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(57) Abstract: In one form of the present invention, there is provided a fiber optic communication system comprising: an optical

1 source adapted to receive a base binary signal and produce a first signal, said first signal being frequency modulated; and an

& optical spectrum reshaper adapted to reshape the first signal into a second signal, said second signal being amplitude modulated and
& frequency modulated; characterized in that: the frequency characteristics of said first signal, and the optical characteristics of said

optical spectrum reshaper, being such that the frequency characteristics of said second signal are configured so as to increase the

tolerance of the second signal to dispersion in a transmission fiber. In another form of the present invention, there is provided an

optical transmitter comprising: a frequency modulated source for generating a first frequency modulated signal, and an amplitude
modulator for receiving the first frequency modulated signal and for generating a second amplitude and frequency modulated signal.
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OPTICAL SYSTEM COMPRISING AN FM SOURCE AND A SPECTRAL
RESHAPING ELEMENT

Reference To Pending Prior Patent Applications

This patent application:

(i) is a continuation-in-part of pending prior U.S. Patent Application Serial
No. 10/289,944, filed 11/06/02 by Daniel Mahgerefteh et al. for POWER
SOURCE FOR A DISPERSION COMPENSATION FIBER OPTIC SYSTEM
(Attorney’s Docket No. TAYE-59474-00006);

(ii) is a continuation-in-part of pending prior U.S. Patent Application
Serial No. 10/308,522, filed 12/03/02 by Daniel Mahgerefteh et al. for
HIGH-SPEED TRANSMISSION SYSTEM COMPRISING A COUPLED
MULTI-CAVITY OPTICAL DISCRIMINATOR (Attorney’s Docket No.
TAYE-59474-00007);

(iii) is a continuation-in-part of pending prior U.S. Patent Application
Serial No. 10/680,607, filed 10/06/03 by Daniel Mahgerefieh et al. for FLAT
DISPERSION FREQUENCY DISCRIMINATOR (FDFD) (Attorney’s Docket
No. TAYE-59474-00009);

(iv) claims benefit of pending prior U.S. Provisional Patent Application
Serial No. 60/548,230, filed 02/27/2004 by Yasuhiro Matsui et al. for OPTICAL
SYSTEM COMPRISING AN FM SOURCE AND A SPECTRAL RESHAPING
ELEMENT (Attorney Docket No. TAYE-31 PROV),

(v) claims benefit of pending prior U.S. Provisional Patent Application
Serial No. 60/554,243, filed 03/18/04 by Daniel Mahgerefteh et al. for FLAT
CHIRP INDUCED BY FILTER EDGE (Attorney Docket No. TAYE-34 PROV);

(vi) claims benefit of pending prior U.S. Provisional Patent Application
Serial No. 60/566,060, filed 04/28/04 by Daniel Mahgerefteh et al. for A
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METHOD OF TRANSMISSION USING PARTIAL FM AND AM
MODULATION (Attorney Docket No. TAYE-37 PROV);

(vit) claims benefit of pending prior U.S. Provisional Patent Application
Serial No. 60/567,737, filed 05/03/04 by Daniel Mahgerefteh et al. for
ADIABATIC FREQUENCY MODULATION (AFM) (Attorney Docket No.
TAYE-39 PROV);

(viii) claims benefit of pending prior U.S. Provisional Patent Application
Serial No. 60/569,769, filed 05/10/04 by Daniel Mahgerefteh et al. for FLAT
CHIRP INDUCED BY AN OPTICAL FILTER EDGE (Attorney Docket No.
TAYE-40 PROV);

(ix) claims benefit of pending prior U.S. Provisional Patent Application
Serial No. 60/569,768, filed 05/10/2004 by Daniel Mahgerefteh et al. for
METHOD OF TRANSMISSION USING PARTIAL FM AND AM
MODULATION (Attorney’s Docket No. TAYE 41 PROV);

(x) claims benefit of pending prior U.S. Pr0v151ona1 Patent Application
Serial No. 60/621,755, filed 10/25/04 by Kevin McCallion et al. for SPECTRAL
RESPONSE MODIFICATION VIA SPATIAL FILTERING WITH OPTICAL
FIBER (Attorney’s Docket No. TAYE-47 PROV); and

(xi) claims benefit of pending prior U.S. Provisional Patent Application
Serial No. 60/629,741, filed 11/19/04 by Yasuhiro Matsui et al. for OPTICAL
SYSTEM COMPRISING AN FM SOURCE AND A SPECTRAL RESHAPING
ELEMENT (Attorney’s Docket No. TAYE-48 PROV).

The eleven above-identified patent applications are hereby incorporated .

herein by reference.

Field Of The Invention:

This invention relates to signal transmissions in general, and more

particularly to the transmission of optical signals and electrical signals.

TAYE-31

PCT/US2005/006412



10

15

20

25

WO 2005/084268 PCT/US2005/006412

Background Of The Invention

The quality and performance of a digital fiber optic transmitter is
determined by the distance over which the transmitted digital signal can propagate
without severe distortions. The bit error rate (BER) of the signal is measured at a
receiver after propagation through dispersive fiber and the optical power required
to obtain a certain BER, typically 1072, called the sensitivity, is determined. The
difference in sensitivity at the output of the transmitter with the sensitivity after
propagation is called dispersion penalty. This is typically characterized the
distance over which a dispersion penalty reaches a level of ~ 1dB. A standard 10
Gb/s optical digital transmitter, such as an externally modulated source can
transmit up to a distance of ~ 50 km in standard single mode fiber at 1550 nm
before the dispersion penalty reaches the level of ~1 dB, called the dispersion
limit. The dispersion limit is determined by the fundamental assumption that the
digital signal is transform limited, i.e. the signal has no time varying phase across
its bits and has a bit period of 100 ps, or 1/ (bit rate). Another measure of the
quality of a transmitter is the absolute sensitivity after fiber propagation.

Three types of optical transmitters are presently in use in prior art fiber
optic systems: (i) directly modulated laser (DML), (ii) Electroabsorption
Modulated Laser (EML), and (iii) Externally Modulated Mach Zhender (MZ).
For transmission in standard single mode fiber at 10 Gb/s, and 1550 nm, it has
generally been assumed that MZ modulators and EMLs can have the longest
reach, typically reaching 80 km. Using a special coding scheme, referred to as
phase shaped duobinary, MZ transmitters can reach 200 km. On the other hand,
directly modulated lasers (DML) reach < 5 km because their inherent time
dependent chirp causes severe distortion of the signal after this distance.

By way of example, various systems for long-reach lightwave data
transmission (> 80 km at 10 Gb/s) through optical fibers which increase the reach

TAYE-31
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of DMLs to > 80 km at 10 Gb/s in single mode fiber are disclosed in (i) U.S.
Patent Application Serial No. 10/289,944, filed 11/06/02 by Daniel Mahgerefteh
et al. for POWER SOURCE FOR A DISPERSION COMPENSATION FIBER
OPTIC SYSTEM (Attorney’s Docket No. TAYE-59474-00006); (i) U.S. Patent
Application Serial No. 10/680,607, filed 10/06/03 by Daniel Mahgerefteh et al.
for FLAT DISPERSION FREQUENCY DISCRIMINATOR (FDFD) (Attorney’s
Docket No. TAYE-59474-00009); and (iii) U.S. Patent Application Serial No.
10/308,522, filed 12/03/02 by Daniel Mahgerefteh et al. for HIGH-SPEED
TRANSMISSION SYSTEM COMPRISING A COUPLED MULTI-CAVITY
OPTICAL DISCRIMINATOR (Attorney’s Docket No. TAYE-59474-00007);
which patent applications are hereby incorporated herein by reference. The
transmitter associated with these novel systems is sometimes referred to as a
Chirp Managed Laser (CML)™ by Azna LLC of Wilmington, Massachusetts. In
these new systems, a Frequency Modulated (AFM) source is followed by an
Optical Spectrum Reshaper (OSR) which uses the frequency modulation to
increase the amplitude modulated signal and partially compensate for dispersion
in the transmission fiber. In one embodiment, the frequency modulated source
may comprise a Directly Modulated Laser (DML). The Optical Spectrum
Reshaper (OSR), sometimes referred to as a frequency discriminator, can be
formed by an appropriate optical element that has a wavelength-dependent
transmission function. The OSR can be adapted to convert frequency modulation
to amplitude modulation.

In the novel system of the present invention, the chirp properties of the
frequency modulated source are separately adapted and then further reshaped by
configuring the OSR to further extend the reach of a CML™ transmitter to over
250 km on standard single mode fiber at 10 Gb/s and 1550 nm. The novel system
of the present invention combines, among other things, selected features of

systems described in (i) U.S. Provisional Patent Application Serial No.
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60/548,230, filed 02/27/2004 by Yasuhiro Matsui et al. for entitled OPTICAL
SYSTEM COMPRISING AN FM SOURCE AND A SPECTRAL RESHAPING
ELEMENT (Attorney Docket No. TAYE-31 PROV); (ii) U.S. Provisional Patent
Application Serial No. 60/554,243, filed 03/18/04 by Daniel Mahgerefteh et al.
for FLAT CHIRP INDUCED BY FILTER EDGE (Attorney Docket No. TAYE-
34 PROV); (iv) U.S. Provisional Patent Application Serial No. 60/566,060, filed
04/28/04 by Daniel Mahgerefteh et al. for, A METHOD OF TRANSMISSION
USING PARTIAL FM AND AM MODULATION (Attorney Docket No. TAYE-
37 PROV); (iv) U.S. Provisional Patent Application Serial No. 60/567,737, filed
05/03/04 by Daniel Mahgerefteh et al. for ADIABATIC FREQUENCY
MODULATION (AFM) (Attorney Docket No. TAYE-39 PROV); (v) U.S.
Provisional Patent Application Serial No. 60/569,769, filed 05/10/04 by Daniel |
Mahgerefteh et al. for FLAT CHIRP INDUCED BY AN OPTICAL FILTER
EDGE (Attorney Docket No. TAYE-40 PROV), which patent applications are

hereby incorporated herein by reference.

