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Abstract

Performance Degradation of Multiwavelength Optical
Networks due to Laser and Optical (De)multiplexer

Misalignments

by

Nidal Nuri Khrais

Advisor: Professor Samir Ahmed

Laser misalignment tolerances for Wavelength Division Multiplexing (WDM)
systems with two optical (de)multiplexers are almost the same at 2.5 Gb/s and 10

Gb/s per optical channel. For the three types of (de)multiplexers considered,
(de)multiplexers modeled as third-order Butterworth filters have the highest
misalignment tolerances, (de)multiplexers modeled as second-order Butterworth
filters have lower misalignment tolerances, and (de)multiplexers modeled as first-

order filters have the lowest misalignment tolerances. Using two (de)muitiplexers
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modeled as second-order Butterworth filters, laser misalignments of about +30
GHz for 25 GHz (de)multiplexer misalignments produce 1 dB system excess loss.
Even tilough the 1 dB system excess loss is a distortion-free criteria, it is found to
produce very stringent misalignment tolerances. A more practical criteria occurs at
0.3 dB distortion-induced eye-closure penalty where the eye-diagram still looks
good. Laser misalignment tolerances for WDM optical networks with a cascade of
2 to 100 (de)multiplexers modeled as either first-order filters or third-order
Butterworth filters are evaluated at 0.3 dB distortion-induced eye-closure penalty.
The results are dependent on the number of (de)multiplexers used, on the bit rate,
and on the filter characteristic. We find that both the magnitude and the phase
characteristics of the (de)multiplexers transfer function are important in
determining the distortion-induced penalties. The allowable laser misalignment
tolerances, at 10 GB/s and for systems using (de)multiplexes modeled as third-
order Butterworth filters, vary from +78 GHz (£0.63 nm) for systems with a
cascade of 2 filters to +18 GHz (+0.15 nm) for systems with a cascade of 100
filters.

A (de)multiplexer model is formulated. This model is general for any bit rate, any
filter shape and phase, with any bandwidth, and for any number of (de)multiplexers

in cascade.

— - - - - o ——— - - - . — - —
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Chapter 1

Introduction

1.1 Multiwavelength Optical Networks: Definitions and Motivations

The field of optical communications has been and is still growing rapidly since the
proposal of Kao and Hockham [1] to use glass fibers as a waveguide medium for
optical communications in 1966. The main problem was the high loss of optical
fibers; 'ﬁbers available during the 1960’s has losses in excess of 1000 dB/km. A
breakthrough occurred in 1970 when Kapron, Keck, and Maurer reported a
(monomode) quartz fiber with 20 dB loss per kilometer “within fifteen years fiber
losses had been reduced below 0.2 dB/km” in the wavelength region near 1 pm
[2]. At about the same time, GaAs semiconductor lasers, operating continuously at
room temperature, were demonstrated [3]. the simultaneous availability of a
compact optical source and a low-loss optical fiber led to a worldwide effort for
developing fiber-optic communication systems. The capacity of a communication
system can be measured by the bit rate-distance product BL, where B is the bit rate
and L is the repeater spacing. Figure 1.1 shows the progress in the performance of
lightwave systems realized after 1974 [4]. The progress has been rapid by several
orders of magnitude increases in the bit rate-distance product over a period of less

than 20 years.

An attractive technology option to utilize the vast bandwidth offered by the fiber is
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by using the wavelength as an additional degree of freedom to transmit different
channels in paraliel on the same fiber. At the receiver different methods may be
used to separate the individual channels again. A coherent transmission scheme [5]
mixes the incoming signal with a local oscillator signal and provides the highest
sensitivity and theoretically the most efficient usage of the available bandwidth.
However, the complexity of coherent receivers and the stringent requirements on
the stability of the local oscillator makes it unlikely that they will soon become

commercialized.

An alternative concept is a Wavelength Division Multiplexed (WDM) direct
detection system. WDM has been studied intensively as a technology option to
create powerful and reliable telecommunication transport networks that allow
graceful network evolution. WDM technologies may provide a number of benefits
to local exchange and interexchange networks including: increased transport
capacity [6] and flexibility [7], [8]; reduced equipment cost [9]; and enhanced
network integrity [10]. Compared with all-optical multigigabit-per-second time-
division multiplexing/demultiplexing schemes, WDM systems do not need clock
synchronization, or clock recovery. With the commercial availability of Erbium-
doped fiber amplifiers (EDFAs), WDM is expected to emerge from the laboratory

to practical and widespread system applications.

EDFAs can ease constraints on system design because its broad spectrum provides
the amplification gain required to compensate for the insertion loss caused by

multiplexing components and power-dividing devices.
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Multiplexers “for spatial combination of different channels” and demultiplexers
“for spatial separation of different channels” are key components in WDM
networks. As an example, in a WDM ring network [6], optical signal processing
via WDM demultiplexing and multiplexing is used, to avoid electronic processing
of digital signals that pass through an office, to drop and add primarily the traffic
originating and terminating at each office. A liquid crystal Fabry-Perot (F-P)
interferometer optical filter has been used as a (de)multiplexer [11]. Multi-layer
dielectric film optical filters have also been used as (de)multiplexers [12]. Phased-
array wavelength (de)multiplexers based on the principle of split, shift, and add
using an array of curved waveguides are another important technology option for

multiwavelength optical networks [13], [14], [15].

In a WDM optical network, every optical channel uses a dedicated laser source.
Laser arrays are considered attractive light sources for use in WDM optical
networks. WDM is essentially a parallel technology, and the use of array
transmitters and receivers is intended to overcome the cost factors associated with

the use of discrete devices, one per channel, in a natural and practical way [16].

Two key WDM components, namely, (de)multiplexers and transmitters, have
significant effect on the performance of WDM networks. The following two

sections provide description for each of them.
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1.2 Optical Transmitter

The design of a multi-channel communication system requires careful
consideration of the transmitter characteristics [17]. In a WDM system, every
optical channel must have a dedicated laser and associated electronics, even in the
case of a laser array. The operating characteristics, the stability, and the control of
each of the optical carriers are important because the individual optical channels

may be separated by only a few nanometers.

The emission spectrum of a laser source can change considerably over time due to
change in the operating conditions such as temperature, humidity, and material
aging. While such frequency changes may be of concem in a single-channel
communication system, the carrier frequencies in a multi-channel system can be of
far greater concern. This is because they must remain stable in both a relative sense
so that channel spacing does not fluctuate with time, and individually so that the
cumulative drifts of all of the network elements within a channel, including the
transmitter, receiver, and WDM devices, do not inhibit transmission. For example,
.a Distributed Feedback (DFB) semiconductor laser used as single-longitudinal
source will typically drift on the order of 0.1 to 0.15 nm/°C. This implies that a
ThermoElectric Cooler (TEC) will likely be required to stabilize the junction
temperature of the laser. Because the temperature sensor used in the control circuit

of the TEC does not typically measure the junction of the laser, but rather some
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point near the laser, it can be difficult to accurately maintain the laser’s junction
temperature during rapid changes in ambient temperature and over the lifetime of

the device.

Direct .current modulation of the laser signal causes substantial broadening and
wavelength shifting within the inherent linewidth. This phenomena, referred to as
optical frequency chirp, is of particular concern in high speed systems. Changing
the current to perform the modulation causes changes in the index of refraction of
the laser medium which, in turn, cause chirping. This condition can result in a
chirp-induced dispersion penalty that can be severe for 10 Gb/s systems and can

also affect the performance of a WDM system.
1.3 Optical Multiplexers and Demultiplexers

In a WDM network, the lightwave signal passes through a number of concatenated
components, such as multiplexers, demultiplexers, EDFAs, and noise-limiting
optical bandpass filters, all of which can serve as optical filters. The effect is a

potentially significant narrowing of the effective passband.

Concatenation of components makes the system susceptible to passband
misalignments arising from device imperfections and temperature variations. This

also leads to narrowing the effective passband.

