss of the 12 couplers are 1.6,

1.3, and 2.0 dB, respectively.

Figure A-9 shows a photograph of an optical monitoring package. Mounted on

this package are an optical switch control unit with a micro-processor, SC cormectors,
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an on-board power supply, 12 silica-based wavelength insensitive couplers, and 12

monitor circuits. Each monitor circuit consists of
a 0/E convertor, a simple integrator

and a comparator.

A.4. System performance

A.4.1. Bit error rate

The bit error 1.ate Ofthe employed optical interface is designed to be less than

10-ll, on condition that signal power SP=-32 dBm, and system crosstalk CT=-8 dB.

These specifications should be evaluated by an experimental system incorporating

several optical switches.

Figure A-10 shows an example of the bit error rates between a subscriber-

1ine-concentrator module and a circuit-switching module, cormected th1.Ough a PIMC.

The amount of cosstalk is adjusted
by the attenuator. The signal powers satisfyingthe

bit error rate of 10-ll are sp=-42.1 and SP=-41.7 dBm for CT=-cx, and CT=-8 dB,

respectively. Therefore, the power penalty is 0.4 dB. The maximum and average power
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FigureA-10 Bit erro1.rate
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penalty were 1.4 and 0.8 dB fo1.the four examples combined.

Figure A-ll shows the eye pattern of the PIMC output light fTorSP=-41.7 dBm

and CT=-8 dB.
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A.4.2. Multiple crosstalk

For an 8 x 8 switch, the multiple crosstalk, i.e.,which is the crosstalk of the one

port that received the crosstalks fTrom the other seven paths, should be

(multiplecrosstalk)
= (crosstalkofa single element)

+ 10 1oglO7 (dB)

As the crosstalk of each element (Fig. A-6 or Fig. A-7) was less than -20 dB,

the averaged multiple crosstalk of the optical switch is evaluated to be

CT=-20+ 101og107=-ll.5 (dB)

The multiple crosstalk will be enlarged by the loss difference between the

switch elements and by the input light power difference.

The loss distribution of the optical switch was about 3 dB. Therefore, to satisfy

the designed interface, which defined CT as -8
dB, the difference in the input power

should be adjustedto within 0.5
dB by the attenuator placed at each input port.

Figure A-12 shows the loss-level diagram ofa PIMC. The insertion loss is 22.5

dB when the average input optical power is 0 dBm. Considering the required minimum

signal power of the designed interface, which is -32
dBm, the minimum loss margin is

9.5dB.
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The experimental optical monitoring packages could detect the input and

output signal light of -20 and -30
dBm, respectively. As shown in Fig. A-12, these

packages can successfully monitor the SDH interface. The lower monitoring limit of

these packages each have an 8-15 dB margin from the signal powers. The lower limit of

the output monitor range exceeds the condition ofSP=-32 dBm by 2 dB.

A.5. Summary of appendix

As considered above, the PIMC can successfully connect subscriber-

line-concentrator modules and circuit-switching modules with low loss and low

crosstalk. The experimental system successfully demonstrated switching and monitoring

between a duplicated subscriber-line-concentrator module and two duplicated

circuit-switching modules, maintaining an error-free state.
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