Summary Of The Invention

This invention provides an optical spectrum reshaper (OSR) which works
in tandem with a modulated optical source which, by modifying the spectral
properties of the modulated signal, results in extending the optical transmission
length well beyond the dispersion limit. The OSR can be defined as a passive
optical element that imparts an optical frequency dependent loss and frequency
dependent phase on an input optical signal. This invention also provides a
modulated laser source and an optical spectrum reshaper system that increases
tolerance to fiber dispersion as well as converting a partially frequency modulated
signal into a substantially amplitude modulated signal.

The optical spectrum reshaper (OSR) may be a variety of filters such as a
Coupled Multica\\/ity (CMC) filter to enhance the fidelity of converting a partially
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frequency modulated signal into a substantially amplitude modulated signal. The
OSR may also partially compensate for the dispersion of the fiber. In one
embodiment of the present invention, a modulated laser source may be provided
that is communicatably coupled to an optical filter where the filter is adapted to
lock the wavelength of a laser source as well as converting the partially frequency
modulated laser signal into a substantially amplitude modulated signal.

In one form of the present invention, there is provided a fiber optic

communication system comprising;:

an optical signal source adapted to receive a base binary signal and
produce a first signal, said first signal being frequency modulated; and

an optical spectrum reshaper adapted to reshape the first signal into a
second signal, said second signal being amplitude modulated and frequency
modulated; ‘

characterized in that:

the frequency characteristics of said first signal,.and the optical
characteristics of said optical spectrum reshaper, being such that the frequency
characteristics of said second signal are configured so as to increase the tolerance
of the second signal to dispersion in a transmission fiber.

In another form of the present invention, there is provided an optical
transmitter comprising:

a frequency modulated source for generating a first frequency modulated |
signal, and

an amplitude modulator for receiving the first frequency modulated signal
and for generating a second amplitude and frequency modulated signal.

In another form of the present invention, there is provided a method for
transmitting an optical signal through a transmission fiber comprising:

receiving a base binary signal;

TAYE-31
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operating an optical signal source using the base binary signal to produce a
first sigﬁal, said first signal being frequency modulated;

passing the frequency modulated signal through an optical spectrum
reshaper so as to reshape the first signal into a second signal, said second signal
being amplitude modulated and frequency modulated;

the frequency characteristics of said first signal, and the optical
characteristics of said optical spectrum reshaper, being such that the frequency
characteristics of said second signal are configured so as to increase the tolerance
of the second signal to dispersion in a transmission fiber; and

passing the second signal through a transmission fiber.

In another form of the present invention, there is provided a method for
transmitting a base signal, comprising:

using the base signal to produce a frequency modulated signal; and

providing an amplitude modulator for receiving the frequency modulated
signal and for generating an amplitude and frequency modulated signal.

In another form of the present invention, there is provided a fiber optic
communication system comprising:

an optical signal source adapted to produce a frequency modulated signal;
and ‘

an optical spectrum reshaper adapted to convert the frequency modulated
signal into a substantially amplitude modulated signal;
characterized in that:

the operating characteristics of the optical signal source and the optical
characteristics of the optical spectrum reshaper combine to compensate for at least
a portion of a dispersion in an optical fiber.

In another form of the present invention, there is provided a method for

transmitting an amplitude modulated signal through a fiber comprising:

TAYE-31
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providing a laser and providing a filter having selected optical
characteristics;

inputting the amplitude modulated signal into the laser, and operating the
laser, so as to generate a corresponding frequency modulated signal;

passing the frequency modulated signal through the filter so as to generate
a resulting signal and passing the resulting signal into the fiber;
the laser being operated, and the filter being chosen, such that the resulting signal
is configured to compensate for at least a portion of the dispersion in the fiber.

In another form of the present invention, there is provided a fiber optic
communication system comprising:

an optical signal source adapted to produce a first signal, said first signal
being frequency modulated; and

an optical spectrum reshaper adapted to convert said first signal into a
second signal, said second signal being amplitude modulated and frequency
modulated;

characterized in that:

the frequency characteristics of said first signal, and the optical
characteristics of said optical spectrum reshaper, being such that the frequency
characteristics of said second signal are configured so as to extend the distance
said second signal can travel along a fiber before the amplitude characteristics of
said second signal degrade beyond a given amount.

In another form of the present invention, there is provided a fiber optic
communication system comprising:

a module adapted to receive a first signal and convert said first signal into
a second signal, said second signal being amplitude modulated and frequency
modulated;

characterized in that:

TAYE-31
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the frequency characteristics of said second signal are configured so as to
extend the distance said second signal can travel along a fiber before the
amplitude characteristics of said second signal degrade beyond a given amount.

In another form of the present invention, there is provided a system
adapted to convert a first signal into a second signal, said second signal being
amplitude modulated and frequency modulated;

the improvement comprising:

tailoring the frequency characteristics of said second signal so as to extend
the distance said second signal can travel along a fiber before the amplitude
characteristics of said second signal degrade beyond a given amount.

In another form of the present invention, there is provided a fiber optic
communication system comprising:

’ an optical signal source adapted to receive a base signal and produce a

first signal, said first signal being frequency modulated; and

an optical spectrum reshaper adapted to convert said first signal into a
second signal, said second signal being amplitude modulated and frequency
modulated;

characterized in that:

the frequency characteristics of said first signal, and the optical
characteristics of said optical spectrum reshaper, being such that the frequency
characteristics of said second signal are configured so as to extend the distance
said second signal can travel along a fiber before the amplitude characteristics of
said second signal degrade beyond a given amount.

In another form of the present invention, there is provided a fiber optic
communication system comprising:

an optical signal source adapted to produce a first signal, said first signal

being frequency modulated; and
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an optical spectrum reshaper adapted to convert said first signal into a
second signal, said second signal being amplitude modulated and frequency
modulated,

characterized in that:

the frequency dependent loss of the optical spectrum reshaper is adjusted
to increase the dispersion tolerance of the second signal.

In another form of the present invention, there is provided a fiber optic
system comprising:

an optical source adapted to produce a frequency modulated digital signal;

characterized in that:

said digital signal has a time varying frequency modulation which is
substantially constant across each 1 bit and equal to a first frequency and
substantially constant over each 0 bit and equal to a second frequency, wherein
the difference between said first frequency and said second frequency is between
0.2 times and 1.0 times the bit rate frequency. |

In another form of the present invention, there is provided a method for
generating a dispersion tolerant digital signal, comprising:

modulating a DFB laser with a first digital base signal to generate a first
optical FM signal,

wherein said first FM signal has a 7 phase shift between 1 bits that are
separated by an odd number of 0 bits, and

modulating amplitude of said first optical FM signal with a second digital

base signal to produce a second optical signal with high contrast ratio.

Detailed Description Of The Preferred Embodiments
Many modifications, variations and combinations of the methods and
systems and apparatus of a dispersion compensated optical filter are possible in

light of the embodiments described herein. The description above and many other
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features and attendant advantages of the present invention will become apparent
from a consideration of the following detailed description when considered in
conjunction with the accompanying drawings wherein like numbers refer to like
parts and further wherein:

Fig. 1 illustrates an optical digital signal with concomitant amplitude
modulation and frequency modulation (i.e., flat-topped chirp);

Fig. 2 illustrates the instantaneous frequency and phase of a 101 bit
sequence for flat-topped chirp values of 5 GHz and 10 GHz for a 10 Gb/s digital
signal;

Fig. 3 illustrates a 101 bit sequence with (CML output) and without
(Standard NRZ) flat-topped chirp before and after propagation;

Fig. 4 illustrates a Gaussian pulse with adiabatic chirp profile before an
OSR and the resulting pulse shape and flat-topped chirp after an OSR;

Fig. 5 illustrates the instantaneous frequency profile of the pulse and
definitions of the pulse;

Fig. 6 illustrates the receiver sensitivity after 200 km as a function of the
rise times and fall times of the instantaneous frequency profile;

Fig. 7 illustrates the instantaneous frequency profile and intensity profile
after an OSR with two different slopes;

Fig. 8 illustrates the optical spectrum of an adiabatically chirped signal,
the spectrum of the OSR, and the resulting reshaped spectrum;

Fig, 9 illustrates receiver sensitivity after 200 km of 17 ps/nm/km fiber for
various values of adiabatic chirp, and the spectral shift of signal relative to the
OSR, which in this example is a 3 cavity etalon filter;

Fig. 10 illustrates an example of a non-Gaussian OSR and the spectral
position of the signal relative to the OSR spectrum;

Fig. 11 illustrates the definition of slope of slope on an OSR;

TAYE-31
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Fig. 12 illustrates Bessel filters used as OSR provide the desired slope of
slope;’

Fig. 13 illustrates optical and electrical eye diagrams before and after
transmission through 200 km (3400 ps/nm) of fiber;

Fig. 14 illustrates eye diagrams for back-back and after 200 km of fiber for

a chirp managed laser (cML™

) transmitter with transient chirp at the output of
the laser;
Fig. 15 illustrates measured slope and slope of slope for a 2 cavity etalon;
Fig. 16 illustrates transmission and slope of an edge filter used as an OSR;
Fig. 17 illustrates an example of an OSR with its dispersion profile;
Fig. 18 illustrates sensitivity versus fiber length of dispersion in 17
ps/mm/km fiber with and without dispersion of the OSR taken into account;
Fig. 19 illustrates FM optical source with a DFB FM modulator and
separate amplitude modulator;
Fig. 20 illustrates FM optical source with a modulated DFB
and integrated Electro-absorption modulator;
Fig. 21 illustrates the temporal profiles of the AM and FM signals; and
Fig. 22 illustrates an optical FM/AM source with a bandwidth limiting

OSR or filter.

Detailed Description Of The Preferred Embodiments
In one embodiment of the present invention, the CML™ generates a

digital optical signal having concomitant amplitude and frequency modulation,
such that there is a special correlation between the optical phases of the bits. This
phase correlation provides a high tolerance of the resulting optical signal to
dispersion in the optical fiber; further extending the reach of the CML™.