The purpose of this thesis is to evaluate the performance degradation of
multiwavelength optical networks, due to laser and optical (de)multiplexer

misalignment. The performance evaluation will cover point-to-point WDM optical
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networks with a multiplexer and demultiplexer and optical networks with large
number of (de)multiplexer cascades. The study also includes a comparison
between simulation and experimental results for a WDM optical network with a
cascade of 8 multiplexers and 8 (de)multiplexers. We also formulated a
(de)multiplexer model that is general for any bit rate, any filter shape, any filter
phase, and for any filter bandwidth. Since a cascade of (de)multiplexers is another
multiplexer with effective magnitude equal to the product of all the magnitudes of
the muitiplexers in the cascade, and the effective phase is the sum of all the phases
in the cascade, this model is also general for any number of (de)multiplexers in a

cascade.
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Chapter 2

Performance Degradations of WDM Systems
due to Laser and Optical Filter Misalignments

at 1 dB System Excess Loss Criteria

2.1 Introduction

Wavelength division multiplexing (WDM) techniques are considered an attractive
technology option for utilizing the vast bandwidth offered by optical fibers in
optical Multiplexers networks [6], [7], [18]. In an optical network, the lightwave
signal passes through a number of concatenated components, such as multiplexers
(MUX), demultiplexers (DEMUX), EDFAs, and noise limiting optical bandpass
filters, all of which can serve as optical filters. The concatenation of optical filters
makes ~the system susceptible to filter passband misalignments arising from device
imperfections, temperature vaniations, and aging. The emission spectrum of the
laser source may also be misaligned with the effective center frequency of the
optical filters due to manufacturing tolerances, aging, or operating conditions.
Performance degradation in WDM systems may arise due to the combined effects
of optical filter misalignments, laser misalignments, and laser chirp.

Previous work focused on a multi-channel star optical network architecture to

determine the performance degradation due to the combined effect of laser chirp
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and, using a single multiple-path interferometer filter (specifically, a Fabry-Perot
filter), which has been modeled as a first order filter [19].

In this chapter, we use computer simulation techniques to evaluate the performance
degradation for:

A) a single path of an interoffice WDM network using a cascade of two grating-
based WDM optical filters (a multiplexer and a demultiplexer), taking into
consideration misalignments between the two WDM optical filters, laser
misalignments, and laser chirp [20]. The results are also compared to the case of
using a cascade of either two multiple-path interferometer optical filters, or two
multi-layer dielectric film optical filters.

B) WDM optical networks with large number of optical filters. In contrast to the
multiple-path interferometer optical filters, which are modeled as first order filters,
each of the grating-based WDM optical filters is modeled as a second order
Butterworth filter, in agreement with experimental measurements [21]. The multi-
layer dielectric film optical filters have been used in a multiwavelength network
testbed [12], and are modeled as third order Butterworth filters in agreement with
experimental measurements for their transmission characteristics. For lightwave
systems using WDM technology with 2-nm or more channel spacing, the crosstalk
is small enough to be neglected in this study.

2.2 The System Model

We model system “A” as a single path in an interoffice WDM network, and system

“B” as a WDM optical network with large number of optical filters, both at 2.5
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10

Gb/s and 10 Gb/s per optical channel. The path in system “A” consists of a
transmitter, a multiplexer, a demultiplexer and a receiver, as shown in Fig.2.1. The
simulation block diagram for system “B” consists of a transmitter, a cascade of
optical filters and a receiver as shown in Fig. 2.2. At 2.5 Gb/s, two cases were
considered: direct current modulation of a Multi-Quantum-Well Distributed
Feedback laser (MQW-DFB) and direct current modulation of a bulk DFB laser. At
10 Gb/s two other cases were considered: direct modulation of a MQW-DFB laser,
and external modulation of a DFB laser. The single-longitudinal -mode rate

equations that describe the laser dynamics are expressed by:

dN I N S

— =——-——g(N-N )—— 2.1
d qV 1, & ‘)1+eS @1
dS S S N

B re(N-N)——_2 i3 29
dt &( ')1+sS T, Bt,, 22)

Where N is the electron density, S is the photon density, I is the optical
confinement factor given by the ratio of the active region volume to the modal
volume, g is the gain slope constant, N, is the electron density at which the net

gain is zero, t, is the photon life time, t_ is the electron life time, B is the fraction

of the spontaneous emission coupled into the laser mode, V is the volume of the
active layer, q is the electronic charge, ¢ is the gain compression factor, and I is the
current injected into the active layer. Typical single-mode semiconductor laser
parameter values [21] for both the Bulk DFB laser and the MQW-DFB laser used
in this study are given in Table 2.1. A non return-to-zero (NRZ) random data length

equal to 128 bits is used. The bias current I, is assumed to be equal to the laser
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threshold current I, and the modulating current varies from 0 to 21, . The laser-
drive circuit is modeled as a simple RC circuit (RC=21psec). The electric field at
the output of the laser facet (input to the multiplexer-demultiplexer cascade) is

expressed by:
E,(t)= 1/P(t) exp[j2n j' f(t)dr, (2.3)

where the output power per facet P is given by:

SVnhf
2l't,

(2.4)

and the laser instantaneous frequency (chirp) f{t) is given by the relation:
t t 1
o(t) = 2 [ f(x)dv = - ()T gANdr, (2.5)
0 0

t t
here, AN is the incremental ®(*) = 2”{ f(r)dz = ".! (%)q‘r BANAT 1 oum efficiency,
and o is the linewidth enhancement factor. For externally-modulated systems,
where the chirp is zero, the electric field input to the multiplexer-demultiplexer
cascades is given by:

E,(t) = VPe(t) (26)
where P (t) is the output power from the external modulator simulated as a NRZ
random data sequence of length equal to 128 bits. The FWHM for each optical
filter is assumed to be 1 nm and is found to be much wider than the laser spectrum
under modulation at 2.5 Gb/s and at 10 Gb/s. The receiver electrical filter is
modeled as a third order Butterworth filter with 3 dB bandwidth of 0.65 times the

bit rate.
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The system excess loss versus the laser misalignments (Af) is calculated relative to
the case without optical filters for different values of the optical filter misalignments
(6f). Here, Af is the difference between the center frequency of the laser spectrum
under modulation and the center frequency of the effective passband of the
concatenated muitiplexer and demultiplexer, and &f is the absolute difference

between the center frequencies of the MUX and the DEMUX, as shown in Fig. 2.3.

The system excess loss is equal to 10 log%, where a is the average received optical

power for a WDM system without optical filters, and b is the average received
optical' power for the WDM system under study. Minimum system excess loss
occurs when the center frequency of the laser spectrum under modulation coincides
with the center frequency of the effective passband of the concatenated multiplexer
and demultiplexer.

2.3 Simulation Results for a Cascade of a Multiplexer and a Demultiplexer

At 2.5 Gb/s per optical channel, the system excess loss is almost the same for either
direct modulation of a MQW-DFB laser, or direct modulation of a Bulk DFB laser.
With a MQW-DFB laser, laser misalignments of +35 GHz for 25 GHz optical filter
misalignments produce 1 dB system excess loss. However, 75 GHz filter
misalignments produce 1 dB system excess loss if the center frequency of the laser
spectrum under modulation is perfectly aligned with the center frequency of the
effective passband of the concatenated multiplexer and demultiplexer as shown in
Fig.2.4. With a Bulk DFB laser misalignments of +33 GHz for 25 GHz optical filter

misalignments produce 1 dB system excess loss and, as before 75 GHz filter
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misalignments produce 1 dB system excess loss if the center frequency of the laser
spectrum is perfectly aligned as shown in Fig.2.5.

At 10 Gb/s per optical channel, the system excess loss is calculated for two cases:
direct current modulation of a MQW-DFB laser and external modulation, which are
considered attractive options at this bit rate. For the case using MQW-DFB laser,
laser misalignments of +29 GHz for 25 GHz optical filter misalignments produce 1
dB system excess loss as shown in Fig. 2.6. With external modulation laser
misalignments of £33 GHz for 25 GHz optical filter misalignments produce 1 dB
system excess loss. In both cases 75 GHz filter misalignments produce 1 dB system
excess loss if the laser spectrum under modulation is perfectly aligned with the
passband of the concatenated MUX and DEMUX as shown in Fig. 2.7.

