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Student : Chia-Chien Wel Advisor : Dr. Jyehong Chen

Institute of Electro-Optical Engineering
National Chiao Tung University

Abstract

In recent years, the requirement for .high.speed transmission has increased
rapidly. Wavelength Division multiplexed. (WDM) networks which offer a very
effective utilization of the fiber bandwidth directly in the wavelength domain can
increase the system capacity. The role of wavelength converters can be to increase
the flexibility and the capacity of WDM networks or be used in routers which manage
the wavelength paths through the optical networks base on complex meshes, rather
than point-to-point architectures.

In this thesis, four methods which convert signal from one wavelength to another
without optoelectronic conversion by using SOA’s, including cross gain modulation
(XGM), cross phase modulation (XPM), four wave mixing (FWM), and cross
polarization modulation, are simulated and experimented. The advantages and
disadvantages of these schemes are compared and discussed in all respects. The
simulations are helpful to realize details of conversion processes and the experiments

test the performance of the conversions realisticaly.



CONTENTS

ACKNOWIEAGEMENTS........coiieeece s i
Chinese ADSLIaCL.........c.oee ettt i
ENQGliSh ADSIFACL.........coicecc e iii
CONEENTS ... iv
LISt OFf FIQUIES.....ouiiiieccee ettt vii
LiSt OF TADIES......ooecececeeeee ettt s X

CHAPTER 1 Introduction

1.1 Wavelength conversion in WDM SYyStEM.........ccocevieieiiciiese et 1
1.2 Wavelength conversion in SOAS.........ccoiiiiiiiieieeeee e 3
1.3 Structure Of the TheSIS.......fiii i ies seseser e sas i e eesreeeesreeeesreeeeseeeeesseeeeneesseeneas 5

CHAPTER 2 Basic Concepts

2.1 Gain spectrum and rate equations Of SOAS.........cccoirererererere e 6
211 Gain MOdel Of SOA’S...... oottt 6
2.1.2 Pulse propagation €QUELIONS...........cc.eiueeeeireeieesiesieesiesseessesseesseessesseseessens 8

2.2 Wave MiXiNG 1IN SOAS......coiiiieeie et ettt ae s te e e e sre e e ssesreensesreennens 10
2.2.1 Intraband processes iN SOAS.......ccoii e 10
2.2.2 Equations for inter- and intraband ProCeSSES...........ccoererereereeieeienienennens 12

2.3 Interference between TM and TE MOdeS in SOA’S........ccvireeneieneniseseeseens 16

CHAPTER 3 Simulations
3.1 Simulation method for wavelength conversion...................cccveveenenenenen. 19
3.2 Simulation results and diSCUSSIONS Of XGM........cccceirieirieninieneeeneeseseseseeenes 25

3.2.1 Overshoot and chirp of the converted Signal.............cccoeveeveiieere e, 25

iv



3.3

34

3.5

3.2.2 Modulation bandwWidth fOr XGM........occeeieiieeee et reee e 30

Simulation results and disCusSIONS Of XPM........ccociiiininnineeseeseseee e 34
3.3.1 Operation Point Of XPM .......ccoeiiiiriirininerenesese e 34
3.3.2 Modulation bandwidth and polarization dependence for XPM................ 39
Simulation results and discusSioN Of FWM........ccoiiiiiiniinee e 41
3.4.1 Frequency response of inter- and intraband processes...........covvevvevveeneene. 41
3.4.2 Spectral inversion due to FWM ..o 43
3.4.3 ER improvement in rIFWM ..o 46
Simulation results and discussion of cross polarization modulation................... 49
3.5.1 Rotation of SOPIN @ SOA.......cccoiiiirieereeseee e 49
3.5.2 Changing conversion styles by the polarizer............cccooevrininininenenene 50

CHAPTER 4 Experiments and Results of Wavelength Converters

5.0

4.2

4.3

4.4

Cross gain MOdulation....c....... it feersmmsmmmsmss e date e ee et enene et eeeeesrese e e sreeee s 54
4.1.1 EXperimental SELUP...... o i e eeceasifiasfoeeeeeeneesiesseseesee e sseseeseeseeseeseeeeeeneas 54
4.1.2 Performance analySISfor XGM.......cccoerirerineneieieee s 56
4.1.3 The relation between BER and operation POWENS...........cccceeeeevveieeeennens 57
4.1.4 Timing jitter for co- and counter-propagation.............cccccevveveeseceeseennene. 59
Cross phase MOCUIELION. ........c.eieieieieeeieee e 60
4.2.1 EXPErimental SELUP........covereeeeieieeeeeee ettt 60
4.2.2 Performance analysiSfor XPM.......cccceiieieiicie e 61
4.2.3 Polarization dependent performance of XPM..........cccccovvieieieciececiennen, 63
FOUr WaAVE MIXING....ctiitiitiieiieiieee ettt se e 65
4.3.1 EXPErimental SELUPD........coereeeeieeieieeeeeieee s 65
4.3.2 Performance analysisfor FWM and rFWM..........ccccoevivicvececcececeeee 67
Cross polarization MOAUIALiON...........cceeieeiieiieie e 70



4.4.1 EXPErimental SELUP........ccccieiieiieiieie ettt 70
4.4.2 Performance analysis for cross polarization modulation.................c.c...... 71

4.4.3 Wavelength conversion to different wavelengths.............cccocvovniencncnnnn. 75

CHAPTER5 Conclusions

5.1 Cross gain MOAUIGLION..........ccueiuieiieiieieceeieeit e et et e et e e s 76
B2 FULUIE WOTKS....ccee oot e e e e e e e et e e e e e e e s e e e e eeeeeaaennnees 78
REFEI BNCE...... ettt et et ettt et et et e e e eeeeene e 79

vi



Figure 1-1:
Figure 1-2:
Figure 2-1:
Figure 2-2:
Figure 2-3:
Figure 3-1:
Figure 3-2:

Figure 3-3:

Figure 3-4:

Figure 3-5:

Figure 3-6:

Figure 3-7:

Figure 3-8:

Figure 3-9:

Figure 3-10:

Figure 3-11:

Figure 3-12:

Figure 3-13:

L1ST OF FIGURES
Schema of the co- and counter-propagation XGM
Schema of the XPM
SOA schematic
The inter- and intraband process in semiconductor.
The schemata of interference between TE and TM mode
Schematic of the TMM-based SOA model
Schematic of transfer matrices
Input signals pattern (upper), converted signals pattern (middle), and
frequency chirp (lower) using XGM method.
The variation of carrier density from the front to the end part of a SOA.
Gain spectra for «different_signal powers (upper), and the ER of
converted signal obtained by.~subtracting the -5 and -15 dBm gain
spectra.
Contour plot of output ER with.different signal and CW wavelength
Peak Chirp (solid lines) and the extinction ratio (dashed line) of
converted signals using XGM scheme.
Wavelength conversion with 10 Gbps input signal by XGM
EOR and peak-to-peak chirp as a function of the data rate for different
cavity length.
Carrier distribution in longitudinal direction aslevel-1 signal input (left)
and level-0 signal input (right)
Eye diagrams of XGM in co- and counter-propagation configurations
EOR of converted signal as a function of the data rate in co- and
counter-propagation configurations.

The phase shift with the gain saturation as a function of signal input

Vii



Figure 3-14:

Figure 3-15:

Figure 3-16:

Figure 3-17:

Figure 3-18:

Figure 3-19:

Figure 3-20:

Figure 3-21:

Figure 3-22:

Figure 3-23:

Figure 3-24:

Figure 3-25:

Figure 3-26:

Figure 3-27:

power

Transfer function of XPM wavelength converter by changing phase
current

Pattern and frequency chirping of converted signals by XPM scheme.
Upper and lower ones illustrate the non-inverted operation and
inverted operation, respectively.

ER degradation as a function of the power and wavelength

EOR and peak chirp as afunction of the bit-rate in XPM scheme

Static transfer function of XPM as a function of the polarization of the
CwW

Conversion efficiency by FWM as afunction of wavelength shift
Iustration of direetions of third-order susceptibilities

Pulse pattern and frequency chirping of, the input signal (upper) and the
converted signal-(lower).

ER and parasitic chirp.of the.converted signal as a function of the
pump and the signal power.

ER (upper) and conversion efficiency (lower) of the converted signal
using rFWM scheme as a function of the pump and signal power.

Pulse pattern and frequency chirping of the input signal (upper) and the
converted signal (lower) using rFWM scheme.

Parasitic peak chirp (upper) and overshoot (lower) of the converted
signal using rFWM scheme as a function of the pump and signa
power.

The paths of rotation of the output polarization in cross polarization
modulation

Transfer function of the CW with different input polarization

viii



Figure 3-28:

Figure 3-29:

Figure 4-1:
Figure 4-2:

Figure 4-3:

Figure 4-4.
Figure 4-5:
Figure 4-6:

Figure 4-7:

Figure 4-8:

Figure 4-9:

Figure 4-10:

Figure 4-11:

Figure 4-12:

containing inverted and non-inverted conversion.

Different transfer curves (solid lines) with different orientation of
polarizer and the total CW output power (dashed line) decreases as
input signal power increasing.

Input signal patter (1%), pulse pattern and frequency chirping of the
non-inverted converted signal (2"& 3) and the inverted converted
signal (4"& 5™).

Experimental setup of counter-propagation XGM scheme.

Gain spectrums of the Alcatel SOA for different injection currents

The eye diagrams (left) and 2’-1 PRBS pulse patterns (right) of the
converted signal for back-to-back (upper) and transmission after 25 km
of SMF28 fiber (lower) in counter-propagation XGM scheme.

BER curves of theinput signal-and conyverted signal

BER curve as afunction of the input signal power

BER curve as a function of the CW power

The eye diagrams of the converted signal in co- (right) and counter-
(Ieft) propagation XGM schemes.

Experimental setup of co-propagation XPM scheme.

The BER curves of the input signal, non-inverted converted signal, and
inverted converted signal with and without transmission.

Eye diagrams of the input signal (upper), the non-inverted conversion
signal  (middle), and inverted conversion signal (lower) for
back-to-back (left) and transmission in 50 km SMF.

The static transfer function of XPM method on different polarization
state of the input CW.

The eye diagrams and pulse patterns of the input signal (upper), the

iX



Figure 4-13:
Figure 4-14:

Figure 4-15:

Figure 4-16:

Figure 4-17:
Figure 4-18:

Figure 4-19:

Figure 4-20:

Figure 4-21.:

Table 3-1:

Table 3-2:

best converted signal (middle), and the worst converted signal (lower).
Experimental setup of FWM scheme.

The conversion efficiency of FWM as afunction of wavelength shift
The BER curves of the input signal and converted signal by FWM and
rFWM scheme for back-to-back and transmission in 50 km SMF.

The eye diagrams of the signals converted by FWM (left) and rFWM
(right) schemes. Conversion with large signal-to-pump power ratio of
-4.5 dB (upper) and small signal-to-pump power ratio of -10.5 dB
(middle) for back-to- back and transmission in 50 km SMF (lower).
Experimental setup of cross polarization modulation scheme.

The static transfer function of cross polarization scheme.

The BER curves of the origina signal and conversion signals at 2.5
Gb/sand 5 Gb/s:

The eye diagrams of ithe 2.5.Gb/s inverted (1% row), 10 Gb/s inverted
(2™ row), 2.5 Gbls.hen-inverted (3™ row) and 10 Gb/s non-inverted
(4™ row) signals for back-to-back (left) and transmission in 50 km
SMF (right).

The power penalties of the converted signal by cross polarization

modul ation as a function of CW wavelength.