In one preferred embodiment of the present invention, the CML™ consists

of a directly modulated DFB laser and an optical spectrum reshaper (OSR). The
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distributed feedback (DFB) laser is modulated with an electrical digital signal,
wherein a digital signal is represented by 1 bits and 0 bits. The DFB laser is
biased high above its threshold, for example, at 80 mA, and is modulated by a
relatively small current modulation; the resulting optical signal has amplitude
modulation (AM), the 1 bits having larger amplitude than the 0 bits. The ratio of
the amplitude of the 1 bits to the 0 bits is typically referred to as the extinction
ratio (ER). Importantly, the modulated optical signal has a frequency modulation
component, called adiabatic chirp, which is concomitant with the amplitude
modulation and nearly has the same profile in time, an example of which is shown
in Fig. 1. The extinction ratio (ER) of the optical output can be varied over a
range depending on the FM efficiency of the laser, defined as the ratio of the
adiabatic chirp to the modulation current (GHz/mA). A higher modulation
current increases ER, as well as the adiabatic chirp.

The chirp property of directly modulated lasers has been known for some
time. When the laser is modulated with an electrical digital signal, its
instantaneous optical frequency changes between two extremes, corresponding to
the 1s and Os, and the difference in the frequency changes is referred to as
adiabatic chirp. In addition to adiabatic chirp, which approximately follows the
intensity profile, there are transient frequency components at the 1 to 0 and O to 1
transitions of the bits, called transient chirp. The magnitude of transient chirp can
be controlled by adjusting the bias of the laser relative to the modulation current.
In one embodiment of the present invention, the transient chirp component is
minimized by using a high bias and small modulation. The signal is then passed
through an optical spectrum reshaper (OSR), such as the edge of an optical band
pass filter with a sharp slope. The OSR modifies the frequency profile of the
input optical signal, generating a flat-topped and square shaped frequency profile
such as that shown in Fig. 1. In the preferred embodiment of the present

invention, the magnitude of the resulting flat-topped chirp is chosen to be such
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that it provides a special phase correlation between the bits, as described below.

Given an FM efficiency value, 77ry , the desired adiabatic chirp, Ay specifies the
modulation current, Ai = Av/7,, , which in turn determines the extinction ratio,

ER =10lo g(—?—:—%’_t—i—l.}where I, is the bias current, and Iy, is the threshold
y — 1Ly — A

th
current of the laser. The magnitude of the flat-topped chirp after the OSR is
determined by the magnitude of the adiabatic chirp at the output of the laser and
the slope of the OSR. For a 10 Gb/s NRZ signal, for example, the desired
adiabatic chirp is ~ 4.5 GHz, and the ER ~ 1 dB for a DFB laser with FM
efficiency ~ 0.2 GHz/mA. Passing this optical signal through an OSR with
average slope of approximately 2.3 dB/GHz increases this chirp magnitude to
about 5 GHz. The significance of this value is the desired phase correlation
between the bits as described below.

One important aspect of the present invention is the realization that as the
frequency of an optical signal is changing with time, due to the chirp, the optical
phase of the bits changes aé well, depending on the bit period, rise fall times and
the amount of chirp. It should be noted that when monitoring the optical carrier

wave, which is a sine wave, it can be observed that at some point in time, phase is

* a particular position on the carrier wave. The phase difference between the crest

of the wave and its trough, for example, is T. Frequency describes the spacing
between the peaks; higher frequency means the waves are getting bunched up and
more crests are passing by per unit time. Mathematically, phase is the time
integral of optical frequency. When the laser is modulated by a digital signal with
bit period T, the optical phase difference between two bits depends on the flat-
topped chirp, as well as on the total time difference between the bits. This phase
difference can be used to increase the propagation of the signal in the fiber as is

shown in the following example.
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An optical electric filed is characterized by an amplitude envelope and a

time varying phase and a carrier frequency as follows:
E(t) = A(?) exp(—imyt +ig(t)) )

where A4(?) is the amplitude envelope, y is the optical carrier frequency, and ¢(?)
is the time varying phase. For example, for a chirp-free, or so-called transform
limited, pulse, the time varying phase is zero. The instantaneous frequency is

defined by the following equation:

1 4o

J@0== 27 dt

@

Note that the negative sign in Equation 2 is based on the complex notation
convention that takes the carrier frequency to be negative frequency. Hence the

optical phase difference between two time points on the optical filed is given by: -
f
Ap=9(t,) () = 27| (D) ©

Let’s consider a 101 bit sequence at the output of a CML™ having a
certain magnitude flat-topped chirp. Taking the frequency of the 1 bits as a
reference frequency, we obtain the plot shown below in two cases for a 10 Gb/s
digital signal (100 ps pulse duration) for flat-topped chirp values of 5 GHz and 10
GHz. The pulses are assumed to have ideal square shape amplitudes and flat-
topped chirp with 100 ps duration. Significantly, for 5 GHz of flat-topped chirp
there is a 7 phase shift between the two 1 bits separated by a single zero.
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Ap=2mx5 GHzx100ps =7 4)

Following Equations 3 and 4, the phase shift is 27 between two 1 bits separated
by two 0 bits, and 37 for two 1 bits separated by three 0 bits and so on. In
general, two 1 bits separated by an odd number of 0 bits are 1t out of phase for 5
GHz of chirp, and a 10 Gb/s signal. For 10 GHz of chirp and 10 Gb/s square
pulses the 1 bits separated by odd number of bits are in phase; i.e. phase
difference is 27. (

The significance of this phase shift is realized when the 101 bit sequence
with 5 GHz of flat-topped chirp is propagated through dispersive fiber, where
each pulse broadens due to its finite bandwidth. Fig. 3 shows that the @ phase
shift causes the two bits to interfere destructively at the center of the 0 bit,
therefore keeping the 1 and 0 bits distinguishable by the decision circuit at the
receiver. The decision threshold chooses a threshold voltage above which all
signals are counted as 1 and below which they are counted as 0 bits. Hence, the
phiase shift helps differentiate between the 1 and 0 bits and the pulse broadening
does not reduce the BER for this bit sequence. Therefore, the  phase shift
constructed, based on the preferred embodiment of the present invention,
increases tolerance to dispersion. For intermediate chirp values, there 1s partial '
interference, which is enough to extend transmission distance, but not to distances

in the case described above.

Optical Spectrum Reshaping
In one embodiment of the present invention, the FM modulated signal

generated is passed though an optical spectrum reshaper so as to change the
instantaneous frequency pfoﬁle of the signal across the 1 and 0 bits in such a way

so as to increase the tolerance of the signal to dispersion. In the prior art, such as
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UK Patent No. GB 2107147A by R. E. Epworth, the signal from the FM source is
filtered to produce an intensity modulation, which is higher modulation depth
after passing through the filter than that before passing through the ﬁlterl. In the
present invention, optical spectrum reshaping, rather than increase in amplitude
modulation alone, can be achieved using an optical spectrum reshaper (OSR). In
one embodiment of the present invention, the instantaneous frequency profile of
the output signal is modified across its bits after the OSR, so as to increase the
distortion free propagation distance.

In a preferred embodiment of the present invention, a semiconductor laser
is directly modulated by a digital base signal to produce an FM modulated signal
with adiabatic chirp. The output of the laser is then passed through an OSR, -
Which, in this example, may be a 3 cavity etalon filter used at the edge of its
transmission. The chirp output of a frequency modulated source, such as a
directly modulated laser, is adiabatic. This means that the temporal frequency
profile of the pulse has substantially the same shape as the intensity profile of the
pulse.

In a preferred embodiment, the OSR converts the adiabatic chirp to flat-
topped chirp, as described in U.S. Provisional Patent Application Serial No.
60/554,243, filed 03/18/04 by Daniel Mahgerefteh et al. for FLAT CHIRP-
INDUCED BY FILTER EDGE (Aitorney Docket No. TAYE-34 PROV), which
patent application is hereby incorporated herein by reference.

Fig. 4 shows the optical intensity and the instantaneous frequency profile
of a Gaussian pulse before and after an OSR. The Gaussian pulse has adiabatic
chirp before the OSR, i.e., its instantaneous frequency profile has the same
Gaussian shape as its intensity profile. After the OSR, both the amplitude and
instantaneous frequency profiles are altered. The ratio of peak power-to-power in
the background (extinction ratio) is increased, and the pulse narrows slightly in

this example. An important aspect of the present invention is the flat-topped
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instantaneous frequency profile resulting from passage through the OSR,
indicated by the dotted horizontal green line in Fig. 4. The flat-topped chirp is
produced when the speciral position of the optical spectrum of the signal is
aligned with the edge of the OSR transmission. The optimum position depends
on the adiabatic chirp and the slope of the OSR transmission edge.

The instantaneous frequency profile of a flat-topped chirp pulse is
characterized by a rise time, a fall time, duration and a slope of the flat-top, and a

flat-topped chirp value as shown in Fig. 5. The slope, in turn, can be defined by

. the two frequency values f> and f7. In an embodiment of the present invention the

rise time, fall time, duration, and slope of the top-hat portion of the frequency
profile are adjusted relative to the rise time, fall time, duration of the amplitude
profile, in order to increase the transmission distance of the signal beyond the
dispersion limit.

The importance of reshaping the instantaneous frequency profile of the
pulses can be realized by simulation which shows the bit error rate of such a
spectrally reshaped 10 Gb/s pulse after propagation though 200 km of dispersive
fiber having 17 ps/nm/km dispersion. Fig. 6 shows that for a given flat-topped
chirp value as measured in the instantaneous frequency profile of the signal after
the OSR. In such a case, the BER sensitivity can be optimized by varying the rise
time and fall time. Also, for a given rise time and fall time of the instantaneous
frequency profile, the chirp value can be varied over a range from 3 GHz to 10
GHz in order to achieve a desired BER sensitivity after propagation through fiber.