Table 2.2 summarizes the required misalignment tolerances at 1 dB system excess
loss for WDM systems using all three types of optical filters: two grating-based
optical filters, two multiple-path interferometer optical filters, or two multi-layer
dielectric film optical filters. Comparing laser and optical filter misalignments
tolerances, systems using two multiple-path interferometer optical filters require
more stringent control of misalignments than systems using two grating-based
optical filters. Systems using two multi-layer dielectric film optical filters require
the least stringent control of misalignments compared to either systems using two
grating-based optical filters or systems using two multiple-path interferometer

optical filters.
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2.4 Conclusions for a Cascade of a Multiplexer and a Demultiplexer

Using computer simulation techniques, we evaluate the limitations on laser and
optical filter misalignments for various modulation techniques, at different bit rates,
using either two multiple-path interferometer optical filters, two grating-based
optical filters, or two multi-layer dielectric film optical filters. The results are
significantly dependent on the type of the optical filters used. WDM systems at 1
dB system power excess loss for 25 GHz filter misalignments tolerate a laser
misalignment of about +20 GHz using two multiple-path interferometer optical
filters, +30 GHz using two grating-based optical filters, and 38 GHz using two
multi-layer dielectric film optical filters. A 1 dB excess loss occurs when the center
frequency of the laser under modulation is perfectly aligned with the center
frequency of the effective passband of the optical filters for optical filter
misalignments of 45 GHz using two multiple-path interferometer optical filters, 75
GHz using two grating-based optical filters, and 90 GHz using two multi-layer
dielectric film optical filters. In this study the modulation speed and techniques are
not an issue since the FWHM for each optical filter is much wider than the optical
spectrum under modulation.

2.5 Simulation Results for a Cascade of Large Number of Multiplexers and
Demulitiplexers

At 2.5 Gb/s per optical channel, and for each case of cascading 10, 20, or 30 filters,
laser misalignments tolerances are the same, for either using direct current

modulation of a MQW-DFB laser, or direct current modulation of a Bulk DFB
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laser. At 1dB system excess loss, with a cascade of 10 multiple-path interferometer
optical. filters, laser misalignment tolerances are +10 GHz, with a cascade of 20
multiple-path interferometer filters, laser misalignment tolerances are +7 GHz, and
with a cascade of 30 multiple-path interferometer filters, laser misalignment
tolerances are +5GHz. However, for the case where the center frequency of the
laser spectrum is perfectly aligned with the center frequency of the effective
passband of the concatenated filters, using MQW-DFB laser, a cascade of 700
multiple-path optical filters produce 1 dB system excess loss. Using Bulk DFB
lasers, where the chirp has clear effect on the laser spectrum such that the laser
spectrum under modulation is wider than the spectrum of a MQW-DFB laser as
shown in Fig. 2.8 and Fig. 2.9, the number of optical filters in a cascade falls to 350
multiplé—path interferometer optical filters to produce 1 dB system excess loss if the
center frequency of the laser spectrum is perfectly aligned with the center frequency
of the effective passband of the optical filters.

At 10 Gb/s per optical channel, the system excess loss is calculated for either using
direct current modulation of a MQW-DFB laser or using external modulation. For
the case using direct current modulation of MQW-DFB laser, with a cascade of 10
multiple-path interferometer optical filters, even with the laser spectrum under
modulation is perfectly aligned with the effective passband of the concatenated
optical filters, the system excess loss is more than 1 dB, this is because the chirp has
greater effect at 10 Gb/s than at 2.5 Gb/s as shown in Fig. 2.10 and Fig. 2.11.

However using external modulation, where the chirp is not a problem, it takes a

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



16

concatenation of 100 multiple-path optical filters to produce 1 dB system excess
loss if the laser spectrum under modulation is perfectly aligned with center
frequency of the effective passband of the cascaded filters. Therefore it was possible
it was possible using external modulation technique to concatenate 10, 20, and 30
multiple-path interferometer optical filters. The laser misalignment tolerances at 1
dB system excess loss are : + 10 GHz for the case of cascading 10 multiple-path
interferometer optical filters, it is + 7 GHz if 20 multiple-path interferometer optical
filters are cascaded, and it is +5 GHz if 30 multiple-path filters are cascaded. Even
with the fact that the chirp is not an issue, still the spectrum of the laser under
modulation at 10 Gb/s using external modulation technique is wider than the
spectrum of the laser spectrum using direct modulation of MQW-DFB laser at 2.5
Gb/s.

Table 2.3 summarizes the required laser misalignment tolerances for WDM systems
for the cases with either 10, 20, or 30 optical filters, using all three types of optical
filters: multiple-path interferometer optical filters, grating-based optical filters, or
multi-layer dielectric film optical filters. Comparing laser misalignment tolerances
for each case of 10, 20, or 30 optical filters, systems using multiple path
interferometer optical filters require more stringent control of laser misalignment
than systems using grating-based optical filters. Systems using multi-layer dielectric
film optical filters require the least stringent control of misalignments compared to
systems using either grating-based optical filters or systems using multiple-path

interferometer optical filters.
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2.6 Conclusions for a Cascade of Large Number of Optical filters

In this section, we use computer simulation techniques to evaluate the limitations on
laser misalignments for various modulation techniques, at different bit rates, using
either multiple-path interferometer optical filters, grating-based optical filters, or
multi-layer dielectric film optical filters, for the cases of cascading 10, 20, or 30
filters. The results are significantly dependent on the type of the optical filters used.
If grating-based or multi-layer optical filters are used, the modulation technique and
the bit rate are not significant factors. At 1 dB system excess loss, at 2.5 Gb/s using
direct éurrent modulation of either MQW-DFB laser or Bulk DFB laser, or at 10
Gb/s using either direct current modulation of MQW-DFB or external modulation,
the laser misalignments are: +25 GHz if 10 grating-based optical filters are
cascaded, +21 GHz if 20 grating-based optical filters are cascaded, and + 19 GHz
if 30 grating-based optical filters are cascaded. Laser misalignment tolerances are:
+34 GHz if 10 multi-layer dielectric film optical filters are cascaded, +31 GHz if
20 multi-layer dielectric film optical filters are cascaded, +29 GHz if 30 multi-layer
dielectric ﬁlm optical filters are cascaded. The modulation techniques and/or the bit
rate become significant factors if the type of the optical filters used are multiple-
path interferometer. While at 10 Gb/s is not possible, even with the laser spectrum
is perfectly aligned, to cascade 10 multiple-path interferometer using direct current
modulation of MQW-DFB laser; it is possible to cascade 100 multiple-path optical

filters if external modulation is used.
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Figure 2.4: System excess loss at 2.5 Gb/s using direct current modulation of
MQW-DFB laser.
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Figure 2.5: System excess loss at 2.5 Gb/s using direct current modulation
of a Bulk-DFB laser.
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Figure 2.8: Laser spectrum under modulation at 2.5 Gb/s using
direct current modulation of a Bulk-DFB laser.
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Figure 2.9: Laser spectrum under modulation at 2.5 Gb/s using
direct current modulation of a MQW-DFB laser.
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Bulk DFB Laser | MQW-DFB Laser
Active-layer volume (m3) v=4.5x10-17 v=2.1x10%7
Spontaneous emission factor p=1.1x10+ B=1.1x104
Optical confinement factor r=0.28 '=0.085
Optical gain constant (m3/sec) g=2.7x10-12 g=7.55x10-12
Gain compression factor (m3) £=2.5x10-3 £=5.0x10-3
Linewidth enhancement factor a=7.0 a=3.5
Transparency carrier density (m3) | N;=1.0x1024 N;=1.2x1024
Carrier lifetime (sec) 1,=0.5x10¢ 7,=0.5x10®
Photon lifetime (sec) 7,=1.0x10-12 1,=1.5x1012
Quantum efficiency n=0.3 n=0.3
Laser wavelength (m) A=1.55x104 A=1.55x106