LiST OF TABLES
Device Parametersin SOA’s

Nonlinear Parametersin SOA’s



CHAPTER 1

INTRODUCTION

1.1 Wavelength Conversion in WDM Systems

In recent years, the requirement for high speed transmission has increased
rapidly. Multimedia services, HDTV, and computer links in the national information
highway will undoubtedly benefit us by improving the way of life and increasing
efficiency. Single-mode fibers deployed in the public telecommunications network
today can potentially accommodate more than 1 Th/s traffic. Higher bit-rate at 40
Gb/s are becoming available, however, the dispersion and nonlinearities in the fiber
severely limit the transmission distance. Wavelength Division multiplexed (WDM)
networks which offer a very effective utilization of the fiber bandwidth directly in the
wavelength domain, rather than in.the time demain, can increase the system capacity.
In addition, wavelength can be used. to-perform functions as touring and switching,
which becomes an important consideration for.realization of an all-optical transparent
network layer in the network.

The number of wavelength in WDM networks determines the number of
independent wavelength addresses, or paths. Although this number may be large
enough to fulfill the required information capacity, it often is not large enough to
support a large number of nodes. In such cases, the blocking probability rises due to
possible wavelength contention when two channels at the same wavelength are to be
routed at the same output. One method to overcome this limitation is to convert
signals from one wavelength to another. Thereby, wavelength converters are
expected to be key components. The role of wavelength converters can be to

increase the flexibility and the capacity of WDM networks or be used in routers which



manage the wavelength paths through the optical networks base on complex meshes,
rather than point-to-point architectures.

There are numerous techniques of wavelength conversion.  Although
Optoelectronic conversion (O/E-E/O) techniques have some advantages, such as
signal regeneration, signal-to-noise ratio improvement, and re-timing, this methods
face the cost penalties, especialy for high bit-rate transmission, and this kind of the
wavelength converters will be failed when the system bit-rate upgrades. For this
reason, all-optical wavelength conversions (AOWC), which transform information
from one wavelength to another in optica domain without optical-to-electrical
conversion, are expected to be crucia components. The requirements to the
converters will be system dependent, but preferably the converters should feature the
following.

1 Bit-rate transparency

1 No extinction ratio degradation

1 High signal-to-noise ratio at-the output (to ensure cascadability)

1 Moderate input power levels

1 Largewavelength span for both input and output signals

1 Possibility for same input and output wavel engths (no conversion)

1 Lowchirp

1 Fast setup time of output wavelength

1 Insensitivity to input signal polarization

1 Format transparency

1 Simpleimplementation

Many methods of AOWC have been proposed, for example, cross gan
modulation (XGM) in semiconductor optical amplifiers (SOA) [1], cross phase
modulation (XPM) in SOA [2], four wave mixing (FWM) in SOA [3], cross

2



polarization modulation in SOA [4], cross absorption modulation in electroabsorption
modulator [5], cascaded second harmonic generation and difference frequency
generation (SHG/DFG) in quasi-phase matching (QPM) periodically poled
lithium-niobate (PPLN) [6], and sinusoidal amplitude and phase hybrid modulation
[7], in which SOA’s are popularly used because they generaly appear to be most

efficient.

1.2 Wavelength Conversion in SOA’s

In my thesis, AOWC’s using SOA’s are focused. The XGM, XPM, FWM, and
cross polarization modulation schemes in SOA’s are considered.

When an amplitude modul ated input_signal was transmitted to a SOA, the signal
light will modulate the carrier density and consequently also the gain of the SOA
provided that the optical power exceeded the saturation power of the SOA. In
addition, a continuous wave (CW) beam (called the probe) which is placed at the
desired output wavelength was transmitted into the SOA simultaneously, and this CW

would be modulated by the gain of the SOA, that is wavelength conversion by XGM.

.

lci’

Co-propagation scheme

L

A.S_»

SOA

A.C<— <CLA.C

lijn}

Counter-propagation scheme

Figure 1-1: Schema of the co- and counter-propagation XGM
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Both waves can be injected either co- or counter-propagating (see Fig.1-1). The
XGM-based wavelength converters are very simple to realize. On the other hand,
two disadvantages are associated with the XGM scheme.  First, the input extinction
ratio might significantly be degraded when the signal is wavelength up conversion.
Secondly, the large amount of chirp makes the converted signal with transmission
over standard-single mode fiber in particular at high bit rates a severe problem.

XPM-based wavelength converters rely on optically controlled refractive index
change in a SOA. This originates from that the refractive index and the gain of the
SOA are not independent, but they are related through the Kramers-Kronig relation
(K-K relation).  In other words, an amplitude modulated signal can also modulate the
index of the SOA. The SOA’s are situated in a Mach-Zehnder configuration in order
to transfer the phase modulation:into an amplitude modulated signal (see Fig.1-2).
The advantage of this scheme is the low operation.power needed as well as the ability
to improve the signal quality of the.converted signal with respect to extinction ratio
and chirp.

L

As

SOA

Figure 1-2: Schema of the XPM

Wavelength conversion using FWM in SOA’s utilizes the high nonlinearity of
SOA'’s, and this scheme is transparent to bit-rate and modulation format and is fully

tunable over a wide range of wavelengths. Because of the high nonlinearity of the



SOA’s, this process amost considers no problem about phase matching which is
important for any nonlinear effect. However, the optical signal-to-noise ratio of
FWM drops rapidly with increasing wavelength shifts, which limits its ability to
provide large wavelength shifts. This is especially true for shifts to longer
wavel engths.

Cross polarization modulation bases on nonlinear polarization rotation in asingle
SOA. Owing to the asymmetric waveguide geometry, the confinement factors,
effective guide refractive indices and carrier distribution are not identical at the
TE/TM orientations of a SOA, and this difference correlates monotonously with the
input signal power through the SOA. When the input power turns high, the
polarization of CW light is rotated and then the output power of CW could be
modulate by a polarizer. Thereisaremarkable similarity between the characteristics
of a wavelength converter based,on nonlinear polarization rotation in a single SOA
and XPM scheme. This similarity can-be explained by the fact that cross
polarization modulation scheme operate by interferometric principles, since the TE
and TM modes that independently propagate through the SOA play the roles of the
different light paths in the MZI. Unfortunately, the conversion efficiency for this

schemeis not very high, and is very sensitive to polarization of CW light.

1.3 Structureof The Thesis

In chapter 2, the theory about nonlinearity of SOA’s and dynamic SOA model
are described in detall. The smulation model and the simulation result of
wavelength conversion schemes are given in chapter 3. Chapter 4 shows some
experiment results which include XGM, XPM, FWM, and cross polarization

modulation schemes.  Finally, conclusions are given in the chapter 5.
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CHAPTER 2

BAasic CONCEPTS

2.1 Gain Spectrum and Rate Equations of SOA’s
2.1.1 Gain model of SOA’s

Considerable attention has focus on SOA’s which are also called semiconductor
laser amplifier and their potential use in optical communication systems both for
optical fiber transmission and for optical data processing. SOA’s provide high gain,
with low power consumption and their single-mode waveguide structure makes them
particularly suitable for use with single mode fiber. They can be used in both linear
and nonlinear modes of operation and thereby there are many possible applications to
optical systems[8].

Fig.2-1 is a schematic diagram of a-SOA., which is based on the normal
semiconductor laser structure, with active region width W, thickness d, and length
L. The input and output laser facet reflectivities are denoted R; and Ry, respectively.
In the literature two types of amplifier are often distinguished, the Fabry-Perot (FP)
amplifier and the traveling wave (TW) amplifier, both have the normal semiconductor

laser structure, but differ in their facet reflectivities. The most promising candidate

I bias

Figure 2-1: SOA schematic



for applications in optical systems is TW SOA in which the facet reflectivities of a
semiconductor laser are reduced below 0.1 percent by the use of anti-reflection
coatings. Anti-reflection coatings have the effect of increasing the amplifier
bandwidth and make the transmission characteristics les dependent on fluctuations in
bias current, temperature, and input signal polarization.

Amplification takes place in the active region of the semiconductor laser and the
material gain coefficient per unit length g, is generally assumed to have a peak
value proportional to carrier density N, a cubic gain-wavelength characteristic, and a
peak gain wavelength which is a function of the carrier density. Thus, the material

gain is approximated by [9]:
In (N1 )=a(N- Ny)- gyl 1 )2+g,(1 - 1,)° (2-1)

where a,, g,, and g, are gain constants/which are empirically determined in order

to fit the experimentally measured SOA" gain curve, N, is carrier density at

transparency, and the gain peak wavelength=1 is given by:

I, =1o-K(N-Np) (2-2)

where k isalsoempirically determined, and |, isthewavelength at transparency.
It generally treats a SOA as atwo-level system, which is an approach suitable for
gaseous and solid state amplifiers. It can be extended for SOA’s if the active region
is modeled as a collection of non-interacting two-level systems with transition
energies extending over the whole range of the conduction and valence bands.  If the
input signal pulse width is assumed to be much larger than the intraband relaxation
time which governs the dynamics of the induced polarization, the considerable
simplification which neglect the intraband processes could be held.  In generaly, the

condition for simplification is typicaly held when signal pulse width is larger than 1



ps. In this approximation, the carrier density rate equation of SOA which medium

response to the photon density S isdescribed by [10]:

TN <o Il N o

—=DN°N+—- —-3qV, S -

it VAR a Vv,&@n, (2-3)
where D is the diffusion coefficient, | isthe injection current, g is the electron

charge, V is the active volume, v, is the group velocity, G is the confinement
factor, and t, isthecarrier lifetime whichisequal to:

t,'=c +c,N+cN? (2-49)
where ¢, c,,and c, arethe constants of nonradiative recombination rate, radiative

recombination rate, and Auger recombination rate, respectively.

2.1.2  Pulse propagation equationsin SOA’s
The propagation of the electromagnetic. field.inside the amplifier is governed by
the wave equation which comes from Maxwell’s equations:

R%E - %%zo (2-5)
where c isthevelocity of light, and E istheoptical field. The dielectric constant
e isgiven by

e=ni+c (2-6)
where the background refractive index n, is generally a function of the transverse
coordinates x and y to account for the dielectric waveguide in SOA’s. The
susceptibility ¢ represents the contribution of the charge carriers inside the active
region of the amplifier and is a function of the carrier density N. The exact

dependence of ¢ on N is quite complicated as it depends on details of the band

structure (among other things). A simple phenomenological model has been found



quite useful in the theory of semiconductor lasers [11]. In this model, ¢ is

assumed to depend on the material gain g, linearly and is given by

c(N)=- "¢

w, @)% (2-7)
where n is the effective mode index, w, is photon frequency, and a is the chirp
parameter or sometimes called the linewidth enhancement factor.