The following conclusions can be drawn from this example calculation:

i) the optimum adiabatic chirp after the OSR is 5GHz, with short rise
time and fall time for the instantaneous frequency profile; this achieves the lowest
sensitivity after fiber propagation;

(i)  any chirp in the range of 3-10GHz can be used to extend

transmission relative to the case of no chirp. The rise time and fall times have to
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be adjusted based on the adiabatic chirp value. In the above example, a rise time
and fall time of < 30ps is always optimum; and

(iii)  the rise time and fall time of the instantaneous frequency can be
reduced by increasing the slope in dB/GHz of the transmission profile of the OSR.
Slope of top-hat portion of the frequency profile is determined by the dispersion
of the OSR and provides further dispersion tolerance.

Fig. 7 shows another example, where the rise time and fall time of the

instantaneous frequency profile are reduced after the OSR by increasing the slope

" in dB/GHz of the OSR, here by a factor of 2. In one embodiment of the present

invention, the output of a frequency modulated signal is passed through an OSR
and the rise time and fall time of the frequency profile are reduced by increasing
the slope (in dB/GHz) of the OSR.

Spectral Narrowing

Simultaneous frequency modulation and amplitude modulation with the
same digital information reduces the optical bandwidth of the signal and
suppresses the carrier frequency. This effect is most marked for a chirp value that
is ¥ the bit rate frequency; i.e., 5GHz chirp for 10 Gb/s. This corresponds to the
phase change of 0 to 7 between 1 bits separated by an odd number of 0 bits, i.e.,
optimum correlation between the phases of the otherwise random bit sequence.
For an approximate range of chirp values between 20% to 80% of the bit rate
frequency (2-8 GHz for 10 Gb/s bit rate) the carrier is significantly suppressed
and the spectrum is narrowed. For 0 value of chirp or for chirp equal to the
frequency of the bit rate frequency, the carrier is present and the spectrum
broadens again. This is because the phase of all the pulses becomes equal for
these two cases and the phase correlation is lost. As shown in Fig. 8, the
narrowing of the spectrum by application of amplitude modulation and frequency
modulation narrows the spectrum on the high frequency side. Note that in this
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example the chirp is ~ 7.5 GHz for 10 Gb/s. The spectral position of the signal
relative to the peak transmission of the OSR is adjusted such that the spectrum in
on the low frequency edge of the OSR. This further reduces the spectral width on
the low frequency side. Reducing the spectral bandwidth extends the
transmission distance.

In one embodiment of the present invention the Bandwidth (BW) of the
OSR is less than the bit rate. The spectrum of a digital signal is determined by the
product of the spectrum of the digital information and the Fourier transform of the
pulse shape. Using the correct amount of FM modulation (5 GHz of chirp for 10 -
Gb/s data rate) which gives a T phase sﬁift between 1 bits separated by odd

- number of 0 bits as prescribed above, reduces the information BW. In order to

increase tolerance to dispersion it is still necessary to reduce the spectrum of the
pulse shape. This is done by a bandwidth limiting OSR in the preferred
embodiment of the present invention.

Fig. 8 shows that for a given value of adiabatic chirp, the spectral position
of the signal relative to the peak transmission of the OSR can be adjusted to
increase the transmission distance. Fig. 8 shows the sensitivity for a 10 Gb/s
signal at the transmitter (Back-back) and after propagation through 200 km of
fiber having 17ps/nm/km of dispersion as a function of the spectral shift relative
to the OSR. Sensitivity is defined as the average optical power (in dBm) required
to achieve a bt error rate of 10™"2, The OSR in this example is a 3 cavity etalon.
It is therefore an embodiment of the present invention to adjust the adiabatic chirp
of the frequency modulated source as well as the spectral position of the resulting
spectrum relative to the OSR in order to achieve a desired bit error rate after
propagation through dispersive fiber.

Fig. 9 shows an example of an OSR, formed by a non-Gaussian shaped
band pass filter. Fig. 9 shows the transmission profile in dB scale as well as the

derivative, or frequency dependent slope, of the OSR. Fig. 9 also shows the
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spectral position of the input FM signal to be reshaped. It is a preferred
embodiment of the present invention that the optimal spectral position of the FM
signal on the OSR be such that the 1s peak frequency be near the peak logarithmic
derivative of the transmission profile of the OSR. In this example, the derivative
is not linear on the dB scale, indicating that the OSR has a non-Gaussian spectral
profile. A Gaussian OSR would have a linear slope as a function of frequency.
Fig. 9 also shows the position of the clock frequency components of the input FM
signal, which are reduced substantially after the OSR. This in-turn reduces the
clock frequency components in the RF spectrum of the resulting second signal
after the OSR. In this example, the peak slope is 2.7 dB/GHz, and the 3 dB
bandwidth of the OSR in this case is approximately 8 GHz.

It is an embodiment of the present invention for the OSR to also reduce
the clock frequency components, 10 GHz for a 10 Gb/s NRZ signal, in the RF
spectrum of the signal resulting after the OSR.

The optimum OSR shape is one for which the transmitter has good performance
both at its output (Back-to-back) as well as after transmission. The back-to-back
performance is determined by having minimum distortion of the bits in the eye
diagram, while after transmission performance is determined by a low dispersion
penalty. As described in U.S. Provisional Patent Applications Serial No.
60/554,243 (Attorney Docket No. TAYE-34 PROV) and 60/629,741 (Attorney’s
Docket No. TAYE-48 PROV), which patent applications are hereby incorporated
herein by reference, a certain value of filter slope is required to convert an
adiabatically chirped input signal to one having flat-topped chirp. It was shown
that the OSR converts the first derivative of the amplitude of the input pulse to
blue shifted transient chirp at the edges. For an optimum value of slope the-added
transient chirp increases the chirp at the edges to produce a nearly flat top chirp.

U.S. Provisional Patent Applications Serial No. 60/554,243 (Attorney
Docket No. TAYE-34 PROV) and 60/629,741 (Attorney’s Docket No. TAYE-48
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PROV) disclose that a significant parameter of the OSR is the slope of its slope.
As defined in the present invention, slope of slope (SoS) is the ratio of the peak
logarithmic derivative of the transmission (in dB/GHz) to the frequency offset of
this peak form the transmission peak (in GHz), as illustrated in Fig. 11. In one
embodiment of the present invention, the slope of slope of an OSR is adjusted to
optimize both the back-to-back transmitter BER and to reduce the BER after fiber
transmission. For example, for a 10 Gb/s transmitter good back-to-back eye
diagram, as well as low BER after transmission is obtained if the slope of slope is
approximately in the range of 0.38 dB/ GHZ* to 0.6 dB/GHZ’. In addition the
slope of the OSR near the center of the transmission needs to be approximately
linear. Deviations from linearity introduce distortions in the resulting output eye
diagram and thus cause increased bit error rate. A linear slope correspbnds toa
round-top shape filter. So, for example, a flat-topped filter, which has a near zero
slope near the center is not desirable. The 3 dB band width of the band-pass OSR
has to be in the range of 65% to 90% of the bit rate.

Two examples of such OSRs, as shown in Fig. 12, are 2™ order Bessel
filters having a 6 GHz or 5.5 GHz band widths. The 2™ order Bessel filter shape
is well known to the skilled in the art and is described mathematically by

1

T(p) = ———
() 3+3p+p’

(6)
where p = 2if | Af,;s - Here T'is the field transmission, fis the optical frequency
offset from the center of filter, and Af3zzis the 3 dB band width of the filter. The

measured quantity is the optical transmission of the filter, which is the absolute
square of the field transmission in Eq. 6, |T( p)|2 and is plotted in Fig. 12. The

Bessel filter is usually used as an electrical low pass filter because it minimizes
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distortion in its pass band. In one embodiment of the present invention, the
Bessel filter is an optical filter, and it is chosen because it provides the desired
slope of slope and linear slope near its peak transmission. The slope of slope for
the 2™ order Bessel filter with a 6 GHz bandwidth is 0.46 dB/Gsz, and the slope
of slope for the 5.5 GHz bandwidth 2™ order Bessel filter is 0.57 dB/GHz".
These examples show that the bandwidth of the filter can be adjusted to change
SoS to be the desired value.

Another example of a filter that can be used in accordance with the present
invention is a 4™ order Bessel filter with a band width of 7.5 GHz, also shown in
Fig. 12. This OSR has a slope of slope of 0.41 dB/GHZ?. The field transmission

of the 4™ order Bessel filter is given as a function of the normalized frequency by

1
15+15p+6p* + p°

I(p)= Q)

Fig. 13 shows examples of calculated eye diagrams for back-back and
after 200 km of fiber having 3400 ps/nm dispersion. In this example, the P
order Bessel filter with 5.5 GHz bandwidth was used. The eye diagrams on the
left column are the back-back optical eye (so-called O-eye) of transmitter (top)
and the eye transmitted after 200 km (3400 ps/nm). The eye diagrams on the right
column are the eye diagrams measured after an optical to electrical converter with
a typical ~8 GHz band width, which is called electrical eye (E-eye). The
electrical eye is that at the output of the receiver, which converts the optical to
electrical signal and provides it to the decision circuit for distinguishing the 1 and
0 bits. |

A directly modulated laser produces transient chirp, which occurs at the 1
to 0 and 0 to 1 bit transitions, in addition to adiabatic chirp. In a conventional

directly modulated laser, transient chirp is detrimental as it hastens pulse
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distortion and increases BER after transmission. However, in the present
invention, it has been found that when used as the FM source, where the directly
modulated laser is followed by an OSR, some transient chirp at the output of the
laser is desirable. Fig. 14 shows the results of simulation of a transmitter in
accordance with the present invention. In this example, the adiabatic chirp of the
laser is 4.5 GHz and the OSR is a 2 cavity etalon filter operated near its
transmission edge.