Table 2.1: Semiconductor laser parameter values used in solution of
single-mode rate equations.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Mi Il:llter Mi Il.aser
nts salignments
Type of WDM salighme
Bit Rate witha with 25 GHz
Modulation| Filter Type (pecfectiy Aligned Fiiter
Laser Misalignments*
Multiple-path
2.5Gb/ls | MQW-DFB interferometer 45 GHz +22
Muitiple-path
25Gbls | Bulk-DFB |, ierferometer 45 GHz +20
2.5Gb/s | MQW-DFB |Grating-based 75 GHz +35
2.5CGb/s | Bulk-DFB |Grating-based 75 GHz +33
Multi-layer
25Gbis | Bulk-DFB | Multblayer | g5 gy, +38
Multiple-path
10Gb/s | DFB-MQW [l ePefel | 45GHz 17
Multiple-path
10 Gb/s External | terferometer 45 GHz +19
10 Gb/s | DFB-MQW |Grating-based 75 GHz +29
10 Gb/s Extemmal |Grating-based 75 GHz £33
Multi-layer
10Gb/s | MQW-DFB | jioibciicfim | 85 GHz +38
Multi-layer
10 Gb/s Extemnal dielectric film 90 GHz +38

Table 2.2: Laser frequency misalignment tolerances for a point-to-point WDM
systems with different types of optical filters.
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Laser Laser Laser Max. # of cascad
Bit Rate Type of WDM Misalignment Misalignment Misalignment optical fliters
Modulation}] Filter Type }jwith a cascade ofjwith a cascade ofjwith a cascade of] with a perfectly
10 Optical Filters*|20 Optical Fiiters*{30 Optical Filters*] aligned laser*
2.5 Gb/a [MOW-DFB | Mutisle-peth ™10 GHz 17 Gz +5 GHz 700
25 Gb/s | Bulk-DFB | MubPe-Rel | 410 GHz 17 GHz 15 GHz 850
2.5 Gb/s | MQW-DFB | Grating-based 125 GHz 121 GHz 119 GHz >2000
2.5 Gh/s | Bulk-DFB | Grating-based 125 GHz2 +29 GHz +19 GH2 >2000
2.5 Gb/s [MQW-DFB | uit-layer 134 GHz 31 GHz 429 GHz >2000
2.5 Gb/s | Bulk-DFB | (MU ver +34 GHz 431 GHz 429 GHz >2000
10 Gb/s | DFB-MQW W - - - 8
10 Gb/s | External | SUitEe-eah | 110 GHz +7 GHz 15 GHz 100
10 Gb/s | DFB-MQW | Grating-based 125 GHz 121 GHz +18 QHz 80
10Gb/s | External | Grating-based 125 QHz 121 GHz 319 GHz 1600
10 Gvs |MQW-DFB % 34 GHz +30 GHz 28 GHz 115
10Gb/s | External | glecinenim | 334 GHz 31 GHz 29 GHz 1760

*At 1 dB System excess loss
“*System excess loss is higher than 1 dB

Table 2.3: Laser frequency misalignment tolerances for WDM systems using
large number and different types of perfectly aligned optical filters
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Chapter 3
Performance Degradation of Multiwavelength

OpticalNetworks due to Laser and (De)multiplexer

Misalignments for 30 (de)multiplexers in Cascade

3.1 Introduction

Wavelength division multiplexing (WDM) techniques are considered an attractive
technology option for building a flexible optical network layer [6], [7], [18]. In a
multiwavelength optical network, the ligthwave signal passes through a number of
concatenated components, such as WDM multiplexers, demultiplexers, EDFAs,
and noise-limiting optical bandpass filters, all of which can serve as optical filters.
The cc‘mcatenation of optical filters makes the network susceptible to filter
passband misalignments arising from device imperfections, temperature variations,
and aging. Laser arrays are considered attractive light sources for use in
multiwavelength optical networks. However, array technology provides less
control of the laser wavelengths, relative to the effective center frequency of the
concatenated optical filters, than discrete single-channel devices [24]. Furthermore,
direct current modulation of a single-longitudinal-mode laser source introduces

chirp, resulting in broadening of the modulation bandwidth of the optical spectrum.
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Performance degradation in multiwavelength optical networks systems may arise

due to the combined effects of optical filter misalignments, laser misalignment, and

laser chirp.

In previous work, we have determined the system excess loss for a single path of
an interoffice WDM network with two (de)multiplexers, taking into consideration
misalignment between the two WDM optical filters (a multiplexer and a

demultiplexer), laser misalignment, and laser chirp, [20], [23].

In this chapter we use computer simulation techniques to evaluate the performance
degradation (in terms of the system excess loss and the system distortion-induced
eye-closure penalty) of a multuwavelength optical network with a cascade of 30
randomly misaligned (de)multiplexers taking into consideration laser misalignment,
and laser chirp. For lightwave systems using WDM technology with 200 GHz or
more channel spacing, crosstalk is small enough to be neglected in this study. It
also should be noted that a lightwave signal may pass through 15 network

elements (i.e 30 (de)multiplexers) in a typical multiwvaelength ring network [6].
3.2 The System Model

The simulation block diagram for the WDM system considered is shown in Fig.3.1.
The system consists of a transmitter at 2.5 Gb/s or 10 Gb/s per optical channel, a
cascade of randomly misaligned (de)multiplexers, and a receiver. At 2.5 Gb/s per
optical channel, three cases are considered: direct current modulation of a Multi-

Quantum-Well Distributed Feedback laser (MQW-DFB), direct current
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modulation of a Bulk DFB laser and external modulation of a DFB laser. At 10
Gb/s per optical channel, external modulation of a DFB laser is considered. The
dynamics of the DFB laser diode are modeled using the single-longitudinal-mode
rate equations with laser parameters given in [22]. A non return-to-zero (NRZ)

random data sequence of length equal to 128 bits is used. The bias current I, is
assumed to be equal to the laser threshold current I, and the modulating current
varies from O to 2I,. The laser-drive circuit is modeled as a simple RC circuit

(RC=21 psec). The electric field at the output of the laser facet (input to the

optical filter cascade) is expressed by:
E, (1) = /P(t) exp[ jrzd) f(t)dt:l (3.1)
0

where P(t) and f{t) are the laser output power and the laser instantaneous
frequency (chirp) respectively. For externally-modulated systems, where the chirp

is zero, the electric field input to the optical filter cascade is given by:

Eq(t) = yPo(t) (3.2)

Here, P_,(t) is the output power from the external modulator simulated as NRZ

random data sequence of length equal to 128 bits.

The two types of the (de)multiplexers considered in the simulation are modeled as
first-order and third-order Butterworth filters with filter transmittance

characteristics given by:
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H, = ‘ (3.3)

1+[2(f—f0 —5f)] "
£

c

where f is the optical frequency, f,, is the center optical frequency of the optical
filter, f, is the FWHM which is assumed to be 125 GHz (1 nm), &f is the filter

center frequency misalignment from f, and n is the order of the filter.

The theoretical filter shapes used in the simulation represent WDM
(de)multiplexers technologies fairly well. For example, a liquid crystal Fabry-Perot
(F-P) interferometer optical filter has been used as a (de)multiplexer [11] with
transmittance characteristic that can be modeled as a first-order Butterworth filter.
Alternatively, multi-layer dielectric film (de)multiplexers with FWHM equal to 312
GHz (2.5 nm) have been used in a multiwavelength network testbed [12]. The
transmittance characteristic of each multi-layer dielectric (de)multiplexer is
modeled as a third-order Butter-worth filter in agreement with experimental
measurements, as shown in Fig. 3.2. To incorporate the multi-layer dielectric film
(de)mqltiplexer in the simulation model, the FWHM is scaled down from 312 GHz
to 125 GHz, while retaining the assumption of a third-order Butterworth

characteristic.

Phased-array wavelength (de)multiplexers based on the principle of split, shift, and
add using an array of curved waveguides are another important technology option
for multiwavelength optical networks [13], [14], [15]. The transmittance

characteristics of phased-array (de)multiplexers may be modeled as second-order
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Butterworth filters if the input optical signal is split into equal intensity
components in each path with constant phase difference between the adjacent
paths [15]. It may also be possible to design these types of (de)multiplexers with

transmittance characteristics to fit Butterworth filters with order higher than two.