Equation (2-3) ~ (2-7) provide a general theoretica framework for the
propagation of optical pulsesin SOA’s. In practice, it is necessary to make several
simplifying approximations. We consider an ideal TW amplifier and assume that the
active region dimensions are such that the amplifier supports a single waveguide

mode. Assuming that the input light is linearly polarized and remains linearly

polarized during propagation, the electric field the amplifier can be written as:
E(x,y zt)= x;{ F (x, %) A(z.t)expg (k.z= Wt )+ c.c.} (2-8)

A

where % is the polarization unit -Vector, F(X,y) is the waveguide-mode

distribution, k, =nw,/c is wave number;7and A(zt) is the slowly-varying
envelope associated with the optical pulse. If the equation (2-8) is substituted in
(2-5), neglect the second derivatives of A(zt) with respect to z and t, and

integrate over the transverse dimensions. It gives

1°F  T°F 2\ We
I () o @9
E‘+iﬂfA:iW7°GcA- 1a. A (2-10)

Tz v, it 2nc 2"

where v, = c/ Ny, the group index n, =N+w, (ﬂﬁ/ ‘ﬂw), and the confinement factor

G isdefined as:

(2-12)




The solution of (2-9) provides the transverse distribution F(x,y) and the

effective mode index n. Equation (2-10) governs the evolution of the pulse
amplitude along the amplifier length. The transverse effects are included through
the confinement factor G. The last term in (2-10) takes into account the internal

loss a.

int

experienced by the mode when ¢ =0. The group velocity dispersion
relatedto 7°n/fw? isneglected since its effect on pulse propagation is negligible for
typical amplifier lengths (£1 mm) and pulse widths (3 1 ps). It can be included by

adding aterm containing T2A/ft*> on the left hand side of (2-10).

2.2 Wave Mixingin SOA’s
2.2.1 Intraband processesin SOA’S

Four wave mixing in active semiconductor waveguide has been studied quite
extensively in recent years. 1Tn:.general,-two optical fields, a strong pump at an
angular frequency w, and a weaker'probeat w,, can mix nonlinearly to produce a
so-called conjugate signal at w, =2w,-w,. Thus, the beating of the pump and
probe fields leads to modulation of various parameters of the medium at the beat
frequency W=w,-w, . For detuning frequencies in the MHz-GHz range,
modulation of the carrier density is very effective due to the relatively slow recovery

of the carrier density determined by the carrier lifetime t_~10°ps. However, as

detuning frequency exceed about 10 GHz, the intraband dynamics start to become
important. The intraband processes affect the shape of the carrier distributions in
k-space, but not the corresponding total carrier density.  Since there are strong forces,
carrier-carrier and carrier-phonon scattering, which tend to restore the distributions to

equilibrium Fermi distributions, intraband contributions intrinsical have a small
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efficiency. Conversely, the small intraband relaxation times imply that the
bandwidths of intraband contributions will be very large.

There are two basically two different kinds of intraband dynamics that are local
non-Fermian population pulsations and carrier-temperature pulsations. The two
effects have the same origin as the spectral-hole burning (SHB) and carrier heating

(CH). SHB arises due to the finite value of the intraband carrier-carrier scattering

Figure 2-2: Theinter- and intraband processin semiconductor.

time (~10fs), which sets the time scale on which a quasi-equilibrium Fermi
distribution is established among the carriersin aband. There are also processes that
tend to increase the temperature of the carrier distributions beyond the lattice
temperature. The main processes heating the carrier distributions are stimulated

emission, since it involves the removal of cold-carriers close to the band edge, and

11



free-carrier absorption. The hot-carrier distributions relax to the lattice temperature
by the emission of optical phonons with a characteristics time constant (~10° fs).
On the other hand, the interband process is called CDP (carrier density pulsations) for
short. The processes, CDP, SHB, and CH, which dominate the FWM effect, are

illustrated in fig. 2-2.

2.2.2 Equationsfor inter- and intraband processes

In order to calculate the polarization induced by an electromagnetic field in a
semiconductor medium, the density-matrix formalism is used. The equations of
motion for diagonal and off-diagonal elements of the density matrix r are[11]

r c,k (t) - fc,k (t) _ r c,k (t) - fcl,-k (t) _ r ck (t) - fceg

I&c,k (t) =-
] 1c t hc te (2_12)
- Iﬁéd;r v,k (t)=d,r vc,k(t)EIE(Z,t) +L,,
i = u® L) TROTRO FL0- 6

. 1v thv te (2_13)
I, N
- Egjkr ov,k (t) - dkr vck(t)HE(Z!t) + Lv,k

o =G W 22 0 1 (1O 41,0 - DE@Y (214)
e 20

r.vc,k =r ;v,k (2-15)

These equations treat the semiconductor as being composed of an

inhomogeneously broadened set of two-level systems which are labeled by the

electron wavevector k. r_,  and r,  denote the electron and hole occupation

probabilities in conduction and valence band, respectively, for state k, and r,, is

proportional to the corresponding atomic polarization. t,,, and t, are time

constants for intraband carrier-carrier and carrier-phonon scattering, respectively, and

12



x=c or v. f,(t), f, (), i arethe Fermi distribution functions defined by

instantaneous carrier density and by the carrier temperature, the lattice temperature,

and equilibrium state, respectively. w, and d, are the transition frequency and

dipole moment of the transition, respectively, and L, , denotes pumping due to

current injection.  The first term on the right-hand side (RHS) of equation (2-12) and
(2-13) describes the relaxation of the carriers to a Fermi distribution. The second
term on the RHS of (2-12) and (2-13) describes equilibration of the carrier
temperatures toward the lattice temperature due to electron-phonon collisions. The
third term accounts for relaxation toward the thermal equilibrium distribution.
Finally, the term proportional to E(z,t) denotes stimulated emission and absorption.

The macroscopic polarizationtinduced by the optical field E(zt) can be

expressed as
1
PO ==& d (Fei*ry) (2-16)
Vik
Assume the pump and probe at w, and W, respectively. In genera case,

nonlinearities in the semiconductor material lead to generation of fields at the
combination frequency w, =w, +IW, where | =+1, +2/L_. If the pump is much
stronger than all other fields, only the pump saturates the medium. This allows us

neglect fields at frequencies different from w,, w,, and conjugate w, =w,- W.

Thus the total electric field propagating in the SOA:
E(zt) = E,(2) exp(- iw,t) + E,(z) exp(- iw,t) + E, (2) exp(- iw,t) + c.c. (2-17)
Andthe P(zt) inducedby E(zt) is

P(z,t) = P,(2) exp(- iwst) + B (2) exp(- iw,t) + B,(2) exp(- iw,t ) +ccc. (2-18)

In order to find the polarizations P, some assumptions are made:
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Mok =S ko &XP(- IWgt) +s exp(- iwit) +s  , exp(- iw,t) (2-19)

[ = Py H i, exp(- W) + b, exp(iVm) (2-20)
N = N +DN exp(- i) + DN exp(iwt) (2-21)
T, =T, +Df, exp(-iwt) + DT, exp(iwt) (2-22)

Use equation (2-14), (2-16), (2-17), (2-19), and (2-20), and then
_1g df

PR="8 56 W) (Mo +T- 1) E, (2-23)
V5 h
1o d? o _ .
Rt 8 gt DB (R i) B 220
1 o d2 N o — * * Y
Pomy 8 SO racr e YE (R i) B (2-25)

Thus, the problem reduces to ,the determination of the population-inversion

C

factors (,, +7,, - 1) and (dg, #t,¢)-

In order to solve (ch,k - 1) and (I%Qk +t%vvk), carrier density N(t) and

energy density U, aredefined as

g, -Llag gola g _
N(t) =y ak My (t) v 6k1 fex () v 6k1 fex () (2-26)
1o
Ux(t) :Va ex,kr x,k(t) (2‘27)
k

where e, is the carrier energy. Summing up (2-12), (2-13) over k and

multiplying by e, before summing, the rate equations become:

dN_ I N ilg . ) \
E - eV t h Vv ak dk @r cv,k(t) rvc,k(t)H>E(Z!t) (2_28)

U _, .1 U U.-U"
FaalCibve t, 'tm+KX<E(Z’t)2>

- (2-29)
- EVék ex,kdk ér cv,k(t) -r vc,k(t)BXE(Zit)
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where | = eé_ L, and <ex”> :I—eé €L, - Thefourthterm on the RHS of (2-29)
k k
represents the free-carrier absorption (FCA) and K, =ehh,v;s,N, where g, h,

h,, and s, are the vacuum permittivity, mode refractive index, group refractive

index, and cross section for FCA.
Using equations (2-12)~(2-14), (2-19)~(2-25), and (2-28)~(2-29), assuming that

t, =t, <<t <<t,, and considering the lowest order expansion, the polarizations

become
R =e,C(Wo)E, (2-30)
E02 *
R =€,C (W) E; +e,@ (Wy;Wo, Wi, ) B, +ey6 (W, Wp) H E (2-31)
E _
P, =€,C (W,) E, +€,8 (W3 Wy, W, ) E, te,8 (W, W, Wy ) —5 B (2-32)
2
where o)== 0 8 % 6, )i krart), 850 =cl, +c ol and
&V h ’ :
e vl
) _§ & _
C((Z:gP(WI W, W, ) X |N WI gw,)
. a, W)+ (233)

6 (w - w )t + 294G (o - w e+ 10 S AT

e _ u
C'I('f)(WI;Wiij) zigég(wo)"'st W a
v We M- € 2.3
) a, () +i (
g(wi - W, )tﬁl&é (Wi - W, )t w1
1 11
&, (ww __ S 11
se (% ) R (w; - w,)t,+1e,V
(2-35)
dl .

xékihdgc(w.)(fc,k+fv,k-1);2@3k<wj)- 3;<wi)a§
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2
where g(w)=- W Im[c(w)] is the saturated gain, and %:M. The
(og) hw,
linewidth enhancement factors and the saturation photon densities are:
aRe[c(w)]6 /e Im[c(w)] 0
a,w)= = + 2-36
L A B Nl (2-36)
& Re[c(w)] 6 /adgIm[c(W)] 6
a; (w)= + + 2-37
A B (2:37)
1 _ ig(w)
AV —vgtlTN' (2-38)
1 _ Mg (w) -1
= =Vt (M- € I 2-39
'A;r>< g" hx ﬂTX ( 0) ( )
1 — At 2d§Wo
AS—IB eohhgh (2-40)
1 |[S]
Furthermore, =—>* and =%
m=w A

2.3 Interference Between TM and TE Modesin SOA’s
In SOA’s, the transverse electric (TE) and transverse magnetic (TM) effective

indices at position z in the active region can be given as
nd
e e (2) = Ngjre + Grare XN(2) >§ﬂN i (2-41)
1 M/TE

where ny, e IS the effective refractive index of the waveguide for zero-free carrier

density, G, isthe confinement factor, and (n/ ﬂN)‘ isthe rate of change of

T™/TE
active layer refractive index for the TM and TE mode, respectively. Because the
TE/TM are not symmetric, the confinement factors are not equal as well as the

unperturbed effective refractive indices of SOA’s. In polarization independent
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SOA’s, the reasonable PDG is technologically achievable, but it is impossible to
completely constrain this birefringence. The birefringence of SOA’s will vary with
different change of TE/TM gains and indices, when the carrier density drops with
large input signal power. That is, there are two effects which influence the state of
polarization (SOP) simultaneously.