Fig. 14 shows the eye diagrams of a 10 Gb/s transmitter at its output
(back-back), as well as the eye after propagation through 200 km of fiber with
3400 ps/nm dispersion. The transient chirp at the output of the laser, before the
OSR, is either nearly zero (~ 0.2 GHz) (left column) or 2 GHz (right column).
Looking at Fig. 14, it is clear that the case having 2 GHz transient chirp produces
a less distorted eye back to back. The eye after 200 km of fiber is also more open
and has less inter-symbol interference (ISI) in the case having 2 GHz transient
chirp. It is, therefore, one embodiment of the present invention to adjust the
transient chirp of the frequency modulated source as well as the slope of slope of
the optical spectrum reshaper to obtain the desired transmitter output having
minimum distortion and to increase the error free propagation length of the
transmitter beyond the dispersion limit. '

In practice, an optical filter such as a multicavity etalon may not have the
desired transmission shape and slope of slope. Therefore, in another embodiment
of the present invention, the angle of incidence and the beam divergence of the
optical signal impinging upon the filter are adjusted to obtain the desired SoS.
Fig. 15 shows an example of the measured slope as well as slope of the slope as a
function of angle of incidence for a 2 cavity etalon. The peak slope iniﬁally
decreases for increasing angles, reaches a minimum, and then increases again.
The increase in slope at large angles is caused by spatial filtering, as described in
U.S. Provisional Application Serial No. 60/621,755, filed 10/25/04 by 10/25/04 et
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al. for SPECTRAL RESPONSE MODIFICATION VIA SPATIAL FILTERING
WITH OPTICAL FIBER (Attorney’s Docket No. TAYE-47 PROV), which
patent application is hereby incorporated herein by reference. For the same range
of angles the slope of slope monotonically decreases from 0.75 dB/GHZ to 0.35
dB/GHZ? because the peak position is increasing with increasing angle. In this
example, the optimum value of 0.45 dB/GHz” is obtained by adjusting the angle
of incidence to 1.5 to 2 degrees.

In the above described examples, the optical spectrum reshaper (OSR) was
a multicavity etalon filter. In another preferred embodiment of the present
invention the OSR may be an edge filter, as shown in Fig. 16. The edge filter has
a substantially flat transmission with frequency over a frequency range and a
sharp edge on one side of the peak transmission. The position of the first optical

signal in this case will be substantially on the slope of transmission.

OSR Dispersion

The OSR can also provide some dispersion compensation as well as the
spectral reshaping. Fig. 17 shows the transmission characteristics of a filter and
its corresponding dispersion profile.

The filter dispersion can compensate for a portion of the fiber dispersion.
For example, if the laser frequency spectrum substantially overlaps with the'
normal dispersion peak, having a negative dispersion, the transmission for a
standard single fiber having positive dispersion is extended. If the laser frequency
spectrum substantially overlaps with the anomalous dispersion peak, where
dispersion is positive, it reduces the transmission distance for a standard fiber
with positive dispersion, but extends the reach over negative dispersion fiber such
as Dispersion Compensating Fiber (DCF). Fig. 18 shows the sensitivity as a
function of fiber distance for a case of an OSR with and without dispersion. The

laser spectrum substantially overlaps with the negative dispersion peak of the
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OSR. As shown in Fig. 18, the negative distance indicates a fiber having
negative dispersion of that length. So, for example, -100 km indicates a 100 km

dispersion compensating fiber having -17 ps/nm/km dispersion.

FM Sources

The present invention teaches a variety of methods for generation of a
dispersion tolerant FM signal with high extinction ratio (ER). In one preferred
embodiment of the present invention the FM signal is generated in two steps.

First, a base digital signal is chosen to modulate a directly modulated DFB
laser so as to generate an FM signal with adiabatic chirp such that the phase
difference between two 1 bits separated by an odd number of 0 bits is an odd
integer multiple of . As an example, for a 10 Gb/s NRZ signal with 100 ps
pulses and near square shaped instantaneous frequency profile, this is 5 GHz.

Next, the resulting optical signal is sent through a second amplitude
modulator, such as a LINbO3; modulator or an electro-absorption modulator, as
shown in Fig. 19. The amplitude modulator is modulated by a second digital base
signal, which is a replica of the first digital base signal. The base signal supplied
to the modulator may be inverted relative to that modulating the laser, depending
on the transfer function of the modulator. This is the case, for example, if a
higher signal increases the loss of the modulator. Hence, a high signal produces a
higher amplitude optical signal from the laser and a corresponding low signal is
supplied to the modulator. The AM modulator may be a variety of optical
amplitude modulators such as a LiNbO3; modulator, or an electro-absorption
modulator. The DFB and EA may be integrated on the same chip, as shown in
Fig. 20.

In one preferred embodiment of the present invention, the first and second
base signals supplied to the laser and modulator may be adapted to geﬁerate FM
and AM signals, respectively. These FM and AM signals are different in
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temporal profiles, as demonstrated in Fig. 21, in that there may be a phase
difference between the two digital base signals. Also, the rise time and fall time
of the instantaneous frequency of the first signal and the rise time and fall time of
the resulting second signal after the AM modulator may be different. In addition,
the durations of the FM and AM pulse profiles may be different. In a preferred
embodiment of the present invention the duration, rise time and fall time,
adiabatic chirp, amplitude modulation depth, and the phase delay between the two
digital base signals are varied, as described by the prescriptions and examples
above, so as to increase the dispersion tolerance of the transmitted signal to fiber
dispersion. These parameters for the frequency and amplitude profiles are defined
in Fig. 21.

In another embodiment of the present invention, and as shown in Fig. 22,
there may be a bandwidth limiting filter or an OSR placed after the FM/AM
source described above. The OSR or filter is chosen so as to reduce the optical
frequency components that are at, or higher than, the bit rate frequency, 10 GHz
for a 10 Gb/s NRZ signal, for example.

Parameter Ranges

In various embodiments of the present invention, for longer distance
transmission of signal, performance after the optical spectrum reshaper needs to
be optimized, leading to the following preferred characteristics:

(i) AM ER <3 dB (i.e., the extinction ratio of the laser’s intensity output
is preferably less than 3 dB in order to minimize transient chirp);

(ii) adiabatic chirp in the range 2.5-7.5 GHz (i.e., the adiabatic chirp of
the laser’s output Af = fi-fy= 2.5-7.5 GHz for optimum transmission); and

(iii) Optical spectrum reshaper bandwidth is in the range of 5-10 GHz (i.e.,
the OSR has a filter bandwidth of 5-10 GHz to maximize spectral natrowing
effect).
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Modifications
It will be appreciated that still further embodiments of the present
invention will be apparent to those skilled in the art in view of the present
5 disclosure. It is to be understood that the present invention is by no means limited
to the particular constructions herein disclosed and/or shown in the drawings, but

also comprises any modifications or equivalents within the scope of the invention.

10
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What Is Claimed Is:

1. A fiber optic communication system comprising:

an optical signal source adapted to receive a base binary signal and produce a
first signal, said first signal being frequency modulated; and

an optical spectrum reshaper adapted to reshape the first signal into a second
signal, said second signal being amplitude modulated and frequency modulated;

characterized in that:

the frequency characteristics of said first signal, and the optical characteristics
of said optical spectrum reshaper, being such that the frequency characteristics of
said second signal are configured so as to increase the tolerance of the second

signal to dispersion in a transmission fiber.

2. A fiber optic communication system as in claim 1 wherein the
frequency excursion of the first signal is adjusted such that the frequency
excursion of the second signal is substantially equal to % the bit rate frequency of

the base digital signal.

3. A fiber optic communication system as in claim 1 wherein the

frequency excursion of the first signal comprises an adiabatic chirp component.

4. A fiber optic communication system as in claim 3 wherein the
frequency excursion of the first signal further comprises a transient chirp

component.
5. A fiber optic communication system as in claim 4 wherein the

frequency excursion of the transient chirp component of the first signal is between -
about 0% to about 30% of the bit rate frequency of the base digital signal.
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6. A fiber optic communication system as in claim 4 wherein the bit
rate of the base digital signal is about 10 Gb/s and the frequency excursion of the

transient chirp component of the first signal is about 0 to about 3 GHz.

7. A fiber optic communication system as in claim 1 wherein the

frequency profile of the second signal is substantially flat-topped.

8. A fiber optic communication system as in claim 1 wherein the
frequency excursion of the first signal is adjusted such that the frequency
excursion of the second signal is between about 25% to about 75% of the bit rate

frequency of the base digital signal.

9. A fiber optic communication system as in claim 1 wherein the
frequency excursion of the first signal is adjusted such that in the second signal, 1

bits separated by an odd number of 0 bits are 7 out of phase.

10. A fiber optic communication system as in claim 1 wherein the
frequency excursion of the first signal is adjusted such that in the second signal, 1
bits separated by an odd number of O bits are between about /2 to about 37/2 out

of phase.

11. A fiber optic communication system as in claim 1 wherein the
frequency excursion of the first signal is adjusted such that the frequency
excursion of the second signal is substantially equal to an odd integer multiple of -

4 times the bit rate frequency.
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12. A fiber optic communication system as in claim 1 wherein the
frequency excursion of the first signal is adjusted such that in the second signal,
the phase of 1 bits separated by an odd number of 0 bits are an odd integer

multiple of  out of phase.

13. A fiber optic communication system as in claim 1 wherein the
frequency excursion of the first signal is adjusted such that the product of the
frequency excursion, (Af), of the second signal with the duration of the 0 bits of
the second signal, Tp, is substantially equal to an odd integer multiple of Y.

14. A fiber optic communication system as in claim 1 wherein the

extinction ratio of the second signal is greater than or equal to about 10 dB.

15. A fiber optic communication system as in claim 1 wherein the

extinction ratio of the second signal is between about 10 dB to about 13 dB.

16. A fiber optic communication system as in claim 1 wherein the
frequency excursion of the first signal and the duty cycle of the second signal are
adjusted such that in the second signal, the phase difference between 1 bits

separated by an odd number of 0 bits is substantially equal to 7.

17. A fiber optic communication system as in claim 16 wherein the

frequency profile of the second signal is substantially flat-topped.

18. A fiber optic communication system as in claim 16 wherein the

frequency profile of the first signal is not substantially- flat-topped.
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19. A fiber optic communication system as in claim 1 wherein the rise
time and fall time of the frequency profile of the second signal are faster than the

rise time and fall time of the amplitude profile of the second signal.