The passband of each (de)muitiplexer used in the simulation, with FWHM=125
GHyz, is found to be much wider than the spectrum of the laser under modulation

at 2.5 Gb/s and 10 Gb/s as shown in Fig. 3.3.

Two cases are considered in the simulation. In the first case, the center frequencies
of all cascaded (de)multiplexers are assumed to be perfectly aligned. In the second
case, the cascaded (de)multiplexers are assumed to be uniformly misaligned over a
range of up to £12.5 GHz as shown in Table 3.1. Because of the linearity of the
system we are dealing with, the sequence of the misalignment of the

(de)multiplexers in the system has no effect on the results.

A cascade of randomly misaligned (de)multiplexer has an effective passband
narrower than the passband of each single (de)multiplexer and centered at optical
frequencyf,__, which is not necessarily equal to f,. The laser misalignment (Af ) is
defined as the difference between the center frequency of the laser spectrum under
modulation and the center frequency of the effective passband of the concatenated

(de)multiplexers f, as shown in Fig. 3.4.

The receiver electrical filter is modeled as a third-order Butterworth filter with a 3
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dB bandwidth equal to 0.65 times the bit rate in order to minimize the receiver

noise while maximizing the eye opening.

The system excess loss and distortion-induced eye-closure penalty versus laser
misalignment (Af ) are calculated relative to the case without (de)multiplexers.
The system excess loss is caused by the optical signal being located on the edge of

the filter and is equal to 10log ¢, where a is the average received optical power for

a system without (de)multiplexers, and b is the average received optical power for
the WDM system under study. This is assumed to be equal to the ratio between the
steady state signal level difference between logical ONE and logical ZERQ
calculated for a system without (de)multiplexers and for the WDM system under
study. The distortion-induced eye-closure penaity for the WDM system under

study is caused by the slope of the filter shape and is equal to 10log %, where c is

the steady-state signal level difference between logical ONE and logical ZERO,
and d ‘is the eye opening. Minimum system excess loss and distortion-induced
penalty occur when the center frequency of the laser spectrum under modulation
coincides with the center frequency of the effective passband of the concatenated

(de)multiplexers.

In a multiwavelength optical network, the system excess loss can be overcome by
optical amplifier gain. However, eye-closure penalty due to waveform distortion
caused by the (de)multiplexer cascade is a fundamental limit and can not be

eliminated.
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3.3 Simulation Resuits

In a first set of simulation runs, the laser misalignment tolerances for 1 dB system
excess loss are computed. This criteria produces very stringent misalignment
tolerances, which are found to be almost the same for all modulation formats: at
2.5 Gb/s using either direct current modulation of a MQW-DFB laser, direct
current modulation of a Bulk DFB laser, or external modulation of a DFB laser,
and at 10 Gb/s using external modulation of a DFB laser. The results of the system
excess loss do not depend on the modulation techniques and the bit rate. The
results strongly depend on the type of the filters used. This is because the spectrum
of the .laser under modulation is much narrower than the passband of each filter
used in this simulation with FWHM=125 GHz as shown in Fig. 3.3. With 30
perfectly aligned third-order Butterworth filters, laser misalignment tolerance is
129 GHz, and is £23 GHz if the filters are uniformly misaligned. With 30 perfectly
aligned first-order Butterworth filters, the laser misalignment is +6 GHz. However,
the system excess loss is higher than 1 dB if the (de)multiplexers are uniformly
misaligned even when the center frequency of the laser spectrum under modulation
is perfectly aligned with the center frequency of the effective passband of the

(de)multiplexer cascade.

In a second set of simulation runs, a more relaxed criteria is examined,
corresponding to 1 dB distortion-induced eye-closure penalty. Fig. 3.5 shows the
received eye diagrams for a WDM system with a cascade of 30 uniformly

misaligned filters using external modulation at 10 Gb/s per optical channel for
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three cases. The received eye diagram for the case without optical filters is shown
in Fig. 3.5a. The received eye diagram for a WDM system using third-order
Butterworth filters with +38 GHz laser misalignment is shown in Fig. 3.5b, where
the system excess loss is 10.2 dB and the distortion-induced eye-closure penalty is
1 dB. The received eye diagram for a WDM system using first-order Butterworth
filters with +24 GHz laser misalignment is shown in Fig. Sc, where the system
excess loss is 18.5 dB and the distortion-induced eye-closure penalty is 1 dB.
Laser misalignment tolerances at 1 dB distortion-induced eye-closure penalty do
not depend strongly on the bit rate and modulation techniques but strongly depend
on the type of the filters used. At 2.5 GB/s per optical channel, laser misalignment
tolerances vary from 141 GHz (for direct modulation) to +44 GHz (for external
modulation) for systems using third-order Butterworth filters. Laser misalignment
tolerances vary from +27 GHz (for direct modulation) to +30 GHz (for external

modulation) for systems using first-order Butterworth filters.

Fig. 3.6 shows system excess loss and distortion-induced eye-closure penalty
versus laser misalignment for 30 uniformly misaligned filters. Note that at 1 dB
distortion-induced eye-closure penalty, the distortion curve is very steep and the
corresponding eye diagrams are very poor (see Fig. 3.5). A more practical criteria
occurs for 0.3 dB distortion-induced penalty, which is near the “knee” of the
distortion curve where the eye diagrams still look good. Laser misalignment of
430 GHz produces 3.5 dB system excess loss and 0.3 dB distortion-induced

penalty if third-order Butterworth filters are used. Multiwavelength optical
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networks using first-order filters require more stringent control of misalignments
than multiwavelength optical networks using third-order filters. Laser
misalignment of 20 GHz produces 14 dB system excess loss and 0.3 dB

distortion-induced eye-closure penalty if first-order Butterworth filters are used.

Table 3.2 summarizes the required misalignment tolerances for the three criterion
used: l dB system excess loss, 0.3 dB distortion-induced penalty and at 1 dB

distortion-induced penalty.
3.4 Conclusion

Computer simulation techniques have been used to evaluate the limitations on laser
misalignment tolerances for WDM networks with a cascade of 30 (de)multiplexers
modeled as either third-order or first-order Butterworth filters. The
(de)multiplexers are assumed to be uniformly misaligend over a range up to +12.5
GHz. The results are significantly dependent on the type of filter used, and do not
depend strongly on the modulation speed and technique. Multiwavelength optical
networ.ks using (de)multiplexers modeled as third-order Butterworth filters require
less stringent control of laser misalignment compared to networks using
(de)multiplexers modeled as first-order Butterworth filters. Distortion induced eye-
closure penalty may not be easily overcome in multiwavelength optical networks
but the excess loss can be overcome by the gain provided by optical amplifier
cascades. For WDM systems with 30 uniformly misaligned filters, laser

misalignment tolerances at 0.3 dB distortion-induced eye-closure penalty vary

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



41

from £30 GHz (10.24 nm) for systems using third-order filters to $20 GHz (10.16

nm) for systems using first-order filters.
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Figure 3.1: Simulation block diagram for a lightwave system with a cascade
of randomly misaligned muiltiplexers and demultiplexers.
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Figure 3.5b: Recelved eye—dla% am at 10 Gb/s for lightwave systems with
30 uniformly distributed (de)multipiexers modeled as third-order
Butterworth filters and £ 38 GHz laser misalignment.
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Laser Misalignment Tolerances
Fl
Aament Perfectly Aligned Unitormly Misaligned
148 | 0308 1dB 148 03 dB 1d8
Excess Distortion | Distortion k” Excess|] Distortion | Distortion
Fiiter Type Loes m" m Loss 'p"‘""n‘g induced

First Order | 16 GHz |120 GHz | 24 GHz * 120 QHz |124 GHz
Third Order | +29 GHz | 30 GHz | 138 GHz | 123 GHz | 130 GHz | 138 GHz

*System excess loss is higher than 1 dB.