Fig. 2-3 illustrates the interferometric arrangement between the TM and TE
modes. Because the TM and TE modes are independently propagating through the
SOA'’s, they could play the roles of the different paths in the Mach-Zehnder
interferometer. In order to achieve a Mach-Zehnder interferometer by only using
one SOA and to make TM mode interfered with TE mode, a polarizer is needed. As
shown in fig. 2-3, when the polarizer is set at 450, assuming that the TM and TE
modes are in-phase, the projection parts of TM and TE modes which align with and
could pass through the polarizer.are in the-oppesite direction. That is, they will
destructively interfere with each other; and-then. there is amost no power coming out
from the polarizer. On the other hand, if the”TM and TE modes are out-phase, the

projection parts of them will constructively interfere with each other. Therefore, the

™
. :\'Off
A\ L, 450 Polarizer
N T
....... N TE
\
\4 [
| Phasedelay |
In-phase T T T T T Out-phase

Figure 2-3: The schemata of interference between TE and TM mode
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polarizer can not close the output power. However, if the polarizer istunable and set
it at -45°, then the on-off condition of the SOP will be reversed.  Since the indices of
TM and TE modes in SOA’s could be adjusted by the signa power, the interference

between TM and TE modes could be used as mechanism of awavelength converter.
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CHAPTER 3

SIMULATIONS

3.1 Simulation Method for Wavelength Conversion

A large signal analysis for SOA’s s performed using the time-dependent transfer
matrix method (TMM) to calculate converted optical pulse waveforms and chirp in
SOA'’s by self-consistently solving the pulse propagation and rate equations. The
time-dependent TMM has been proposed for the purpose of characterizing the
multi-electrode distributed feedback (DFB) laser [13]. In order to apply this method
to SOA’s, we have modified the propagating part of the transfer matrix using the
equation (2-10) that describes the propagation of pulsesin SOA’s. Here, the internal

loss a.

int

in SOA’s is combined with material _gain and confinement factor as the net

gain g whichisgiven by [14]
9=G(g,-a,) {1I=G)acma (3-1)

where a_, a_., and a are constants of the loss in active layer, the loss in

c’ scat

cladding, and the scattering loss, respectively. Then, equation (2-10) could be

re-written as

TA(zt) 1 TA@Zzt) _ i 1

The basis of the TMM is to divide a laser structure longitudinally into a number
of sections where the structural and material parameters are assumed to be
homogeneous throughout each section. However, these parameters may vary
between sections, allowing longitudinal inhomogeneities such as those produced by
longitudinal spatial hole burning and nonlinear gain to be incorporated into the model.
Each of the sections is characterized by a transfer matrix which modifies the forward

and backward traveling waves as they propagate though the section. The use of the
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TMM here is different from that in the steady-state model where the objective was to
obtain the overall transfer matrix for the structure (given by the product of the section
transfer matrices) from which the oscillation characteristics were determined.
However, in this particular application, the emphasis is on describing the operation of
the individual sections themselves where incrementing the model in time involves

updating the traveling-wave amplitudes as the pass through a section.

In the conventional form, the transfer matrix [T,] of a typical section i
expresses the following relationship:

AU 6AD
& u=[Tlezu (3-9)
eb+u e u

where it relates the amplitudes of the two counter-propagating waves A and B on
either side of the section. Note that-in this formulation, steady-stae operation has

implicitly been assumed. In-order to develop a time-dependent implementation of

the TMM, atypical section i “at a'time "t described by the transfer matrix [T, ()]

was considered. In fig. 3-1, impinging on the section are the forward and backward

traveling waves A(t) and B, (t), respectively. Note that the two waves are on

le L |
I~ |
— — —— —
< Bia(t) "« Bi(t) ~ < Bin(t)
° ° °
° ° °
° ° °
Ra YY) l T l T l T YY) Ro
........................ e S
VOO Ni Onis N O Nt Oia OO0

Figure 3-1: Schematic of the TMM-based SOA model
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opposite sides of the section. After atime Dt which is corresponding to the section

transit time, the two waves emerge at their respective opposite sides with updated
amplitudes A(t+Dt) and B, (t+Dt) .  Assuming that [T,(t)] remains
unchanged over theinterval t to t+Dt, equation (3-3) can be re-written as

§A+l(t + u)l\;l
& B.0 4

_ ¢ Al U
[Tl . oo

_€Tn(®) Te®ué A() u
TEaM) TLt)dEB t+DyY

(3-4

Rearranging these equations produces expressions for the updated amplitudes in terms

of the old wave amplitude and the transfer matrix elements:
TuTa® Tp®o,

Saltrin ?‘“m' L, T.095° 0!
é u~ g T3 1 g¢ 0 (35)
gB(+D) Y & ‘ m mg@B.H(t)EI

Equation (3-5) form the-basis of the TMM-based dynamic model where it is

assumed that the temporal variations in-[T,(t)] " At each time increment, the

traveling-waves have advanced along the structure by one section, with their
amplitudes at the output of each section being updated by the transfer matrix for the
section. Essentially, the TMM is employed here to follow the growth and decay of
thetwo traveling waves A and B asthey propagate through the structure.

The carrier density equation (2-3) can also be simplified by noting that the width
W and the thickness d of the active region are generally smaller while the
amplifier length is much larger than the diffusion length.  Since the carrier density is
nearly uniform along the transverse dimensions, an average value can be used, to a
good approximation, and neglect carrier diffusion. To account for the interaction

between carrier density N and photon density S with the TMM method, the SOA
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was divided into a number of small sections. Thereby, the rate equation (2-3) would

be re-written as

N
mw qv

where the photon density § in (3-6) and the pulse envelope A (and B) in (3-2)

- N, (C.I. +C,N, +C3Ni2)' é v, G0, S (3-6)

arerelated through

2

2 2 2
+ +|B|" +|B
S - ‘A‘ ‘Aﬂ‘ ‘ |‘ ‘ 1+1 (3_7)
2v,hw Wd
Clearly, S in(3-7)isaveragevaluein asection.
On the other hand, in order to describe the spectrum hole burning of material

gain, the equation (2-1) must be modified empirically as

Ni'No'1|'|p,i2"'2|'|p,i3
g ()= 20 MBI 00 1) o9

where & isthe gain compression factor.
The chirp parameter a for each small-section-i's considered since the parameter
is directly related to frequency chirping due to the self-phase modulation (SPM) and

XPM in SOA’s.

_4p dn/dN
| dg/dN

a;(N;,1)= (3-8)

This equation could be calculated from the variation of gain using (3-8) and was
found to lie in the range of 2-12.

In the simulation, the transfer matrix elements T

imn

are obtained from n, N,

O.i-and a; attime t illustrated in fig. 3-1. As mentioned before, every section

is seen as homogeneous waveguide. Hence, the transfer matrix in this waveguide

could be represented as
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A ~0°DL O fl
Towl=@ ! 3-9
[ HW] g 0 e H (3-9)

And for arefractive index step from n, to n,, the transfer matrix of the interface is

given by

énz tn n-n L}

2 [ u
[T|S] e nlnz 2 nanL:l
n+nu

u

n’ln2 2 nn; g

(39

where g is the propagation constant in homogeneous waveguide. n, and n, are
refractive indices of neighbor sections. Two kinds of the transfer matrices are

illustrated in fig. 3-2.

#» #»
Homogeneous

waveguide with g

«B < B

o DL

A > : > A
|
n | n,
— | «—
B I B
interface

Figure 3-2: Schematic of transfer matrices

In the simulation using TMM method, not only the amplitude information could
be calculated, but also the phase information. That is, the chirp of the converted
signal could be calculated by differentiating its phase with respect to time in the

following equation:
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1 df

chirp=- 2 ot (39
The parameters used in the simulation are summarized in Table 3-1.
Symbol Description Value Unit
G Confinement factor 0.3
L SOA length 110 m
V Active layer volume 1.5 10 m’
(o} 1 10° st
c, Recombination rate constants 25 10" m’s’*
c 94" 10* m’s™*
a 257 10% m’
g, 7.4 10° m'®
Material gain constants
g, 3.155" 10* m*
K 3 10% m*
N, Carrier density at transparency 1.1 10* m®
I, Wavelength at transparency 1.605" 10°° m
v, Group velocity 7.5 10’ ms'*
é Nonlinear gain compression 1.3"10% m’
dn/dN Differential refractive index -12°10% m’
a, Lossin active layer 14" 10* m*
a, Lossin cladding 2" 10° m*
a gy Scattering loss 1" 10? m*

Table 3-1: Device Parametersin SOA’s
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3.2 Simulation Results And Discussions of XGM

3.2.1  Overshoot and chirp of the converted signal

,___
——
N | "

Ouput Power (mW) Input Power (mW)

Chirp (GHz)
~
S~
/
N
~
/

Vv vV Vv V

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5
Time (ns)

Figure 3-3: Input signals pattern (upper), converted signals pattern (middle),
and frequency chirp (lower) using XGM.-method.

In fig. 3-3, the results of wavelength conversion with co-propagation XGM
scheme were shown. Here the super Gaussian pulses (m=3) were investigated to
simulate more redlistic pulse shapes. The facet power reflectivity R, an input
signal wavelength |, a CW wavelength | ., and input CW power were 0%, 1550
nm, 1535 nm, and -15 dBm, respectively. Clearly, the converted signa compared
with the input signal is negative logical. In the case of chirp, the output pulse
undergoes a blue shift (positive chirp) during the rising edge and a red shift (negative
chirp) during the falling edge. Because the rise time is longer than the fall time,

negative peak chirp is larger than positive peak chirp. Thus, converted signals have
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positive chirp which causes pulse broadening when the converted signal is transmitted
through the standard single-mode fiber.

The wavelength converted signal undergoes overshoot on the rising edge and a
little undershoot on the falling edge. These are caused by the fact that the response
of carrier density is slower than the variation of optical pulse. In other words, the
carrier lifetime t, is significantly larger than the photon, thus the front end of the
signal experiences unsaturated gain through the SOA, while gain saturation limits the
gain experienced by the rest of the pulse. This growing overshoot in photon density
causes an increasingly faster depletion of carrier density or gain of the SOA and
results in further sharpening of the signal spike and faster depletion of the probe
power. On the falling edge of the pulse, a similar situation occurs in that the

saturated gain overshoots duringrecovering to itsrunsaturated value when the signal
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/’fﬂ- \\
// \\
3.5+ 2 ————— ~ o~
—~ —— "'—-"'"_ \
® // \\
£
S /7 \
2 ’ \
% 3F // T T T T T T —— -~ \\ 7
a g 7 \ ™~
= s \
2 // _ \\
5 7 Bt e e NN
25F=———"" ¢ \ R E—
J//’~\M
o N T e e e e ]
L——.ﬁ:=============b\ Niogeet SPF
2 \/
End
| | | | | | | | |
0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8

Time (ns)

Figure 3-4: The variation of carrier density from the front to the end part of a
SOA.
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power is absent. This gain overshoot causes the sharpening of the probe and thus
reduction of the associated rising time. The net effect is faster conversion as the
pulse propagation through the amplifier and it could be observed from the variation of
carrier density in different parts of the SOA infig. 3-4. This result also explains that
the conversion bandwidth is larger when longer the length of a SOA is.

P =-15dBm, Psiq:1550n m, 1I=160mA

cw
30 T T T T T T
L _——"———‘___‘—‘m
~ L - ~ -~ 3
O —————— -
~ 0 L PO
[ 4 - .""“-‘ .,
‘© or e — P_ =-25dBm
0] sig
L - = P_ =-15dBm |
0 Si
S P . :_SdBm
sig
-10 | | | | | i
1510 1520 1530 1540 1550 1560 1570 1580 1590
- ER;i;=10dB
m T T T
=)
S 15 ]
]
o
c
S 10
©
= T
X 5
(11| I | I 1 I 1

1510 1520 1530 1540 1550 1560 1570 1580 1590
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Figure 3-5: Gain spectra for different signal powers (upper), and the ER of
converted signal obtained by subtracting the -5 and -15 dBm gain spectra.

In SOA’s, the gain peak will shift to shorter wavelength with higher injection
current.  Namely, the photon with higher energy could get the largest gain.
Because the carriers in the conduction band must obey the Fermi-distribution in
steady-state, the energy level which the most carriers exist becoming higher as the
number of total carriers is getting more. Similarly, when carriers deplete due to
large power of input signal pulse, not only the gain of a SOA decreases but also the
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gain peak shifts to longer wavelength. The phenomenon is illustrated in fig. 3-5
(upper).