20. A fiber optic communication system as in claim 1 wherein the rise
time and fall time of the frequency profile of the second signal are faster than the

rise time and fall time of the frequency profile of the first signal.
21. A fiber optic communication system as in claim 1 wherein the rise
time of the frequency profile of the second signal is faster than the rise time of the

amplitude profile of the second signal.

22. A fiber optic communication system as in claim 1 wherein the fall

time of the frequency profile of the second signal is faster than the fall time of the - -

amplitude profile of the second signal.

23. A fiber optic communication system as in claim 1 wherein the rise
time of the frequency profile of the second signal is faster than the rise time of the

frequency profile of the first signal.

24. A fiber optic communication system as in claim 1 wherein the fall
time of the frequency profile of the second signal is faster than the fall time of the
frequency profile of the first signal.

25. A fiber optic communication system as in claim 1 wherein the

duration of the flat-topped portion of the frequency profile is wide enough to

substantially encompass the amplitude profile of the second signal.
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26. A fiber optic communication system as in claim 1 wherein the
duration of the flat-topped portion of the frequency profile encompasses only the
middle portion of the amplitude profile of the second signal.

27. A fiber optic communication system as in claim 1 wherein the
middle portion of a 1 bit of the second signal has a different frequency than the

wing portions of the same bit.

28. A fiber optic communication system as in claim 1 wherein the
middle portion of the amplitude profile of the second signal has a different

frequency than the wing portions on either side of the middle portion.

29. A fiber optic communication system as in claim 1 wherein a 1 bit
pulse of the second signal has an amplitude profile and a frequency profile,
wherein the frequency profile is flat-topped, and further wherein the wings of the
amplitude profile lie outside the flat-topped portion of the frequency profile.

30. A fiber optic communication system as in claim 1 wherein the

amplitude profile of the second signal is different than its frequency profile.

31. A fiber optic communication system as in claim 1 wherein the
duration of the flat-topped portion of the frequency profile of the second signal

encompasses the central portion of the amplitude profile of the second signal.
32. A fiber optic communication system as in claim 31 wherein the

amplitude profile of the second signal comprises wings which have a different

frequency than the central portion of the amplitude profile of the second signal.
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33. A fiber optic communication system as in claim 1 wherein the
spectral position of the first signal is adjusted to be on the transmission edge of

the optical spectrum reshaper.

34, A fiber optic communication system as in claim 33 wherein the
spectral position of the first signal is substantially near the peak logarithmic

derivative of the transmission profile of the optical spectrum reshaper.

35. A fiber optic communication system as in claim 1 wherein the
slope of slope of the optical spectrum reshaper is adjusted to simultaneously
optimize the bit error rate of the second signal both before and after propagation
through dispersive fiber.

36. A fiber optic communication system as in claim 35 wherein the
slope of the slope of the optical spectrum reshaper is between about 0.38 dB/GHz?
and about 0.6 dB/GHz".

37. A fiber optic communication system as in claim 1 wherein the 3
dB bandwidth of the optical spectrum reshaper is between about 65% and about
90% of the bit rate of the first signal.

38. A fiber optic communication system as in claim 1 wherein the field -
transmission profile of the optical spectrum reshaper is that of a second order

Bessel filter.
39. A fiber optic communication system as in claim 1 wherein the

logarithmic slope of the transmission profile of the optical spectrum reshaper near

its transmission peak is substantially linear.
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40. A fiber optic communication system as in claim 1 wherein the field
transmission profile of the optical spectrum reshaper is that of a fourth order

Bessel filter.

41. A fiber optic communication system as in claim 1 wherein the

optical signal source is a semiconductor laser.

42. A fiber optic communication system as in claim 41 wherein the
bias of the laser and the amplitude of the base binary signal are adjusted to
simultaneously improve the bit error rate of the second signal both before and

after propagation through dispersive fiber.

43. A fiber optic communication system as in claim 41 wherein the
bias of the laser and the amplitude of the base binary signal are adjusted to
imprO\}e the bit error rate of the second signal after propagation through

dispersive fiber.

44. A fiber optic communication system as in claim 1 wherein at least
one of the angle of incidence and the beam divergence of the first optical signal
impinging upon the optical spectrum reshaper is adjusted to obtain the desired

second signal.

45. A fiber optic communication system as in claim 44 wherein the

angle of incidence is between about 1.5 and about 2 degrees.

46. A fiber optic communication system as in claim 1 wherein the

optical spectrum reshaper is a multicavity etalon filter.

’,

TAYE-31

PCT/US2005/006412



10

15

20

25

WO 2005/084268 PCT/US2005/006412

-36-

47. A fiber optic communication system as in claim 1 wherein the

optical spectrum reshaper is an edge filter.

48, A fiber optic communication system as in claim 1 wherein the rise
time and fall time of the frequency profile of the second signal are adjusted by
adjusting the slope (in dB/GHz) of the transmission profile of the optical spectrum

reshaper.

49.  An optical transmitter comprising:

a frequency modulated source for generating a first frequency modulated
signal, and ‘

an amplitude modulator for receiving the first frequency modulated signal

and for generating a second amplitude and frequency modulated signal.
50.  An optical transmitter as in claim 49 wherein the frequency
modulated source is modulated with a first digital signal and the amplitude

modulator is modulated with a second digital signal.

51.  An optical transmitter as in claim 50 wherein the first and second

digital signals represent the same digital data.

52.  An optical transmitter as in claim 51 wherein the first and second

digital signals are logical inverses of one another.

53.  An optical transmitter as in claim 51 wherein the first optical

source is a semiconductor laser.

TAYE-31



10

15

20

25

WO 2005/084268

PCT/US2005/006412

-37-

54,  An optical transmitter as in claim 53 wherein the first optical

source is a distributed feedback laser.

55.  An optical transmitter as in claim 51 wherein the amplitude

modulator is a lithium niobate modulator.

56.  An optical transmitter as in claim 51 wherein the amplitude

modulator is an electro-absorption modulator.

57.  Anoptical transmitter as in claim 54 wherein the amplitude

modulator is an electro-absorption modulator.

58.  An optical transmitter as in claim 57 wherein the distributed
feedback laser and the electro-absorption modulator are integrated on the same

substrate.

59.  An optical transmitter as in claim 51 wherein frequency modulated
source is modulated by the first digital signal such that in the second signal, the
phase difference between two 1 bits separated by an odd number of 0 bits is an - -

odd integer multiple of 7.

60.  An optical transmitter as in claim 51 wherein the frequency
modulated source is modulated by the first digital signal such that the frequency
excursion of the second optical signal is between about 25% and about 75% of the
bit rate frequency of the first digital signal.
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61.  An optical transmitter as in claim 51 wherein the first frequency
modulated signal and second amplitude and frequency modulated signal have

different temporal profiles.

62.  An optical transmitter as in claim 51 wherein the first digital signal
and the digital signal have different temporal profiles.

63.  An optical transmitter as in claim 51 wherein at least one of the
duration, rise time, fall time, adiabatic chirp, amplitude modulation depth, and the
phase delay between the two digital base signals are adjusted so as to increase the

dispersion tolerance of the second signal to fiber dispersion.

64.  An optical transmitter as in claim 49 further comprising an optical
spectrum reshaper for receiving the second amplitude and frequency modulated

signal.

65.. A method for transmitting an optical signal through a transmission
fiber comprising:

receiving a base binary signal;

operating an optical signal source using the base binary signal to produce a
first signal, said first signal being frequency modulated;

passing the frequency modulated signal through an optical spectrum
reshaper so as to reshape the first signal into a second signal, said second signal
being amplitude modulated and frequency modulated,

the frequency characteristics of said first signal, and the optical
characteristics of said optical spectrum reshaper, being such that the frequency
characteristics of said second signal are configured so as to increase the tolerance

of the second signal to dispersion in a transmission fiber; and
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passing the second signal through a transmission fiber.

66. A method according to claim 65 wherein the frequency excursion
of the first signal is adjusted such that the frequency excursion of the second
signal is substantially equal to % the bit rate frequency of the base digital signal.

67. A method according to claim 65 wherein the frequency excursion

of the first signal comprises an adiabatic chirp component.

68. A method according to claim 65 wherein the frequency profile of
the second signal is substantially flat-topped.

69. A method according to claim 65 wherein the frequency excursion
of the first signal is adjusted such that in the second signal, 1 bits separated by an

odd number of 0 bits are 7 out of phase.

70. A method according to claim 65 wherein the frequency excursion

of the first signal is adjusted such that in the second signal, 1 bits separated by an
odd number of 0 bits are between about /2 to about 37/2 out of phase.

71. A method for transmitting a base signal, comprising:
using the base signal to produce a frequency modulated signal; and
providing an amplitude modulator for receiving the frequency modulated

signal and for generating an amplitude and frequency modulated signal.
72. A fiber optic communication system comprising:

an optical signal source adapted to produce a frequency modulated signal;

and
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an optical spectrum reshaper adapted to convert the frequency modulated
signal into a substantially amplitude modulated signal;
characterized in that:

the operating characteristics of the optical signal source and the optical
characteristics of the optical spectrum reshaper combine to compensate for at least

a portion of a dispersion in an optical fiber.

73. A method for transmitting an amplitude modulated signal through
a fiber comprising;

providing a laser and providing a filter having selected optical
characteristics;

inputting the amplitude modulated signal into the laser, and operating the
laser, so as to generate a corresponding frequency modulated signal,;

passing the frequency modulated signal through the filter so as to generate
a resulting signal and passing the resulting signal into the fiber;
the laser being operated, and the filter being chosen, such that the resulting signal

is configured to compensate for at least a portion of the dispersion in the fiber.

74. A fiber optic communication system comprising:

an optical signal source adapted to produce a first signal, said first signal
being frequency modulated; and

an optical spectrum reshaper adapted to convert said first signal into a
second signal, said second signal being amplitude modulated and frequency
modulated;

characterized in that:

the frequency characteristics of said first signal, and the optical
characteristics of said optical spectrum reshaper, being such that the frequency

characteristics of said second signal are configured so as to extend the distance
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said second signal can travel along a fiber before the amplitude characteristics of

said second signal degrade beyond a given amount.