Table 3.2: Laser misalignment tolerances for WDM systems at 2.5 Gb/s or
10 Gb/s per optical channel with 30 (de)mulitiplexers modeled
as either third-order or first-order Butterworth filters.
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Chapter 4
Performance of Cascaded Misaligned Optical
(De)multiplexers in Multiwavelength Optical

Networks for 2-100 (de)multiplexers in Cascade

4.1 Introduction

Multiwavelength optical networks, using wavelength selective components, are
recognized as an attractive technology option for building a flexible optical
network layer [6], [7], [18]. It is becoming clear that such network architectures
may cause degradation of the optical signal, chiefly because of the combined
effects of the concatenation and the misalignment of the (de)multiplexers [25],
[26]. Degradation may also be due to the fact that laser array technology provides
less control of the laser wavelengths, relative to the effective center frequency of
the (de)multiplexer cascades, than discrete single-channel devices [24].

A typical multiwavelength optical network consists of a number of network
elements (see Fig. 4.1), which may drop and add individual wavelengths via
(de)multiplexer components. The optical signal passes through many network

elements, and hence many (de)multiplexers, before it reaches it’s destination at
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the receiver. In this paper we use computer simulation techniques to evaluate the
effect of laser misalignment tolerances on a multiwavelength optical network for
various number of network elements in a cascade. The number of network
elements considered varies between one network element (2 (de)multiplexers) and
50 network elements (100 (de)multiplexers). The (de)multiplexers considered in
this study are assumed to be either perfectly aligned or randomly misaligned. For
lightwave systems using wavelength division multiplexing (WDM) technology with
200 GHz or more channel spacing, crosstalk is small enough to be neglected in this

study.
4.2 The System Model

The simulation block diagram for the WDM system considered is shown in Fig.
4.1. The system consists of a transmitter externally modulated either at 2.5 Gb/s or
10 Gb/s per optical channel, a cascade of randomly misaligned optical
(de)multiplexers as part of a network element cascade, and a receiver. The electric
field at the output of the laser facet (input to the network element cascade) is

expressed by:

Ein (t) = V Pext (t) ’ (4 1)
where P, is the output power from the external modulator, simulated as an NRZ

random data sequence of length equal to 128 bits.

The two types of (de)multiplexers considered in the simulation are modeled as
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first-order and third-order Butterworth filters, each with a FWHM of 125 GHz
(1 nm) and a filter center frequency misalignment of &f . The theoretical filter
shape used in the simulation represents WDM Fabry-Perot [6] filter
(de)multiplexers for first-order, and dielectric-film (de)multiplexers for third-order.
A comparison of measured and theoretical filter shapes is shown in Fig. 4.2 for
third order Butterworth filters [3, 4].

The electric field at the output of the cascade (input to the receiver) is expressed
by:

Eou (0= yBes (0 *F ([ [H(E - £, -8}, (42)

where |H()[?is the transmittance characteristic of each optical filter, f is the optical
frequency, f, is the center frequency of each optical filter, and the number (n) of
(de)muitiplexer in the cascade varies between 2 and 100. The receiver electrical
filter is modeled as a third-order Butterworth filter with a 3 dB bandwidth equal to
0.65 times the bit rate in order to minimize the receiver noise while maximizing the

eye opening.

Two cases are considered in the simulation. In the first case, the center frequencies
of all cascaded (de)multiplexers are assumed to be perfectly aligned. In the second
case, the center frequency misalignment (6f) of the individual (de)multiplexers is
assumed to be randomly misaligned with a uniform distribution of
frequency offsets, within the range of *12.5 GHz (+0.1 nm). The laser

misalignment (Af ) is defined as the difference between the center frequency
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of the laser spectrum under modulation and the center frequency of the effective
passband of the concatenated (de)multiplexers. If the laser misalignment becomes
large, the optical signal is distorted as it passes through the side of the filter
passband, causing eye closure. Allowable laser misalignment ( Af ) versus number
of (de)multiplexers is calculated at 0.3 dB distortion-induced eye-closure penalty,
for the system under study relative to the case without (de)multiplexers. The
distortion-induced eye-closure penalty for the WDM system under study is given
by 10log(a/b), where (a) is the signal level difference between logical ONE and
ZERO caiculated for the WDM system under study, and (b) is the eye opening for
the WDM system under study as shown in Fig. 4.3. This definition does not
include the penalty due to transmission loss of the filters, which can be

compensated by gain in the network elements.

4.3 Simulation Results

Fig. 4.4 shows laser misalignment tolerances versus number of (de)multiplexers in
a cascade, assuming external modulation at 10 Gb/s per optical channel. Laser
misalignment tolerances are approximately the same using either perfectly aligned
or randomly misaligned (de)multiplexers modeled as third order Butterworth
filters. This is due to the combined effects of the symmetrical distribution of
the misalignment, the assumed small range of misalignment compared to the
FWHM of the (de)multiplexers, and the fact that the spectral width of the optical

signal at 10 Gb/s is larger than the difference between the effective passbands of
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the perfectly aligned and randomly misaligned (de)multiplexers.

Fig. 4.4 also shows that WDM systems with a cascade of up to 10 perfectly
aligned (de)multiplexers modeled as first-order filters have larger laser
misalignment tolerances than systems using (de)multiplexers modeled as third-
order filters. This is because the tail decay of the first-order filters is
relatively slow, and is a dominant factor of determining the tolerances,
compared to the tail decay of the effective transmittance characteristic of a cascade
of (de)multiplexers modeled as third-order filters (e.g. see Fig. 4.5a). This gives
the optical signal spectrum a degree of freedom to drift from the center frequency
of the éﬂ‘ective passband of the (de)multiplexers, while retaining a large amount of
the signal energy inside the effective channel.

The situation is different when more than 10 perfectly aligned (de)multiplexers are
cascaded (see Fig. 4.4). Now the third-order Butterworth filters allow a larger
laser misalignment tolerance than systems using first-order filters. This is because
the tail decay of the effective transmittance characteristic of a cascade of a large
number of (de)multiplexers modeled as first-order filters becomes is almost as
steep as the third-order filter cascade (e.g. see Fig. 4.5b). At the same time the
flat top region becomes smaller for first-order filters cascades, causing them to
have more stringent misalignment tolerances than systems using (de)muitiplexers

modeled as third-order Butterworth filters.
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For the randomly aligned case, the assumed misalignment of +12.5 GHz for
(de)multiplexers modeled as first-order filters causes an even narrower effective
passband than the perfectly aligned case, which leads to even more severe
limitations on the laser misalignment tolerances. A cascade of more than 60
(de)multiplexers modeled as first-order filters becomes impossible without
unacceptably large system penalties, as shown in Fig. 4.4.
Multiwavelength optical networks operating at 2.5 Gb/s have more relaxed laser
misalignment tolerances than systems operating at 10 Gb/s as shown in Fig. 4.6.
This is due to the fact that the spectral width of the optical signal at 2.5 Gb/s is
narrower than the spectral width of the optical signal at 10 Gb/s.
4.4 Conclusions
Computer simulation techniques have been used to evaluate laser misalignment
toleranées of a multiwavelength optical network at 0.3 dB distortion-induced
eye-closure penalty, for a network with 1 to 50 network elements in cascade. The
(de)multiplexers considered are modeled as third-order Butterworth filters and
first-order filters and assumed to be either perfectly aligned or randomly misaligned
with uniform distribution over £12.5 GHz. The results are dependent on the
number of (de)multiplexers used, on the bit rate and on the filter shape.
For multiwavelength optical networks at 10 Gb/s with randomly misaligned
(de)multiplexers modeled as third-order Butterworth filters, laser misalignment

tolerances vary from 78 GHz (4£0.63 nm) for systems with 1 network element to

+18 GHz (£0.15 nm) for systems with a cascade of 50 network elements.
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However, for systems at 10 Gb/s with randomly misaligned (de)multiplexers
modeled as first-order filters, laser misalignment tolerances vary from +180 GHz
(+1.44 nm) with 1 network element to +5 GHz (40.04 nm) with a cascade of 30
network elements. With first-order filters a cascade of 50 network element is not

possible without unacceptably large system penalties.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Randomly Misﬂgned Filters
NE NE NE NE
RX RX|[Tx Rx||Tx ™
LA
Dutector
LPF
NE = Network Element  |BRX

Figure 4.1: Simulation block diagram for a lightwave system with a cascade
of randomly misaligned multiplexers and demultipiexers.
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Figure 4.5b: The effective transmittance characteristic of perfectly aligned
100 (de)muitiplexers in cascade (50 network elements).
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Chapter 5
Multiplexer Eye-Closure Penalties for 10 Gb/s
Signals in WDM Networks: Simulation Versus

Experiment

5.1 Introduction

Multiwavelength optical networks using wavelength selective components are
recognized as an attractive technology option for building a flexible optical
network layer [6], [7], [18]. It is becoming clear that such network architectures
may cause degradation of the optical signal due to the combined effects of the
multiplexer and demultiplexer concatenation together with the misalignment of the
(de)multiplexers and the laser source optical frequency [25], [26].