The lower illustration of fig. 3-5 shows the extinction ratio (ER) of converted
signal which is a function of CW wavelength. It should notice that this ER is static,
not dynamic, while the ER is obtained by subtracted the steady gain curve with
different input signal power. From the figure, one drawback of XGM scheme could
be known that the ER degradation especially in case of up-wavelength conversion.
The contour plot of ER for the signal and CW wavelength is shown in fig. 3-6, in
which the red line represents the same CW and signal wavelength.  In other words,
the triangular region above the dashed line express the up-wavelength conversion, and
oppositely the region below the dashed line express the down-wavelength conversion.

Clearly, down conversion might lead to a high ER;as shown infig. 3-6

Contour Plot=with P =-5=-15dBm & P_ =-15dBm
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Figure 3-6: Contour plot of output ER with different signal and CW
wavelength
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In fig. 3-7, there are solid lines and dashed line which represent the peak chirp
and ER of the converted signal as a function of average input signal power,
respectively. The ER of the converted signal is increasing as the average input
signal power isrising. At the same time, no matter positive or negative peak chirps
are increasing like the ER vary. Assume that the bit-rate of input signal is smaller
the bandwidth of SOA’s, and the larger ER means that the huger the carrier depletion
is. Through equation (2-7), it could be known that carrier depletion will induce
variation of index. Then, the phase of the converted signal rapidly changes.
Namely, the frequency chirping defined as equation (3-9) will be enlarged by
increasing ER.

ERsig=lOdB, Poy=-15dBm, | sig:1550nm’ I cw=1935nm, I=160mA
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Figure 3-7: Peak Chirp (solid lines) and the extinction ratio (dashed line) of
converted signalsusing XGM scheme.
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3.2.2  Modulation bandwidth for XGM

When bit-rate of the input signal increases, the response of carriers may not
follow the variation of the input signal. The performance of the converted signal
may degrade. Fig. 3-8 shows the wavelength conversion of 10 Gbps signal, in which
the pattern effect is significant, and the chirp become very serious due to the phase of

the converted signal varying in avery short time interval.
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Figure 3-8: Wavelength conversion with 10 Gbpsinput signal by XGM

Although the small signal model has used to predict the bandwidth of
co-propagation XGM scheme [15], it cannot analyze frequency chirping and the
extinction ratio for large signal modulation. Here, the bandwidth of XGM is
investigated using the eye opening ratio (EOR) which is defined as the power ratio
between the minimum level of mark and the maximum level of space. Fig. 3-9

shows the peak chirp and the modulation bandwidth in terms of EOR which drops as
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a function of data rate. The modulation bandwidth is improved by increasing the
cavity length, since the longer the cavity is, the stronger the modulation effect by gain

depletion is. This effect could also be seen in fig. 3-4. However, more gain
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Figure 3-9: EOR and peak-to-peak chirp as a function of the data rate for

different cavity length.
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modulation will also induce more chirp due to larger varying of index simultaneously.
As mentioned, the input signal and CW can propagate either co- or counter-
directional. For counter-propagation of the signal and the CW, the carrier density
which is illustrated in fig. 3-10 will be lower in the part of the SOA where the CW
enters since the amplified input signal, coming from the opposite direction, causes a
strong saturation and therefore a higher noise figure than the co-directional case.
However, the counter-propagation of the signal and the CW cause timing jitter as
predicted by simulation in fig. 3-11. The jitter results from the power dependent

Co-propagation XGM

Output Power {(mW\)
] L = m o =] ]

0 0.05 0.1 0.15 0.2 0.25 0.3
Counter-propagation XGM

Output Power (mW)

a 0.05 0.1 0.15 0.2 0.25 0.3
Time (ns) [BitRate=10Gh/s]

Figure 3-11: Eye diagrams of XGM in co- and counter-propagation
configurations
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distribution of the carriers in the SOA and is therefore pattern dependent. From the
carrier distribution illustrated in fig. 3-10 in which the carrier density in the SOA is
given for both a low signal input power (level-0) and a high signa input power
(level-1). For the high input signal power, the signal determines the carrier
distribution because more carriers are depleted as the signal is amplified. That is
why the curves for co- and counter-propagation at level-1 look the same.  In contrast,
at level-0, the input signal power no longer dominates the carrier distribution that the
CW is also important for. Due to the propagation time this movement of the gain
distribution in the longitudinal direction of the SOA corresponds to a movement in
time for the converted signal depending on the bit pattern. The result is that the
converted signal will fluctuate as shown in fig. 3-11.

Besides the timing jitter, counter-propagation.can suffer from speed limitations

Normalized Eye Opening Ratio (dB)

-9 +| =&~ co-propagation tk .
-3~ counter-propagation N
-10 I I I O S S S P NS RS WA
1 2 3 4 5 6 7 8910 20 40

BitRate (GHz)

Figure 3-12: EOR of converted signal as a function of the data rate in co- and
counter -propagation configur ations.
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since the input signal and the CW are no longer traveling together in the SOA. This
isillustrated in fig. 3-12, which shows the modulation bandwidth by normalized EOR
of XGM scheme in both co- and counter-propagation configurations. Thisis due to
large, slow changes in the carrier distribution illustrated in fig. 3-10 aong the

amplifier cavity in counter-propagation configuration.

3.3 Simulation Results And Discussions of XPM

3.3.1 Operation pointsof XPM

It was noted in the discussion of XGM wavelength conversions that
accompanying the gain modulation with carrier density change is a modulation of the
refractive index of the SOA.4 This XPM. can be utilized to good effect in
interferometric arrangements to. obtain wavelength conversion devices with

significant advantages over those relying.on.XGM alone. The effect which phase is

[=97mA;P__=-20dBm
cw

CW Output Power (dBm)
CW Phase Shift (prad.)

30 -25 -20 -15 -10 -5 0
Signal Input Power (dBm)

Figure 3-13: The phase shift with the gain saturation as a function of signal
input power



modul ated as gain depletion is ssimulated and illustrated in fig. 3-13.  In such devices
the CW light is split into two paths which contain SOA’s, and a relative phase shift is
induced by the optical switching signal entering one of the SOA’s which is called the
“phase SOA” and is saturated , whereas the other one is the “reference SOA”.  When
the light is recombined, constructive of destructive interference will occure depending
on the phase difference between the two paths. The unperturbed state of the
interferometer can be set up for constructive of destructive interference so that
injection of the input signal causes either a decrease or increase, respectively, in the
wavelength converted signal. The state of the interferometer is typically set by
adjusting the injection current in the two SOA’s.  Thus, one advantage to note for in
XPM wavelength converters is the choice between inverting or non-inverting
operation. Fig. 3-14 shows that transter_function of the CW as a function of the
phase current.  In the figure, the solid line and the dashed line represent two different

power levels of the static input 'signal,-16.5-dBm and -23.5 dBm, respectively. |If
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Figure 3-14: Transfer function of XPM wavelength converter by changing
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amplitude modulated signal is on-off keying (OOK) between -16.5 and -23.5 dBm,
the best ER of output converted signal will be the power difference between solid line
and dashed line. Then, there might be negative and positive ER, such as 120 mA
and 160 mA current injected into the phase SOA, respectively. In other words,
negative ER means the inverted conversion like the conversion in XGM scheme, and,
in contrast, the positive ER is the condition of non-inverted conversion. The
simulation of non-inverted and inverted converted signal by XPM is showed in fig.

3-15, in which simulation parameters are the same with fig. 3-14, and the injection
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Figure 3-15: Pattern and frequency chirping of converted signals by XPM
scheme. Upper and lower ones illustrate the non-inverted operation and
inverted operation, respectively.
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currents of phase SOA are aso based onit. Infig. 3-15, the parts as time is smaller
than 0.7 ns are abnormal due to the carrier density of the SOA’s going to deplete
when the signal and CW are injected in the beginning. Upper two conditions of fig.
3-15 which shows not only amplitude information of the converted signal but also the
phase information are operated with non-inverted scheme. Note that the converted
signal undergoes a red shift during the rising edge and a blue shift during the falling
edge, resulting in pulse compression in the anomalous dispersion region. The
negative chirp is due to the increased phase and power of the converted signal and the
decreased carrier density caused by increasing the input signal power. In other
words, the chirp condition of the rising edge by XGM will appear in the falling edge
by XPM operated non-inverted configuration. On the other hands, lower two
conditions of fig. 3-15 are inverted operation. By increasing the input signal, the
output phase is increased and @utput power is decreased, like XGM scheme. Thus,
the chirp is opposite to non-invertedioperation,-and pulse will broaden in the fiber.

The left two conditions of fig..3=15 are very close to right ones, but there is some
difference of injection currents and the frequency chirping near the faling or rising
edge. The injection currents of left conditions are operated nearly complete
destructive interference for the converted signals of level-zero, and the phase of the
remaining power would be very sensitive to power fluctuation. So that the
frequency chirping of level-zero is so different to right condition which is operated a
little away from destructive point.

One of the drawbacks of XPM scheme is the complex operation parameters
including two injection currents, the signal power, and the CW power. The static ER
of the converted signal as a function of the phase current could be seen in fig. 3-15.
On the other hands, the performance of the converted signal is also strongly depend

the wavelength and the power, which is describe by static ER degradation and
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illustrated in fig 3-16. The upper one of fig 3-16 shows the difference of ER due to
different input signal power and CW power. At the same time, the lower one shows
the dependence on the wavelength. 1t’s obvioudy that fluctuation of the power is

more seriously damaging the ER of the converted signal than the wavelength.
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3.3.2 Modulation bandwidth and polarization dependence for XPM

The calculated modulation bandwidth represented by EOR for the XPM method
isshown in fig. 3-17. When the bit-rate of the input signal is increased to 10 Gbps,
the peak-to-peak chirp is smaller than 5 GHz. The characteristics of the frequency
chirping of the XPM method are superior to the XGM method clearly owing to the
smaller degree of the carrier depletion. However, the EOR starts to decrease above 3
dB mainly due to the noise level-zero which is caused by incomplete destructive
interference. In other words, in order to achieve higher conversion speed, the
operation point of the XPM wavelength conversion should be selected at the steeper

slope of the static transfer function.

Normalized Eye Opening Ratio (dB)
Peak-to-Peak Chirp (GHz)
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BitRate (Gbps)

Figure 3-17: EOR and peak chirp asa function of the bit-ratein XPM scheme

Directly perceived through the senses, the XPM scheme might be polarization

insensitive like the XGM method if the polarization independent SOA isused. But it
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is not truth even for only 1 dB polarization dependent gain (PDG) of a polarization
independent SOA. Fig. 3-18 shows that the static transfer function of the XPM
scheme as a function of the polarization of the input CW. The PDG’s of the phase
and reference SOA’sare set as 1 dB inthe ssimulation.  Most serioudly, the converted
signal could be distorted completely due to rotation of polarization of the CW. For
example, the on-off of the input signal between -16 and -24 dBm will induce 20 dB
ER of converted signal for the complete TM mode of the CW but only 4 dB for the

complete TE mode.
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3.4 Simulation Results And Discussion of FWM
3.4.1 Frequency response of inter- and intraband processes
From chapter 2, the third order susceptibility ¢® which can be decomposed

into contributions from CDP, CH, and SHB could be simplified and written as
c®=3 ¢, ([Dw) (3-10)
where mspecifies the nonlinear processes contribution to ¢, such as CDP, CH,

and SHB. The zero-detuning susceptibility ¢ are

%, =(aCg+ig, ) A"
c& :(aCH +i)(g/ACHl+gm/ACH2) (3-11)

Cols = (g +1)9/A %"

where a, islinewidth enhancement factor and frequency responses h,(Dw) are

hééP(DW) = (L= iDwt i) (L~ iDWE &)
hCI%i (DW) = (1' i Dt SHB)(]'_ i Dwt CH) (3—12)
hSls (Dw) = (1=iDwt &)

Detuning angular frequency Dw s defined.as 2p(fp— fs),where f, and f, are

optical frequencies of the pump and signal. However, for the process of the CDP,
acp and t.,, are equal to a and t_, which are mentioned at Table 1 and
equation (2-4), respectively. The simulation parameters and nonlinear SOA
parameters are summarized in Table 3-2 [16].