75. A fiber optic communication system comprising:

a module adapted to receive a first signal and convert said first signal into
a second signal, said second signal being amplitude modulated and frequency
modulated;

characterized in that:

the frequency characteristics of said second signal are configured so as to
extend the distance said second signal can travel along a fiber before the

amplitude characteristics of said second signal degrade beyond a given amount.

76. A system adapted to convert a first signal into a second signal, said
second signal being amplitude modulated and frequency modulated;

the improvement comprising:

tailoring the frequency characteristics of said second signal so as to extend
the distance said second signal can travel along a fiber before the amplitude

characteristics of said second signal degrade beyond a given amount.

77. A fiber optic communication system comprising:

an optical signal source adapted to receive a base signal and produce a
first signal, said first signal being frequency modulated; and

an optical spectrum reshaper adapted to convert said first signal into a
second signal, said second signal being amplitude modulated and frequency
modulated;

characterized in that:

the frequency characteristics of said first signal, and the optical
characteristics of said optical spectrum reshaper, being such that the frequency
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characteristics of said second signal are configured so as to extend the distance
said second signal can travel along a fiber before the amplitude characteristics of

said second signal degrade beyond a given amount.

78. A fiber optic communication system comprising:

an optical signal source adapted to produce a first signal, said first signal
being frequency modulated; and

an optical spectrum reshaper adapted to convert said first signal into a
second signal, said second signal being amplitude modulated and frequency
modulated;

characterized in that:

the frequency dependent loss of the optical spectrum reshaper is adjusted

to increase the dispersion tolerance of the second signal.

79. A fiber optic system comprising:

an optical source adapted to produce a frequency modulated digital signal;

characterized in that:

said digital signal has a time varying frequency modulation which is
substantially constant across each 1 bit and equal to a first frequency and
substantially constant over each 0 bit and equal to a second frequency, wherein
the difference between said first ﬁeqqency and said second frequency is between

0.2 times and 1.0 times the bit rate frequency.

80. A method for generating a dispersion tolerant digital signal,
comprising:

modulating a DFB laser with a first digital base signal to generate a first
optical FM signal,
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wherein said first FM signal has a v phase shift between 1 bits that are
separated by an odd number of 0 bits, and

modulating amplitude of said first optical FM signal with a second digital

base signal to produce a second optical signal with high contrast ratio.

TAYE-31



PCT/US2005/006412

WO 2005/084268

1122

| b4

- (dxtyo peddoi-3eT3) uoTriernpow Aousnbaij pue
uoTlRTOPOW 2pN3TTAWe JURITWOOUOD YITM Teubts Teathtp Teorado uy 1 2InbTd

(su) owrr L
¥l (A l 80 90 o AL oo
— r=IsRE . - o
Asuanbay eando N
s ¢ U B N B R
9 - 44 = Jv = diiyo oyeqelpy
0
] 1 [ ] [
90.mos WAV
Jo Asuagurnding 1 i
. b

uonejnpow apnjyjdwe padaiyo Ajjesneqelpy

SUBSTITUTE SHEET (RULE 26)



PCT/US2005/006412

WO 2005/084268

2/22

Teubts Te3ITHTP S/99 0T © *0F ZHD 0T Pue zHD § 3O sentea dITyd

¢ b4

paddoj-3eTI 1037

sousnbas 21Tq T[0T ©® Fo oseyd pue Aousnbail snosuejueisul °Z @anbtd

A

1g-

diys ZHOOL duys zHOS

spnjidury

aseyd

ssuadsal
N4

SUBSTITUTE SHEET (RULE 26)



PCT/US2005/006412

WO 2005/084268

3/22

¢ b4

‘uotaebedoad Is3Ie pur SI0I8]
dxtyo paddoij-3eTF INOUITM Pu2 YITM sousnbas 1Tq I0T ¥ ‘€ @inbta

uoissiusuel} jaye uado ak3
aoualaualu| aAnon)saq

7

||_I..N—\// Kousnbai4

REOEE

x= 0=0

uolssiwisuel} Jaye uado 843
9OUSIDLIBIU| SAONIISUOCD

pEp=y

uoissiwisuel) Jaye Buiso|) 843

%S& w7 =0V Indino N0
_ _ _ opnydwy
phuue O"e
ZdN
piepuels
0=0 0=®

uoissiwsues} atoyaq 843 uadQ

SUBSTITUTE SHEET (RULE 26)



PCT/US2005/006412

WO 2005/084268

¥ b
*¥sO ue 19833e daTyo paddoi-jeTI pue adeys

asTnd HuT3ITNS®I pue ¥Yso ue axogeq oTTIoxd diTyo oOTleqgerpe Yitm osynd ueTtssnes 'y oInbTa

fed oy o
My 0 B 0 0 00 R @ W & X % 63 o B 0O ® B B & n. o 0 B M X 0 R OO O O OO o6 o M ® M OB 8 & & o
R 1 [k ? | { ¥
J1 | . |
| N / . n -
" I i e o
\ ™ e
{ 1 ]
\ / * 1
e == ' ! i ,
sjy0ad_Ablianb m_rh uEL) s aitjo.d Katianhayy snoauejuesy| .
it iphionbas epdpumierpul h o i N
ﬂ g lahiaea (expiadeos thitpg
. e #4
M oy D OB M R MESOR O o 2 m_“‘hs_. [N T AR O ST S 4 nu o 0 0 R RN ® n“&g | oo ®OW 08B RO
- _ T Tk m M j “ '
V | ] 1
! N A
1 | 7
|
: | A | .
I T
Pt ) +
Apsuaqur| | _ m . Asuajus| | | | .
P [ B B ) sy
HSO J8uyY dSO aiojag

SUBSTITUTE SHEET (RULE 26)



PCT/US2005/006412

WO 2005/084268

5/22

G ‘b4

suotaTuTgep pue eosTnd ayy yo oTTFoxd Aousnbesy snosuejuelsul ‘g SInbTi

awi |

A

dnyo oneqelpy

.................. \ SR W e Aouanbal g

/

yead Jo ssauje|d . L= = v
swl e Suwi ssiy

SUBSTITUTE SHEET (RULE 26)



PCT/US2005/006412

WO 2005/084268

6/22

9

614

sTTyoxd Aousenbsil snosueijuelsul oYl IO SSWT] TTRF PUR BWI]

08

(sd) diiyo 10) sawij [je} asiy
05 oV 0¢ 114 ol

0L 09

T 7T

T T T

T T T

™r T 1 1 T T 7 ]

a0V

L J i R U B RN B

T T T

S %
-9 -~

ey
o

T v T

7T
T tang,

I o Y O o RN P L SO Y N
R A S S

I T I |

ZHO 0 WX00Z e
ZHO L WHOOZ snmemsnnn
2HS T WYO0Z ==~
ZHD ¢ W00Z —Mi—
ZHO ¥ UNQ0T ~edle
ZHD § WHO0T vealiunn
S0 G LIS weee e
ZHO L WHOOT w=ndfnnm
ZHS 8 WHCOT mwaOmme
ZHO 6 WHO0Z =--M=mn
2H S 0} WHOOT emComem

T T 177

| I T B 1

.

\_....__

-m...__.__

S U D T |

Ly

9i-

9STI 8yjl JO UOTIOUNT B Se unf (007 I93Fe AQTATITSUSS ISATSD8Y °g axnbTa

(wgp) AUAnISUeS

SUBSTITUTE SHEET (RULE 26)



PCT/US2005/006412

7/22

WO 2005/084268

L b4

‘sedoTs 3uaI9IITP OM3 .
yaTM ¥Yso ue re3Fe o1TFoxd A3TsusjuTl pue sTTz0xd AousnbexJ snosuejuelsul . 2InbTg

(ST {8d]om}
gﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁ_méswgﬁéassagm. gﬁﬁgﬁﬁﬁﬁgﬁﬁaﬁa;glﬁ_gﬁBs_.u__w
NAAS il |
saw Ewwm@ﬁ@rﬁm__) | ; mLE 1B} @SM 48} mum .
i )4 _ ,”/ ; , i rall /i (,\/}3,
4 ] .
% | i \ g \\ "
N .
~ , w ) A \
Pl | B ; |
alar I s | Aouanh noauejueIsu ! "
i e e T A e “ N
fex)odess (ol (o) adeog InalieRg
B BT
Qﬁﬁﬁﬁﬁﬁﬁﬂsﬁawés_a-s,ﬂsﬁ_-sea Qﬁﬁﬁﬁnﬁnﬂﬁﬁﬁﬁﬁs.&aaaawﬁou
N 1 e N | AT
/ \ ; “ ] \ }
TV TV
_ w (4 ’ . 14
/ \ _ t / \ | ._ ¢
g% !
m | ] 1 m (3
. | o “ Ay ubyty ™~ !
\ﬁﬂ_+=1—_u_ “ _ " 1 § : -% ﬂ _. ! 1 _ w 5
srynpe [ L] »yap el ovag
zHo/gp S = @do|s ZHD/gP Ul S Z = adojS

SUBSTITUTE SHEET (RULE 26)



PCT/US2005/006412

WO 2005/084268

8/22

g "B

‘unxioeds poadeysar HUTITNSSI YL pPue ‘Y¥YSO 2yl Jo umaideds syl
‘TeubTts poadatyo ATTEOTIIECRIPE UR JO wunijiosads TedTido g 2anbTtd

(2] THL 1 E51 0 SawR1 Auanbal BYEO

AT I N
AL A
f//f/ In | T,
N f e |
\ N LY _
ed”\ Zf . )
WA\ ]
, - X
] 5 .& S Iage wirijoads jeubis gSA
/7 rduyo-ol eqeipe || 1N
o} anplapis Aovenbiaiy | ) kT Wl N :
\_UBilfuo BumoueN \ 1] =)y di0jeq winoads pajeinpop
] ! g oy

SUBSTITUTE SHEET (RULE 26)