An optical (de)multiplexer can be represented mathematically by its transfer
function, which consists of a magnitude component and a phase component. In this
paper, we use computer simulation techniques to determine the distortion-induced
penalty versus laser misalignment for an optical network with a cascade of 8
multiplexers and 8 demultiplexers. The penalty has a contribution due to the
frequency-dependent magnitude of the transfer function anda contribution
due to the phase of the transfer function as well. The simulation results are
supported by experimental measurements of transmission performance through a

cascade of 6 pairs of phased-array multiplexers and demultiplexers, and 2 pairs of
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multi-layer dielectric film muitiplexers and demultiplexers.

5.2 (De)Multiplexer Model

The transfer function of the multiplexers and demultiplexers is assumed to have the

shape of a third-order Butterworth filter, including both magnitude and phase

characteristics. Figure 5.1 shows a comparison of the magnitude of the theoretical

filter shape and an experimentally measured filter shape of one of the phased array

multiplexers, indicating that the overall shape and roll off is well represented by the

Butterworth filter.

In general, the transfer function H(f) of each (de)multiplexer is represented by:
H(f) = M(f)e’®®, (5.1

where M(f) is the magnitude and O(f) is the phase of the transfer function. The

magnitude of the transfer function M(f) can be expanded about the laser center

frequency f;:

1 d? 2
21 MOl =)+ (5.2)

M(f) = M(f,) +Edf—M(f)|fo f-£f)+
The first term in the expansion is a constant which represents the loss of the filter;
it is compensated by amplifier gain in other parts of the network and introduces no
system penalty. The second and the third terms are found to be sufficient for
approximating the contribution of the magnitude to the distortion-
induced penalty.
Similarly, the phase portion of the transfer function 9(f) can also be expanded as:

1 d?

— — — 2 seen
TS 0(F), (F-£o)" + (5.3)

8(F) =0(E,) +§t:e(f)|f, E~£), +
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In the above expansion, the first term is the phase offset and the second term
represents a fixed delay, neither of which contribute to distortion-induced system
penalties. The third term is a dispersion-like effect which contributes to the
distortion-induced penaity. It is found to be sufficient for approximating the phase
contribution to the distortion.

5.3 Simulation and Experimental Results

The simulation consists of finding an equivalent transfer characteristic that is the
product of each of the 8 multiplexer and 8 demultiplexer transfer functions. The
measured bandwidths and center frequency offsets of each of the (de)multiplexers
were used in the simulation assuming third order Butterworth filter shapes for
each. The frequency offsets ranged between O and 21 GHz and the 3-dB
bandwidths ranged from 121 to 145 GHz as given in Table 5.1. A perfect external
modulation at 10 Gb/s, without chirp, was applied to the simulated laser source
and a simulation eye pattern was computed. The distortion-induced eye-closure
penalty was calculated at a variety of laser frequency misalignments from the
center of the equivalent transfer characteristic. The range of laser frequency
misalignments was from -50 to +50 GHz. The method of calculation is
described in detail in Reference [25].

Figure 5.2 shows the received eye diagrams at laser frequency misalignments of
12.3 GHz where the system penalty is small, and also at 37 GHz (experiment) and
42 GHz (simulation) where the system penalty is about 0.5 dB. The eye patterns

indicate that the results of the simulation and the experiment are similar.
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The resulting distortion-induced penalty is plotted versus laser frequency
misalignment in Figure 5.3. The lower curve (shown solid) represents the penalty
introduced by the magnitude of the transfer characteristic only; the middle curve
(shown dotted) represents the penaity due to both phase and magnitude of the
transfer characteristic. The upper curve (shown with asterisks) indicates the
experimentally measured penalty as a function of laser frequency misalignment.
The experimental curve is very similar to the simulation results, except that it has
slightly more penalty at each misalignment. This difference could be due to a
variety of causes, including the inaccuracy of the fit of the magnitude of the
transfer function, the fact that the external modulation used for the experiment is
accompanied by a little chirp, and the possibility that the phase of the transfer
function of the real filters produces more penalty than the assumed phase of the
Butterworth filters.

5.4 Summary

These results make two important points. First, simulation techniques can be used
to estimate the laser misalignment tolerances for cascades of multiplexers

and demultiplexers fairly well. Second, the phase characteristics of (de)multiplexer
transfer functions can be important in cascades, since they introduce dispersion-
like system penaities. As a result, the phase characteristics of WDM multiplexers
and demultiplexers should be measured to determine their suitability if they are to
be used in network applications where cascades of multiplexers and demultiplexers

occur.
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Phase-Array

# 3dB-B.W. Freq. Offset # J3dB-B.W. Freq. Offset
1 123 GHz 2 GHz 2 122 GHz 21 GHz
3 123 GHz 12 GHz 4 121 GHz 0 GHz
5 122 GHz 0 GHz 6 123 GHz 0 GHz
7 123 GHz 0 GHz 8 124 GHz 0 GHz
9 123GHz 0 GHz 10 121 GHz 0 GHz
11 122GHz 0 GHz 12 122 GHz 0 GHz
Multi-Layer
13 142GHz 0 GHz 14 137 GHz 0 GHz
15 145GHz 0 GHz 16 137 GHz 0 GHz

Table 5.1: Optical multiplexer and demultiplexer
characteristics.
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Chapter 6
General (De)multiplexer Cascade Model for

Transparent Digital Transmission

6.1 Introduction

Multiwavelength optical networks using wavelength selective components are
recognized as an attractive technology option for building a flexible optical
network layer [27, 28]. It is becoming clear that such network architectures may
cause degradation of the optical signal due to the combined effects of the
multiplexer and demultiplexer concatenation together with the misalignment of the
(de)multiplexers and the laser source optical frequency [25]. Degradation due to
both the magnitude and the phase characteristics of the (de)multiplexers are
important [29]

Previous work has been done to find the acceptable laser frequency misalignment
tolerances in muitiwavelength optical networks [25, 30]. The limitation in that
work is that to compute the allowable laser misalignment tolerances for a specific
situation, the number of (de)multiplexers in cascade, the (de)multiplexer filter

shape and filter phase, the 3-dB bandwidth, and the bit rate all must be known.
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This work overcomes that limitation by defining an equivalent transfer function for
the cascade, and then generating engineering rules for system penalties of the
equivalent filter. This produces a (de)multiplexer cascade model that is general for
any bit rate, any filter shape and phase, and any bandwidth. This model is also
general for any number of (de)multiplexers in a cascade, since the magnitude of the
equivalent filter is equal to the product of all the magnitudes of the multiplexers in
the cascade, and the phase is the sum of all the phases in the cascade.

6.2 (De)Multiplexer Model

For a multiwavelength optical network, the effective complex amplitude transfer

function H(f) of a cascade of (de)multiplexers is defined as:

H(f) = [s'[ H,(f) =™ = e2F0O 6.1)

i=1

werea () is the absorption characteristic of the effective transfer function, 6(f) is

the phase in radians, and S is the size of the network. Normally only the magnitude
|H(f)|? of the transfer function is considered in evaluating system performance, but
this does not take into account the phase characteristic 6(f). To be general, both

o (f) and 6(f) must be considered.