The conversion efficiency of FWM is shown in fig. 3-19. The conversion
efficiency is defined as the ratio of the output converted signal power to the input
signal power. The conversion efficiency decreases at large detuning frequency since
the frequency response of nonlinear processes which are described in equation (3-11)
decrease with the increase of detuning frequency. In addition, down wavelength

conversion efficiency is higher than up wavelength conversion. This is mainly
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Symbol Description Value Unit
L SOA length 510" m
\Y; Active layer volume 75 107 m’

AN Saturation power 310 W
AcHl CH parameter 1.82" 10" W
A M2 CH parameter 263 10" W
A S SHB parameter 476" 10" W

Ay Linewidth enhancement factor by CH -2.3
agp Linewidth enhancement factor by SHB 0

t o CH time 112" 10" S
tgi SHB time 500° 10°%® S

'
(&3]

Conversion Efficiency (dB)
=
o

KN
(6)]

-20

Figure 3-19

Table 3-2:*Nonlinear Parametersin SOA’s

FWM Conversion-Efficiency

-20 -15 -10 -5 0 5 10

Wavelength Shift (nm)
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due to destructive or constructive phase interference between the contributing FWM

mechanisms such as CDP, CH, and SHB.

Fig. 3-20 shows schematically the value of ¢ which are complex numbers

and can be regarded as two-dimensional vectors. For the sake of simplicity, only

tow processes (CDP and SHB) and ag,, » 0 compared with a_,, are assumed.

Note that, when |Dw| increase, the direction of ¢, changes earlier than c§)

because the t ., is smaller than tg,. ¢, and c$, interfere in phase for

Dw =0 tebe <IDW]<t 5 Dw|>t 24,
»
Dw >0 \ 90° \
A

Dw <0 Lv ‘
\N
N \

Figure 3-20: Illustration of dir ections of third-order susceptibilities

positive detuning, and out of phase for negative detuning, which is the origin of the

asymmetric conversion characteristics. If |Dw| increases beyond t g, c$ aso

rotates, and the phase relationship becomes the same as that for |Dw|=0.

3.4.2  Spectral inversion dueto FWM
Fig. 3-21 shows the pattern of the input signal and the converted signal. The
input signal with positive frequency chirping is illustrated. From the figure, it’s

obviously that the converted signal not only has the same amplitude modulation but



also the inversion spectrum and these characteristics of the FWM method guaranteed
the format transparency of the conversion.

But the drawbacks of the FWM method are that the ER degradation and the
parasitic chirp. The ER degradation is due to that the higher signal power level
(level-one) will suffer more gain depletion and less conversion efficiency. On the

other hands, the parasitic chirp is resulted from the fact that the index of the SOA

Input Signal

s .

£ s \ / A\

2 6 / \ / \

]

€ o, / \ / \

g ., / \ / \

_;_)n 7 | —

O0 0.5 1 1.5 2 2.5

Time (ns)

’I&T 20

S oy A\

g . J J\

5 ., A/ \/

g \ \

(=)

2 0.5 1 1.5 2 2.5
Time (ns)
I S:8nm

0.2

S (Y \
S R U \

~ _/ —
0o 0.5 1 1.5 2 2.5
Time (ns)
20
N A

iR J\ 7\
Nem \ /
\

-20

Conjugate Chirping (GHz) Conjugate Power (mW)

0 0.5 1 1.5 2 2.5
Time (ns)

Figure 3-21: Pulse pattern and frequency chirping of the input signal (upper)
and the converted signal (lower).



might be modulated by input signal during wavelength conversion. From fig. 3-22
which illustrates the ER and parasitic chirp of the converted signals as a function of
the pump and signa power, the signal-to-pump power ratio will dominate the
performance of the ER and chirp. When the power ratio is large, the fluctuation of

the carrier density becomes more serious and it results the higher ER degradation and
more parasitic chirp. In contrast, the lower signal-to-pump power ratio is, the better

performance the converted signal is.
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Figure 3-22: ER and parasitic chirp of the converted signal as a function of the
pump and the signal power.



3.4.3 ERimprovementin rFWM
In order to overcome the problem that the ER degrades in the FWM scheme, the

reverse FWM (rFWM) is propose.  In common FWM, the converted wavelength |

isequal to | j+I - I, and asimplificative formulaof output converted signal is

P, =G,G;RF/R(Dw) (3-13)
where G and P are the gain and the input power for the signal or the pump, and

R(Dw) is frequency response of FWM. In contrast, IFWM are operated as

=1+l

C

o~ From equation (3-13), if the gain of the SOA is unsaturated, ER of

the output converted signal will become twice of ER of the input signal. However,
the gain would be saturated by input.signal; and therefore induce the effect of XGM

which could degrade the ER of the converted signal.
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Figure 3-23: ER (upper) and conversion efficiency (Ilower) of the converted signal
using rFWM scheme as a function of the pump and signal power.



In the fig. 3-23, the conversion efficiency and ER of the converted signal by
rFWM scheme are shown. The ER is strongly dependent on the signal-to-pump
power ratio, and the ER will increase even to ideal ER of 20 dB by decreasing the
ratio to reduce the XGM effect. When signal-to-pump power ratio increases, the ER
of the converted signal might degrade seriously owing to strong gain saturation.

The conversion efficiency will increase as the pump power increase, if the high
power signal which strongly saturated and dominated the gain of the SOA is coupled
into the SOA. However, when the weak signal can’t dominate the carrier
distribution anymore, the conversion efficiency will degrade with higher pump power.

With the same chirp and ER of the input signal illustrated in fig. 3-21, the output

signal with amplitude and phase information are shown in fig. 3-24. Because the
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Figure 3-24. Pulse pattern and frequency chirping of the input signal (upper)
and the converted signal (lower) using rFWM scheme.
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converted field is influenced by the square of the signal field in rFWM scheme,
rFWM scheme suffer a very serious problem which the frequency chirping of the
converted signal isalso double.  Further, fig. 3-25 shows the parasitic peak chirp and
overshoots as a function of the pump and the signal power. The converted signal
contains positive chirp like the input signal. However, the rising edge of the signal
which induces the carrier density decreasing would generate a red shift, and vice versa.
Thereby, the peak chirp of the converted signal illustrated in fig. 3-24 is below 30
GHz, and the positive parasitic chirp of fig. 3-25 indicates a blue shift during falling
edge and the negative parasitic chirp denotes ared shift during rising edge. Again, the
signal-to-pump power ratio will also dominate the varying of the value of parasitic

chirp, and the negative chirp islarger than positive owing to the faster process of gain
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Figure 3-25: Parasitic peak chirp (upper) and overshoot (lower) of the converted
signal using rFWM scheme as a function of the pump and signal power.



depletion than recovery as demonstrated in the part of XGM scheme. The value of
overshoot, which is defined as the ratio of the overshooting power and the power of
level-oneillustrated in fig. 3-24 by dashed arrow and solid arrow respectively, is also

increasing as signal-to-pump power ratio monotonously.

3.5 Smulation Results And Discussion of Cross Polarization

Modulation

3.51 Rotation of SOPin a SOA

For asymmetric waveguide geometry, the confinement factors, effective guide
refractive indices and carrier distribution are not identical at the TE/TM orientation of
a SOA. However, the mainly influence on signal-induced birefringence in the SOA

is coming from the difference ;Joetween the confinement factors at the TE/TM

Cross Polarization Modulation iHustrated on Poincare Surface

® TM=20%
¢ TM=50%
1 TM=80%

Figure 3-26: The paths of rotation of the output polarization in cross
polarization modulation
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orientation. Therefore, the carrier distribution, differential refractive indices, and
effective refractive indices for zero-free carrier density at the TE/TM orientation are
assumed as the same. In the simulation of the cross polarization effect, the
confinement factors are set as 0.32 and 0.29 for TE/TM modes, and using these
parameters will produce 1 dB polarization dependent gain as the SOA isn’t saturation
yet.  Noteworthily, the polarization of the input signal isn’t important and neglected.
Fig 3-26 shows that the path of the output polarization, as the input CW power is
1.5 dBm, and the input signal power is varying from -20 to 10 dBm. In the figure,
three line with different makers illustrate three conditions of input linear polarization
of the CW which are represented by different power percentage of the TM mode.
From the Poincare’s sphere, three curves are almost rotated as the varying of input
signal power. Hence, it couldbe known that the rotation of the polarization is
mainly induced by the different effective indices-at the TE/TM orientation, and the

varying of PDG do not matter.

3.5.2 Changing conversion styles by the polarizer

Using the same conditions of fig. 3-26, the static curves of the converted signals
are shown in fig. 3-27. Here shows two set of curves, which represent the inverted
and non-inverted converted signals. This characteristic is the same as the XPM
method owing to the identical interferometric operations mentioned in chapter 1.
However, from inverted conversion to non-inverted conversion of the cross
polarization modulation method, only changing of the orientation of polarizer is need
unlike the XPM method. In the case of non-inverted conversion, the polarizer is set
in such a way that the CW cannot pass through the polarizer when only the CW is
present. If the signal is coupled into the SOA, the additional birefringence in the

SOA leads to a phase difference between TE/TM modes of the CW. As a
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ER of the polarizer is 30 dB

Output Converted Power (dBm)

—— TM=20%
20 | — TM=50% 4
- - TM=80%
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Inpdt Signal Power. (dBm)

Figure 3-27: Transfer function of the CW with different input polarization
containing inverted and non-inverted conver sion.

conseguence, some CW could pass through the polarizer. In contrast, the maximum
output power of CW passing through the polarizer is the inverted scheme. On the
other hands, different input polarization of the CW have different conversion slope.
For the polarization aligning on complete TE/TM modes, the signal could not induce
the birefringence effect, namely, no conversion. 20%, 50% and 80% power coupled
to the TM orientation are simulated, in which the 50% behave the best performancein
either inverted or non-inverted conversion due to the most degree of rotation induced.
However, the curve of 80% power of TM performs better than 80% power of TE,
because the light aligning on the TM mode suffers the smaller confinement factor as
well as less gain. That is, the more part of the CW is coupled into the TM mode
appropriately, the more average distribution of the output between the TE/TM modes
is, and the birefringence effect will be more obvious.
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ER of the polarizer is 30 dB
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Figure 3-28: Different transfer curves (solid lines) with different orientation of
polarizer and the total CW output power.(dashed-line) decreases as input signal
power increasing.

In fig. 3-28, there are severa: curves ‘which are shifted by adjusting the
orientation of the polarizer. These curves show that the power varying of the input
signals which come through different length of fibers could be adjusted only by the
polarizer. Unlike the XPM method, several parameters, such as currents and the CW
power, might be modified complexly. Besides, the inverted transfer functions
become steeper as increasing the average signal power due to XGM effect. On the
contrary, the non-inverted ones become gentler.