PCT/US2005/006412

WO 2005/084268

9/22

6 '6i

*I93TT3 uoTe3® L3TARD € B ST oTdwexs STY3 UT YDTYM

9S0 8yl 01 aatjeTax TeubTS JO 3ITUS TeIlzosds pue ‘dITyo OTIEgEIpPE JO

senTeA SNOTIRA I0I ISQTF us{/uu/sd T JO U3 00Z I93Fe AJTATITSUSS ISATS09Y

(zHo) uonisod 1914

9. wL zZL 0L 8 9 ¥ z

A B B S B B R R L BELENL R R I X A

: 1 92-

) ]

" 16¢

C : w
L | o
. 183y UO 1o oﬂmmo_mﬁ
g ¥ =
| ANV
5 ¢ hY i

C 7 " ] =
ﬁ .1... ZHS b ., ....f\m.a / . 2z m
i Vi N \ 3
i wOdE: N
i ! ....J. / " Ie

- m // A

C i 51 02

: / ZHD 9 / “
,__._\..__,._p_n_,__,_o_u__ﬂ_«_ﬁ_w NAINE [,

‘g oaubtd

SUBSTITUTE SHEET (RULE 26)



PCT/US2005/006412

WO 2005/084268

10/22

A E

-unxyoads ¥SO oyl 03 sATaeTeax TeubTs Jo uoTatsod
Texjoeds pue ¥g0o ueissnes-uou e Jo o7dwexs uy QT 9InbTJ

ZH9 ¢ = diiyo dleqeipy

\

3309 ZHO 0L~

(zHo/ap) adojs

39019 ZHO O+

0og 0

2 v/ 0

}

{zHo) Asuanbai

0

A
ll“ll/

X

8-

VA

(o A

N\

8'0-

=\

€0 s

0

20

\_/

N

(43

Lt

24

s\

(m/’

Lz

N

(gp) sso1 494

SUBSTITUTE SHEET (RULE 26)



PCT/US2005/006412

WO 2005/084268

11/22

) Ll

B4

¥so ue uo adoTs yo odoTS FO UOTITUTISQ °TT SanbIdg

(zH9) Aouanbaig aaneey
5l oL s % g 0L~ Gl-

¢- ] _ _ iz

= (ZH2) i

“1 VA\ /// _ JENL IO JEWED ..

QU] 128 il

@ u wiem ® )

[=] -
ke ez m.
2 [ . B
® \N a
m \ g =

/\ // \ o
\/ (ZRiSyS)
A\ ..\\\ SHOISHESH

€

13}l JO 191udd wol} yasyojadols yead =adojs jo adojs

SUBSTITUTE SHEET (RULE 26)



PCT/US2005/006412

WO 2005/084268

12/22

Z) bl

‘adoTs 3o odoTs paaTsap 8yl optaoad YSO Se pesn sI1BJTTIF I9ssed  °CT 2anbTa

FHOIERIE'D 2408 10 ECe)s’ ZHO SEEE LI R0 pUg
FHSIERS0 BUeIS 10 B96IS ‘ZHO S IR BP0 g7
| FAISVERSLY0 2delS 10 OIS ZHO &L = ME IR BRI0 i

/
/
/
/

B e absha ) /ﬁ /4 mwm
miw OFSPR SORT—+ \\ \ // o8
b +| MaDgpe EpRYly— / 7 \ pousne= i....._NP-

adog \ Wi L1
N-Mzmwonmm%mml. \ / P -
1] Om.mnmw_uﬂl A\ / \_w\ o
¢.rzm8um§»ﬁl 0
INE O 9P B0 P — ) 10y 9 Lph o3l PSSAE PUE

NEZHD) LM P Wy

SUBSTITUTE SHEET (RULE 26)



PCT/US2005/006412

WO 2005/084268

13/22

¢l b

‘x8qTy zo (wu/sd QQOFE) WS 002 UbPNOIY] UOTSSTUISURI] ISAIB PUB 9I0F3]

suexbeTp ohe TeoTIjO9Ts pue TeoTado *€1 oInbta

1.

L 1 1 1 504
154} 183 afo-0 ] mmog

[ed]oust
[ 00 o5 oot oS
T T 0

z

SUBSTITUTE SHEET (RULE 26)



v "bi4

IzeseT oyl Jo 3ndano ay3l e diTyo ucwﬂmamup. Uata IejjTwsuerl (TWD) ISse] pabeueu
drTyo ® I0J ISQTI JO WY Q¢ I03FB puR YOBG-3ORq IOJ sweabelp oA "pT 2InbT4

PCT/US2005/006412

WO 2005/084268

14/22

o4

(4
€t

UoYuE 90 [viu] somod

‘SpBERREY

O WO D

SIGH

SUBSTITUTE SHEET (RULE 26)



PCT/US2005/006412

WO 2005/084268

15/22

Gl "bi4

‘uoTeze A3taen z e 1037 2doTs Jo adoTs pue 2doTs PSINSEIR

jobue asuapiouj

G'¢ A Gt

b

S'0 0

1E

2¢ T

g€e T

1

ve L I~

/r.ll

o &

adojs Yead
0
o
:

RN

L€t

8¢ + | (zHo/ap) edojs yead —@— .//n
(zvzHo/aP) 2dojs J0 adojS —— b

6'€ j N i

0

L0
[A
€0
o
S0
90
L0
80
60

"GT 2Inb1a

(gvzHO/aP)
adojs jo adojs

adojs jead pue adojs jo adojs sA [abue asuapiay|

SUBSTITUTE SHEET (RULE 26)



PCT/US2005/006412

WO 2005/084268

16/22

9] "bi4

¥SO ue Se pesn I93TTF obpe ue jo SdOTS pue UOTSSTWSURIL '97T axnbTg

{z0) ban
oo 6 8§ 2 98 € ¥ € T + 0 ¥ T & ¥ ¢ & & & & O
i \ 000008
\ 008"
/A // 000
~
000'00
Z //
\ 4 000002
/ / a ¥
/”I/l/// \ \\ -
o1 . ~
g P~ 00000F
d \7 L e
4] \ \ oo
1.-eu0 100 .._._n@dcmdll.
1-8ux00 S0— ) ) -
18U 0 IOV 0 — 6«%05%&”3:%?2&&5
00 -8u000 10V S0 UOH e
Q) -8u0d0 IV D ——

SUBSTITUTE SHEET (RULE 26)



PCT/US2005/006412

WO 2005/084268

17/22

Ll bl

‘a7130xd uoTsaadsTp SIT Y3ITM ¥SO UB IO sTdwexy LT °InbTd

(21q1 o)
uoisiadsip snojewouy

uolsiadsip [BWION

(z{9) Aouenbei4
2 0e St o} g 0 ot- G- 14
i 1 1 i 1 T
@ +oo0z- &
°
1]
) s a
é;gg%?g%?.;z?ss;;fe \ —— il 0 )
£}
e
@ 4000z 3
| \ \ | \ \ ! ~
uotstedsip leyld
{4 0c Sl o} S 0 S- Qat- Gi- o1
T T T T T T T T
» dg- 3
= ™ 1o m
I

//f[l]\llll 2

0

" 1z 3

aseud Jegld
74 02 =13 o] 8 g 0 §- 0}- St- Ge- .
T T T T T T T oe-
- -o2-
.I.I\"/)/ - OFl
] 1 \ ~/ | ! i 0

sx-0518g M4 S1 seny luossiusueRY JeRd

{ap) uofssiwsuei)

SUBSTITUTE SHEET (RULE 26)



PCT/US2005/006412

WO 2005/084268

gl "bi

*3UNODOE 0JUT USyR] ¥YSO 9Yl JO UOTSISdSTP INOYlITM pue YiTm wy/wu/sd .1 uoTsxadstp
Jo yjbusT xeqrI snsadsa AJTATITSUSS *QT Sanbtd

- (wny) ybusj 1oqiy

00¢ 002 001 0 ool- ooz ooc,
P a N gy T
. m -1 .WNI
Rjeusd gpz ' | 0
m 1 5
N w 1zz- 2.
~ H < =
e m | =
: ] <
M 10z- &
m . w
m . 3
13)]1} uj yoisiadsip yum ' =~
. w \q 418}~
1 1931 :._ :O_m._mn_m_v jnoyyim ]
....-.’._.-..\F_...w..p-{P..\Fl.~—.—.|mvl

SUBSTITUTE SHEET (RULE 26)



PCT/US2005/006412

WO 2005/084268

*TojeTnpow spnltTdwe sjeirdsas pue JojeTnpow Wi €40 © UaTM 9D0INnos TedT3do Wi "6T 2InbTg

19/22

6l "bi

reubis aseq [ejfip puodag

lojeinpow Ny

jeubis aseq [ebip 1s114

a4a

%E
/

SUBSTITUTE SHEET (RULE 26)



PCT/US2005/006412

WO 2005/084268

20/22

0z ‘614

*xojeTnpowr uoTldIOosqe-0I309TH polexbsjur pue
€40 poleTnpou ® yiTm 9doanos TeoTido WA 0z 9xnbrg

)

uo1dss v3

g4d

MAAAAAAAAAAM

<m>

[eubis eseq (e)bip puooss

a M.&QN

T LU

feuBis aseq |eybip Jsui4

SUBSTITUTE SHEET (RULE 26)



PCT/US2005/006412

WO 2005/084268

21/22

12 b4

‘sTeubTSs WiI pue WY 8yl Jo wmaﬂuouo Texodwusy *TzZ =2anbtg

sowy asly ajyo.d adojenus spnyjdury

8jijoid Aousnbay) snoauejuelsSul

uoneinp v

SUBSTITUTE SHEET (RULE 26)



PCT/US2005/006412

WO 2005/084268

22/22

ze b

"I93TTF I0 ¥SO DBUTITWTIT YIPTMPUBRG PUR 92INOS WY/WA TeoTIdQ -Zzoanbrd

eubis aseq enbip puoseg

LWLy

[eubis sseq |eybip isity

I

JUSR]

lojenpow N

a4d

Is) dd

S914°EDAIETRYL/ DL

SUBSTITUTE SHEET (RULE 26)



	Abstract
	Bibliographic
	Description
	Claims
	Drawings