The expansion of the absorption characteristic about the laser center frequency f,

is given by:
d 1 d? 2
a(f) =a(fy) + {?&:a(f)lr‘, HE-1£,) +§{a?z‘a(f)|r, J(E-1£5)
1,d° 3
+§T(—‘Fa(f)|fo WE-£,)'+.. (6.2)
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The absorption characteristic of the (de)multiplexer cascade expressed in dB is

given by: ka (f) where k=10 Log(e)=2.303. In dB terms, the expansion can be re-

written as:
f-f f~f f~f
ka(f) = m, + m, ( B°)+m2( B°)2+m( B°) +- (6.3)
where: m, = ka(f,)
m, = kia(f)l B
1 df fo
k d?
mZ 2| dfz a(f)lfo Bz
k d’? 3
m, =~ (D), B

The first term in the expansion (6.3) is a constant which represents the loss of the
filter at the laser frequency f,; it is compensated by amplifier gain in other parts of
the network and introduces no system distortion-induced eye-closure penalty. The
second and the third terms are found to be sufficient for approximating the
contribution of the magnitude to the distortion-induced penalty. So we define the

quantity AM(f) as

AM(E) = k() ~ g = m, =2+ my (F2T0), (64

B

where the coefficients m, and m, are in dB.

Similarly, the phase portion of the transfer function 8(f) can be expanded as:
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B(F) =6(6,) + £ OO, (E~ ) + - (550, H(E -6,

(6.5)
{ G(f)lr, HE-£,)° +-
f-
=P +l31( ) Bz 133 g R (6.6)
where:
B, =6(f,)

B, =Bf§e(f)|f,

By = 57 B < 0(0,

In expansion (6.6), the first term is the phase offset and the second term represents
a fixed delay, neither of which contribute to distortion-induced system penalties.
The third term is a dispersion-like effect which contributes to the distortion-
induced penalty. It is found to be sufficient for approximating the phase

contribution to the distortion. So we define the quantity AG(f) as

) ©.7

A6(f) = 8(f) - {B, +f3( )} Bz(

where the coefficient B, is in radians.

Equations (6.4) & (6.7) allow us to represent an equivalent filter by only these
expansion terms, which introduce the same distortion as the transfer function of a
cascade of (de)multiplexers in the network. The magnitude of the equivalent filter

is represented by AM(f) and the phase is represented by A9(f).
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6.3 System Model

The system penalties associated with AM(f) and AG(f) terms can be evaluated by
computer simulation. Since the expansion terms are normalized by the bit rate B,
the resulting penalties are applicable at any bit rate.

The simulation block diagram used in the computer analysis is shown in Fig. 6.1
The system consists of a transmitter externally modulated at B Gb/s per optical
channel, the (de)multiplexer model, and a receiver. The receiver electrical filter is
modeled as a third-order Butterworth filter with a 3 dB bandwidth equal to 0.65 B
in order to minimize the receiver noise while maximizing the eye-opening. The
electric field at the output of the laser facet (input to the equivalent filter) is
expressed by:

E. () =P, () , (6.8)
where P_, is the output power from the external modulator, simulated as an NRZ
data sequence with rectangular pulse shape and of length equal to 128 bits. The
electric field at the output of the (de)mitiplexer model (input to the receiver) is

expressed by:

E..(t) =P () *F'{H ()}. (6.9)
Two cases are considered in the simulation. In the first case, we study the system

performance due to magnitude contribution to the distortion where

H(f) = ™M} and AB(f) is assumed to be zero. In the second case, we study
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the system performance due to the phase contribution to the distortion where
H(f) = e % and AM(f) is assumed to be 0.

The laser misalignment f,, is defined as the difference between the center frequency
of the laser spectrum under modulation and the center frequency of the
(de)multiplexer cascade. If the laser misalignment becomes large, the optical signal
is distdrted as it passes through the side of the filter passband were the magnitude
of the transfer function varies with the frequency and the phase is not linear.

The magnitude characteristic of the equivalent filter is defined by the parameters
m, and m, and the phase characteristic is defined by the parameter §,. We have
found that the two parameters m,and m, can not be treated independently when
computing the system penalty. With B, =0, we find all the combinations of m, and
m, which generate a fixed distortion-induced-penalty of 0.3 dB. These

contributions define the limits of the allowable equivalent transfer function. With

m,=m, =0, the parameter 8, determines the phase contribution to the distortion-
1 2 P 2 P

penalties of the equivalent transfer function. The phase contribution to the
distortion penalty has a unique value that produces the 0.3 dB distortion penalty.
(The 0.3 dB criteria is somewhat arbitrary, but a discussion of why this criteria was
chosen is given in detail elsewhere [3]).

6.4 Simulation Results

The simulation consists of finding a contour (Fig. 6.2) representing the
contribution of the magnitude to the 0.3 dB distortion-induced eye-closure

penalty. Inside the contour, the magnitude contribution is less than 0.3 dB
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distortion-penalty; outside the contour, the penalty is higher than 0.3 dBdistortion-
penalty. Fig.6.3 shows the distortion-induced eye-closure penalty versus the
normalized dispersion-like ccefficient (B,). The value of B, = 0.65 radians
produces 0.3 dB distortion-induced penalty.

6.5 Example

To illustrate the generality of the above model, we consider a multiwavelength
optical network with 30 perfectly aligned (de)multiplexers with 125 GHz
bandwidth modeled as third order Butterworth filters. The optical network is
considered to be operating first at 10 Gb/s and second at 2.5 Gb/s. The effective

magnitude transfer function for the 30 (de)multiplexers is given by:

1
H()l= 0, 6.10

where fis the optical frequency, f_ is the center frequency of the optical filter, and
J, is the filter 3-dB bandwidth. Table 1 shows the coefficients m, and m, of the

expansion of equation (6.10) for several laser offsets. To evaluate the laser

misalignment tolerances at two different bit rate, the coefficients are listed for B,
=2.5 Gb/s and B,=10 Gb/s. The locus of points (m, ,m, ) are plotted as shown in
Fig. 6.2 for each bit rate. The crossing of the (m,,m,) locus with the 0.3 dB

penalty contour gives the laser misalignment tolerances at 0.3 dB distortion-
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penalty. This is found to be equal to 41 GHz at 10 Gb/s, and 48 GHz at 2.5 Gb/s.
These results are very close to the cases where exact simulations are considered as
in reference [4]. Similar techniques can be used for the phase characteristic, and
for any other combination of (de)multiplexers.

6.6 Summary

A general (de)multiplexer model is formulated that applies to any bit rate, any filter
shape, any filter phase, and any filter bandwidth. The cascade of (de)multiplexers
can be represented by an equivalent filter with magnitude equal to the product of
all the magnitudes of the multiplexers in the cascade, and phase equal to the sum of
all the phases in the cascade. Only one phase term (second order) and two
magnitude terms (first and second order) are needed to approximate the system

performance of practical cascades.
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Figure 6.1: Simulation block diagram for a lightwave system where
the effective transfer function of the (de)multiplexer
cascade is represented by an equivalent filter.
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Figure 6.2: A contour at 0.3 dB distortion-induced penalty for all possible
combinations of the normalized magnitude coefficients
m, (X-axis), and m, (Y-axis). The Figure illustrates an
example for a cascade of 30 (de)multiplexers modeled
as 3rd-order Butterworth filters with operation at 10 Gb/s
and at 2.5 Gb/s per optical channel. The intersections of
the contour and the normalized coefficients for the two
bit rates give the allowable laser misalignment tolerances.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



® o

35

2

g 4

Q 3

| =

9O 2

t

21

=6 o L 1 i | _J
05 1 15 2 25 3

B, (radians)

Figure 6.3: Distortion-induced eye-closure penalty versus normalized
dispersion-like coefficient j,.
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B =2.5Gb/s B =10 Gb/s

f, (GHZ) m, m, m, m,
30 -0.79 | -016 { -3.15] -2.58
35 -1.67 | -0.29 | -6.68 -4.6
40 -3.14 | -045 | -12.57 | -7.25
45 -5.30 | -0.63 | -21.24 | -10.07
50 -8.12 | -0.76 | -32.47 | -12.19
5 | -11.27 | -0.79 | -45.07 | -12.70
60 |-1430 ] -0.70 | -57.21 | -11.28
70 [-1853 | -0.34 | -74.12| -5.39
80 | -19.90 | -0.035 | -79.61 | -0.56

Table 6.1: Magnitude coefficients for 30 filters with 6(f) = 0.
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