Fig. 3-29 illustrates the pattern of the converted signal including non-inverted
and inverted scheme. Like XPM, the non-inverted and inverted converted signals
suffer negative and positive frequency chirping, respectively. The amplitude of the

frequency chirping is dependent on the on-off degree of the carriersin the SOA. For
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the performance of modulation bandwidth, cross polarization modulation

extremely similar to the XPM method.

Wavelength Conversion by Cross Polarization Modulation
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CHAPTER 4

EXPERIMENT SETUPSAND RESULTS OF WAVELENGTH CONVERTERS
Besides the pulse patterns of converted signals and eye diagrams, the bit error

rate (BER) test is aso very important for the examination of the performance after
wavelength conversion. In order to know the information about the frequency
chirping of the converted signal, a simple method which transmits the converted
signal through a standard single mode fiber is applied. Therefore, in this chapter, the
eye diagrams caught by oscilloscope and the BER test including back-to-back and

transmission in SMF are focused.

4.1 Cross Gain Modulation

441 Experimental setup

JDSU

CQF.15/1408 -
e EML ‘

é ....... Rx 50/50 / <

ALCATEL
1901 SOA

Figure 4-1: Experimental setup of counter-propagation XGM scheme.

Fig. 4-1 shows the experimental setup of counter-propagation XGM method.

The transmitter of the input signal is the JDS Uniphase CQF 15/1408 10Gb/s EA-
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SO0A spectral corresponding to different injection currents.
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Figure 4-2: Gain spectrums-of the Alcatel SOA for-different injection currents

Modulated DFB laser and the Alcatel 1901 SOA is used as wavelength converter by
the XGM scheme. In order to realize the varying of the SOA gain spectrums, the
SOA gain spectrums corresponding to different injection currents are measured and
shown in fig. 4-2. The reason for the down-wavelength shift of the gain peak as
increasing the injection current has mentioned at chapter 3.2, which is related to the
up-moving of the quasi-Fermi level of the conduction band. Moreover, it explains
why the wavelength up-conversion might suffer the problem of the ER degradation.

In the experiment, the counter-propagation scheme illustrated in fig. 4-1 is
adopted. The -1 dBm input signal at 1551.72 nm and -11.5 dBm CW at 1550.12 hm
enter the SOA from the opposite face. It is said that a tunable optical filter used to
filter out the original signal could be avoided in the counter-propagation scheme [17].

However, the optical filter is till used in the experiment because of the reflection of
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the original signal which becomes non-white noise for the converted signal.

4.4.2 Performance analysisfor XGM

The eye diagrams with 2%-1 pseudo random bit sequence (PRBS) of the
converted signal with and without transmission through the SMF are shown in fig. 4-3,
in which the patterns of 27-1 PRBS are also presented. The pulses of the converted
signal appear the pattern dependent characteristics. The continuous changing
between level one and zero makes the converted signal couldn’t response in time, like
the simulation results illustrated in fig. 3-8. The bandwidth of the wavelength
converted also makes the eye diagrams smoother.  No matter how the response of the

converter is, the serious positive frequency chirping could not be ignored at all. The
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Figure 4-3: The eye diagrams (left) and 2’-1 PRBS pulse patterns (right) of the

converted signal for back-to-back (upper) and transmission after 25 km of
SMF28fiber (lower) in counter-propagation XGM scheme.
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the crooked eye diagram and pulse patterns are also shown in fig. 4-3.

Fig. 4-4 shows the BER curves of the input signal and converted signal. Due to
the limit of the bandwidth, the converted signal without transmission in SMF has the
4 dB penalty. With transmission, the converted signal has been distorted and the

BER can not be measured.
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Figure 4-4: BER curves of theinput signal and converted signal

443 Therelation between BER and operation powers

Infig. 4-5 and 4-6, the BER curves with the fixed received power (-15 dBm) asa
function of the input signal and CW respectively are measured to realize the power
dependent performance of the converter. The CW power is fixed at -11.5 dBm and
the input signal power is changing to measure BER in fig. 4-5. From the figure, the

input signal power to get the best performance is around -1 dBm, and the power
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window to obtain the BER below 10° is about 2 dB. That is, if the fluctuations of
the input signal power exceed this range, the BER above 10° couldn’t be obtained for
-15 dBm received power. Fig. 4-6 issimilar to fig. 4-5, but the CW power change as
the input signal power isfixed. The power window for the BER of 107 is only 1.5
dB. When the CW power becomes smaller, the varying of gain depletion is
controlled by the input signal more effectively, and therefore, better performance of
the converted signal could be obtained. However, there always is amplified
spontaneous emission (ASE) in SOA’s, and the smaller output converted signal power
for the smaller CW power will become noisier and the performance of the converted

signal will degrade.

444  Timingjitter for coandr_qou ntér"-br_ppagati on

Fig. 4-7 shows the eye dlagramsltlﬁfthe converted signal by using co- and
counter-propagation XGM me:t?[]_'(')d&; :ir rt-lsdeapthat ;i'lkme timing jitter of the converted
signal in counter-propagation scﬁém;i's_l,arger thaﬁ'-co-propagation scheme due to the
different degree of changing of the carrier deﬁsi ty in longitudinal domain of a SOA.
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Figure 4-7: The eye diagrams of the converted signal in co- (right) and counter-
(left) propagation XGM schemes.
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4.2 CrossPhase Modulation

44,1 Experimental setup
Because the interference method is sensitive to the optical length of the paths, the
SOA’s used for XPM are usually integrated in order to obtain steady operation. The
XPM modules in the experiment are manufactured by Kamelian which is used in the
experimental setup of XPM shown in fig. 4-8. In this experiment, the
co-propagation scheme is adopted, and because of two SOA’s being used the
parameters of the current of the reference SOA is need besides the current of the
phase SOA, the signal power and the CW power. Therefore, the search of the
parameters for the best conversion performance is more complex compared with
XGM scheme.  The input signal is modulated at 10 Gb/s by LiNbOs Mach-Zehnder
external modulator with a 2*-1 PRBS. _As mentioned in chapter 3, the polarization
controllers are put on due to thepolarization’sensitive transfer function in the XPM

scheme even the polarization independent SOA’s are used.
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Figure 4-8: Experimental setup of co-propagation XPM scheme.
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4.4.2 Performanceanalysisfor XPM

The performance of XPM is illustrated by BER test and shown in fig. 4-9, in
which the BER curves of the input signal, the non-inverted signal, and inverted signal
with and without transmission are measured. For the non-inverted conversion
scheme, the currents of the phase and reference SOA’s are 307 mA and 225 mA,
respectively, as well as the average input signal power of 1.1 dBm and the CW power
of 3.8 dBm. On the other hand, these parameters are 380 mA, 180mA, -0.9 dBm,
and -0.2 dBm in turn for the inverted conversion scheme. And the wavelengths of
the signal and CW are 1555.75 and 1550.12 nm for both schemes, respectively. The
text of the legend of the figure indicate back-to-back, transmission in 25 km SMF, and
in 50 km SMF by the abbreviations of B-to-B, 25SMF,and 50SMF, respectively.
From the figure, the power penalty for non-inverted conversion is about 2.2 dB and

0.5 dB for inverted conversion:  After transmission in 50 km SMF, the signal suffers
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Figure 4-9: The BER curves of the input signal, non-inverted converted signal,
and inverted converted signal with and without transmission.

61



a power penalty of 0.5 dB. However, for the inverted conversion signal which has
positive chirp due to the index modulation by the input signal, the power penalty of
5.2 dB is measured after transmission in 25 km SMF and this converted signal ,which
undergoes noise floor for the BER curve at BER of 107, is distorted very seriously
by dispersion in SMF. In the figure, the BER of the inverted output signal with
transmission in 50 km SMF is not shown through too serious distortion.  In contrast,

sy o e e b wwisess [O) %k Gt g o mee s b wwisnesl )

Figure 4-10: Eye diagrams of the input signal (upper), the non-inverted
converson signal (middle), and inverted conversion signal (lower) for
back-to-back (left) and transmission in 50 km SMF.
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non-inverted conversion suffers carrier depletion at leading edge of the converted
pulse, which will result red shift and carrier recovery at the falling edge causes blue
shift. Namely, negative frequency chirping which compresses the pulse during the
propagation in SMF happens for non-inverted conversion. This is why the
non-inverted converted signal obtain negative power penalty with transmission as
illustrated in fig. 4-9. The negative power penadties are -2 dB and -3.3 dB for
transmission of 25 km and 50 km, respectively.

Fig. 4-10 shows eye diagrams for back-to-back and transmission. From the
figure, the compression and broadening effects owing to negative and positive chirp

could be observed clearly.

4.4.3 Polarization dep_endent‘ performance of XPM

|
= v | 3

CW Output Power (dBm)

Signal Input Power (dBm)

Figure 4-11: The static transfer function of XPM method on different polarization
state of theinput CW.
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The polarization dependent transfer function of XPM method is measured and shown
is fig. 4-11, in which, the currents of the phase and reference SOA are 310 mA and
222 mA and the input signal and CW are at 1555.75 nm and 1550.92 nm with CW
power of 0 dBm. But the two SOA’s of this module are not manufactured well for
removing PDG  The maximum PDG of the phase and reference SOA’s with the

current of 300 mA are 2 dB and 4 dB, respectively and this results the difference
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Figure 4-12: The eye diagrams and pulse patterns of the input signal (upper), the
best converted signal (middle), and the wor st converted signal (lower).



between the transfer functions are larger than the simulation in the fig. 3-18. The
largest offset of the input signal power for minimum output power is 3 dB in the
experiment. The two most different transfer functions are used to test the dynamic
performance and the results are illustrated in fig. 4-12. The level one and level zero
of the input signal are about 2 dBm and -8 dBm, respectively. In the fig 4-12, the
best condition is corresponding to the curve which meets the minimum output for
input power of -8 dBm in fig 4-11. On the other hand, the worst condition is
corresponding to the other extreme static curve which causes the level one of

converted signal to be folded as the pulse patterns shown in fig. 4-12.

4.3 Four Wave Mixing

43.1 Experimental setup

.l | TEC

ol

Figure 4-13: Experimental setup of FWM scheme.
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The experiment setup of the FWM method is illustrated in fig. 4-13. The part
of the transmitters including the input signa and CW is the same as those in the
experiment using XPM method. Because FWM is a nonlinear process which the
phase matching between the beating lights is very significant for, the wavelength
conversion using FWM could only operated in co-propagation scheme. In other
words, the optical filter is necessary in this experiment. In the experimental setup,
the cascaded filters are used in order to filter out the stronger CW power. And the
co-polarization is another necessary condition for this nonlinear process taking place.
For this reason, there also are two polarization controllers to adjust co-polarization
condition. Here, the SOA CQF872 is manufactured by JDS Uniphase.

In fig. 4-14, the conversion efficiency which is one of the major drawbacks in
FWM scheme in comparison with XGM _and XPM-is shown. The signal wavelength
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Figure 4-14: The conversion efficiency of FWM as a function of wavelength shift
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and power are 1554.13 nm and -0.5 dB, and the pump (i.e. CW) power is8 dB. The
current supplied to the SOA is 300 mA. The conversion efficiency for wavelength
down conversion is obviously higher than wavelength up conversion. Asincreasing
the detuning frequency, no matter wavelength up or down conversion, the conversion
efficiency decreases very quickly which is another serious problem for FANM. These
two phenomena are owing to the intraband processes, and because of the limits of the
bandwidth of the signal and the optical filter, the very small frequency detuning which

the interband process dominates could not be practiced here.

4.3.2 Performanceanalysisfor FWM and rFWM
In fig. 4-15, the performances of the converted signa by FWM and rFWM
scheme are shown by measuring:the BER curves.», For the FWM scheme, the input

signa is at 1554.13 nm and -2.5.dBm, and the pump is at 1552.52 nm and 8 dBm.
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Figure 4-15: The BER curves of the input signal and converted signal by FWM
and rFWM scheme for back-to-back and transmission in 50 km SMF.
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Namely, the output converted signal is at 1550.92 nm. On the other hand, the input
signal and pump are at 1554.13 nm, +2.5 dBm, 1555.75 nm, and 8dBm, respectively,
for the rFWM scheme. In this experiment, the signal wavelength and frequency
detuning are set the same for FWM and rFWM schemes, and the current of the SOA
is300 mA. From fig. 4-15, the power penalty of the converted signal by FWM for
back-to-back is only about 0.1 dB compared with the back-to-back original signal.
This penalty of 0.1 dB might be induced by added ASE noise of the SOA, and the
effect of ER degradation may not obvious due to small signal-to-pump power ratio.
For the signal converted by rFWM, however, the ER has been improved and the
negative power penalty of -0.6 dB is shown in fig. 4-15. To be no different from the
behavior of the positive and negative chip in the XPM scheme, the signal converted
by FWM method which causes the inverse chitp, hamely, negative chirp, performs the
negative power penalty of -0.4 dB for transmissionzin 50 km SMF compared with
itself for back-to-back. The signals with positive chirp including the original signal
and the converted signal by rFWM scheme behave the positive power penalties. The
positive chirp of the converted signal is almost twice in comparison with the original
signal. The power penalties of the original signal and the signal converted by rEWM
are 0.5 dB and 2.8 dB after transmission. In addition, the penalty of 2.8 dB might be
induced by not only double chirp but also the small conversion efficiency which
makes the signal sensitive to added noise.

The eye diagrams of the converted signals are shown in fig. 4-16. It is clear
that there is apparent overshooting at the rising edge with large signal-to-pump power
ratio. On the contrary, there is little overshooting for conversion with small
signal-to-pump power ratio but more noisy signals are obtained through smaller
conversion efficiency, especially for the rFWM scheme. The eye diagrams for

transmission are also shown in the figure.
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Figure 4-16: The eye diagrams of the signals converted by FWM (left) and rFWM
(right) schemes. Conversion with large signal-to-pump power ratio of -4.5 dB
(upper) and small signal-to-pump power ratio of -10.5 dB (middle) for back-to-
back and transmission in 50 km SMF (lower).
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4.4 Cross Polarization Modulation

44,1 Experimental setup
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Figure 4-17: Experimental setup of-cresspolarization modulation scheme.

The experiment setup of cross polarization modulation scheme is shown in fig.
4-17. The setup is very similar to the experiment of FWM scheme. The
differences between them are that there are one more polarization controller and a
polarization beam splitter put behind the optical filter. The polarization controller
and polarization beam splitter are combined and used as a tunable polarizer. In the
experiment, the JDS Uniphase PBC-serious (polarization beam combiner) is used as
polarization beam splitter by reversing the input and output port of the PBC.

In fig. 4-18, the measured static transfer functions of cross polarization
modulation are shown. The signal wavelength is 1554.94 nm and CW is 1549.32
nm at 1 dBm. For the three solid lines operated with current of 200 mA, the

operation parameters are the same at all. From these curves, the inverted or non-
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inverted conversion could be choice only by detuning the tunable polarizer.
Moreover, the transfer functions could be shift to matching the different average input
signal power. This characteristic might be important when the signals come from
different fiber paths and signal powers are dependent on the length of the fibers. In
the figure, the dashed line are operated with current of 250 mA and the curves behave

alittle steeper.
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Figure 4-18: The static transfer function of cross polarization scheme.

4.4.2 Performanceanalysisfor cross polarization modulation

As mentioned at chapter 3, the length of the SOA will influence the frequency
bandwidth of modulation and the longer the SOA is, the larger the bandwidth is. In
the experiments of FWM and cross polarization modulation, the JDS Uniphase SOA
CQF872 is used, and the length of this SOA is shorter than the SOA manufactured by

Alcatel in order to obtain higher saturation power. In other words, the performance
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of the conversion signals by XGM and cross polarization at 10 Gh/s will be very bad
by using the JIDS Uniphase SOA. Therefore, the BER curves of 10 Gh/s conversion
are not measured here. This fact aso shows that the response of the FVM schemeis
much larger than XGM and cross polarization modulation. The BER curves of the
signal and conversion signal at 2.5 Gb/s and 5 Gb/s are shown in fig. 4-19. At low
bit rate of 2.5 Gb/s, the ER of the conversion signals are improved and the negative
power penalties of -0.4 dB and -0.3 dB due to the ER improvement by conversion are
shown for inverted and non-inverted conversion, respectively. However, as bit rate
of the signal is increased to 5 Gb/s, the power penalties are changed to 2 dB and 1.1
dB for inverted and non-inverted conversion, respectively, owing to the limit of the
bandwidth. For both 2.5 Gb/s and 5 Gb/s, the signal and CW wavelength are
1554.29 nm and 1549.32 nm, respectively, _The average input signa power and CW

power are 1.5 dBm and 5.5=dBm, respectively. ' In fact, for the interferometric
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Figure 4-19: The BER curves of the original signal and conversion signals at 2.5
Gb/sand 5 Gb/s.
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arrangement, a stable operation environment is very important in order to obtain good
performance. But for the cross polarization modulation scheme, the fluctuation of
the SOP will influence the power distribution between two arms of the interferometer.
Furthermore, the output powers are no longer stable whether level one or level zero of
the converted signal. This phenomenon could be seen from the power meter which
displays the fluctuation of the converted signal power. The most serious condition
has ever been seen is the amplitude of fluctuation of near 1 dB. It can be aso
appreciated clearly from the eye diagrams which would vary suddenly every a while.
Therefore, even the best condition of the polarizer is found, it can’t be guaranteed to
be aways the best condition during conversion and measuring. This is another
reason that the performance of cross polarization modulation is not as good as
expected.

Although the BER curves of. the converted- signals at high bit rate and with
transmission are not illustrated-in fig: 4-19,.the eye diagrams of them are shown in fig.
4-20, which includes the eye diagrams at 2.5 Gb/s and 10 Gb/s with and without
transmission. From the figure, the EOR degrade as the bit rate of the signal increase
owing to insufficient bandwidth. On the other hand, the chirp of the converted
signal is the same as using XPM scheme. The inverted signal is influenced by
positive chirp and distorted seriously in SMF, but EOR of the non-inverted signa

which is dominated by negative chirp become larger.

73



e o s e w e pe e O] o o e e e we swsns )

Fir%ure 4rZO The eye dlagrams of the 2 5Gbl/s mverted (1St row) 10 Gb/s mverted
row), 2.5 Gb/s non-inverted (3" row) and 10 Gb/s non-inverted (4" row)
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443 Wavelength conversion to different wavelengths
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Figure 4-21: The power penalties of -the converted signal by cross polarization
modulation as a function of CW. wavelength:

The wavelength conversion to different wavelengths by cross polarization
modulation is measured, and the performances of them are represented by the power
penalties illustrated in fig. 4-21. In the experiment, the signal is 1554.94 nm, 5.5
dBm at 5 Gb/s and CW power is 1.5 dBm. Most of the power penalties are under 2
dB, and the result shows little dependence on the CE wavelength. Moreover, it
seems somewhat irregular which is probably because the polarizer is not guaranteed

to be operated at best conditions every times.
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CHAPTER 5
CONCLUSION

5.1 Summary

Wavelength conversion will become an important function in WDM systems and
photonic switch blocks. In thisthesis, the ssimulations and experiments of four kinds
of the wavelength converters which include the XGM, XPM, FWM, and cross
polarization modulation in SOA’s have been done. The simulations by the program,
MatLab, are helpful for realizing the details of the mechanisms. It is also very
convenient to set different parameters. The parameters include not only the currents,
wavelengths and powers which are easy to change in experiments but also the length,
confinement factor, and linewidth enhancement factor of SOA’s which are difficult to
change unless the specialy made SOA’s.arer.bought. Moreover, the phase
information of a signal is hard-to.be measured which is only compared by using the
dispersion of SMF, and in the simulations-the frequency chirping is calculated
following the amplitude information.. As the results of the simulations shown in
chapter 3, the shapes, ER’s, frequency chirpings, EOR’s, conversion efficiency, and
static transfer functions of converted signals and carrier distribution of SOA’s are
calculated. However, the parameters used in simulations may not always redlistic,
and some parameters are not easy to set in order to get the best performance of the
converted signals especially for signals at very high bit rate. Therefore, the
experiments are important for retrieve these drawbacks of the simulations and used to
prove or be compared with the results of the simulations.

For XGM scheme, the most important advantage is easy. It is indeed easy to
set up and the best parameters are also easy to find and be adjusted. However, the

serious problems are the high positive frequency chirping and ER degradation for
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wavelength up-conversion which becomes more and more serious when the signal
pass through several wavelength converters by XGM.

For XPM scheme, it has very good performance of the converted signals, such as
lower frequency chirping, ER improvement, and free choices between inverted and
non-inverted conversion. If the non-inverted scheme is selected, the negative chirp
which will cause negative power penalties with transmission in SMF is accompanied
with wavelength conversion. Buit it is very complicated and troublesome to find the
best operations because of too many parameters influencing the result. The
polarization dependence is another trouble even using so-called polarization
independent SOA’s. As shown in the simulation and experiment, the SOP of the
CW may affect the performance of the converted signals strongly.

For FWM scheme, the bit rate and signal format transparency are very attractive.
But it is lamentable that the conversion efficiency of FWM is so low and therefore
may be very noisy, as well as thepolarization sensitivity is also troublesome. In
addition the ER of the converted signals may degrade alittle.  Although this problem
could be solve by using a ssimilar scheme rFWM which could enlarge the ER of the
output signal, it suffers another serious problem in which the frequency chirping of
the original signal will be converted double and the chirp is usually positive.

For cross polarization modulation, it is very similar to XPM scheme. Namely,
it is aso an interferometer in which only one SOA is needed and the operation is not
so complicated compared with XPM. The same as XPM, non-inverted and inverted
conversion could be chosen free as well as the characteristics of the frequency
chirping. Nevertheless, the conversion efficiency is also too low like FWM
compared with XGM and XPM in which the efficiency could be larger than 0 dB and
the unstable output power and performance due to the fluctuation of the SOP are main

drawbacks of this scheme.
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5.2 FutureWorks

For the time being, there is still no the best solution for wavelength conversion
although so many methods are proposed. However, many disadvantages of
wavelength converters by using SOA’s are owing to the insufficient characteristics of
SOA’s. It has been proposed [18] that the quantum dot SOA own many qualities,
such as very wide gain bandwidths, inhomogeneous broadened gain spectra, high
saturation powers, fast gain dynamics and a low linewidth enhancement factor, which
are useful for wavelength conversion and could improve the converted performance
as genera bulk or quantum well SOA’sused. Therefore, a specially made quantum
dot SOA might be bought and used to be a wavelength converter in XGM and FWM
scheme. On the other hand, the SOA which employs a strained active region is
polarization dependent and the PDG of_this kind-of SOA’s is larger than common
SOA’s. It also could be used-in.cross polarization scheme for improving the degree
of polarization rotation. Furthermare; if.atunable polarizer is set behind the SOA in
the experimental setup of FWM, the ER of the converted signal might be improved.
Y et, the too small conversion efficiency is the most important question which must be

overcome to redize thisidea.
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