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= coating on one or more facets of the light source (101) capable of lasing. The light source (101) capable of lasing receives a spectral
& slice of a light signal from a broadband light source (113) to wavelength lock the output wavelength of the light source (101) capable
& of lasing within the bandwidth of the injected light signal. A current pump (141) may bias the light source (101) capable of lasing
to operate as a reflective regenerate semiconductor optical amplifier so that the injected light is reflected back out a front facet after
being amplified and wavelength locked. The current pump (141) may also bias the light source (101) capable of lasing such that the
externally injected narrow-band light signal into the light source (101) capable of lasing suppresses the lasing modes outside of the

bandwidth of injected incoherent light.



WO 2004/107628 A1 I} }10 Y N0VYH0 T 00000 0

For two-letter codes and other abbreviations, refer to the "Guid-
ance Notes on Codes and Abbreviations” appearing at the begin-
ning of each regular issue of the PCT Gagzette.



WO 2004/107628 PCT/US2003/017201

A LIGHT SOURCE CABLE OF LASING THAT IS WAVELENGTH LOCKED BY AN
INJECTED LIGHT SIGNAL

FIELD

[001] Embodiments of this invention relate to wavelength-division-multiplexing
passive-optical-networks. More particularly, an embodiment of this invention relates to
a light source capable of lasing that is wavelength locked by an injected light signal.

BACKGROUND
[002] Some wavelength-division-multiplexing-passive-optical-networks (WDM

PONSs) require precise wavelength alignment between the wavelengths of the signal
from a transmitter in a central office to a device in a remote site distributing that signal
to a subscriber. In a passive-optical-network, a remote node containing the signal-
distributing device is typically located outdoors without any electrical power supply. The
transmission band of wavelengths of the outdoor signal-distributing device can change
according to the variation of the external temperature. Misalignment of the wavelength
between the transmitted signal and the operating wavelength of the device distributing
the signal introduces extra insertion loss in the signal.

[003] A possible way to minimize the misalignment can be to use a narrow-
linewidth distributed feedback laser diode (DFB LD) that essentially always falls within
the shifting bandwidths of the multiplexers as an optical transmitter to satisfy the
wavelength alignment condition. However, this arrangement may not be an economic
solution because of the high price of each accurately stabilized DFB LD.

[004] Some PONS also use optical transmitters with a high bit rate and an adequate
amount of gain to support high bit rate. Some passive optical network may use a
broadband light emitting diode (LED) as an optical transmitter. However, the
modulation bandwidth of the LED can be narrow, thereby, making it difficult to send
data at a high bit rate. Moreover, long-distance transmission in a passive optical
network can be difficult with an LED due to the inherent weak power output from an
LED.
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[005] Some attempts have been made to inject a signal into a laser. However,
standard laser chip lengths of 300 microns or so may cause insufficient gain due to no
overlap between the bandwidth of an injected signal and a cavity mode of the laser. |
Also, some standard lasers may not generate suitable gain to support adequate signal
quality over a range of operating frequencies when taking in consideration

manufacturing tolerances and temperature drift.

SUMMARY

[006] Various methods, systems, and apparatuses are described in which a light
source capable of lasing is wavelength locked by an injected light signal. The light
source capable of lasing, such as a Fabry-Perot laser diode (FP LD), may have
antireflective coating on one or more facets of the light source capable of lasing. The
light source capable of lasing receives a spectral slice of a light signal from a
broadband light source to wavelength lock the output wavelength of the light source
capable of lasing within the bandwidth of the injected light signal. A current pump may
bias the light source capable of lasing to operate as a reflective regenerative
semiconductor optical amplifier so that the injected light is reflected back out a front
facet after being amplified and wavelength locked. The current pump may also bias the
light source capable of lasing such that the externally injected narrow-band light signal
into the light source capable of lasing suppresses the lasing modes outside of the
bandwidth of injected incoherent light.

[007] Other features and advantages of the present invention will be apparent from
the accompanying drawings and from the detailed description that follows below.

BRIEF DESCRIPTION OF THE DRAWINGS
[008]  The present invention is illustrated by example and not limitation in the figures
of the accompanying drawings, in which like references indicate similar elements and in
which:

Figure 1 illustrates a block diagram of an embodiment of a wavelength-division-
multiplexing passive-optical-network using an optical transmitter wavelength locked by

an injected light signal.
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Figure 2 illustrates a block diagram of an embodiment of a light source capable
of lasing having one or more facets and a laser chip.

Figure 3 illustrates a graph of input power spectral density of an injected light
signal versus wavelength for an embodiment of the light source capable of lasing.

Figure 4 illustrates a graph of power versus wavelength before the injected light
signal and after the injected light signal for an embodiment of the light source capable
of lasing.

Figures 5a and 5b illustrate the gain shape versus wavelength of a light source
capable of lasing, such as a FP LD, for an embodiment of the light source capable of
lasing.

DETAILED DESCRIPTION

[009]  Various light sources capable of lasing are described. For an embodiment, a
light source capable of lasing, such as a Fabry-Perot laser diode, has antireflective
coating on one or more facets of the Fabry-Perot laser diode. The Fabry-Perot laser
diode receives a spectral slice of a light signal from a broadband light source to
wavelength lock the output wavelength of the Fabry-Perot laser diode within the
bandwidth of the injected light signal. A current pump biases the Fabry-Perot laser
diode to operate as a reflective regenerative semiconductor optical amplifier so that the
injected light is reflected back out a front facet after being amplified. This regenerative
amplifying process results in an effective wavelength locking of the Fabry-Perot laser
diode to the injected spectral slice of the broadband light source. The current pump
also biases the Fabry-Perot laser diode such that the externally injected narrow-band
light signal into the Fabry-Perot laser diode suppresses the lasing modes outside of the
bandwidth of injected incoherent light. Further, the bandwidth of the injected light signal
and a length of the laser chip in the Fabry-Perot laser diode may be selected to usually
cause wavelengths in the bandwidth of the injected light signal to overlap with one or
more cavity modes of the Fabry-Perot laser diode. Also, the laser chip of the Fabry-
Perot laser diode may have an enhanced gain-bandwidth value of greater than 40
nanometers to support wavelength locking over the system’s effective operating range
while maintaining a useable signal quality when the Fabry-Perot laser diode is
modulated with the data stream.
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[0010]  Figure 1 illustrates a block diagram of an embodiment of a wavelength-
division-multiplexing passive-optical-network using an optical transmitter wavelength
locked by an injected light signal. The wavelength-division-multiplexing passive-optical-
network 100 includes a first location such as a central office, a second location remote
from the first location such as a remote node, and a plurality of subscriber locations.
[0011] The example central office contains a first group of optical transmitters 101-
103 emitting optical signals in a first band of wavelengths, a first group of optical
receivers 104-106 to accept an optical signal in a second band of wavelengths, a first
group of band splitting filters 107-109, a wavelength-tracking component 130, a first 1xn
bi-directional optical multiplexer/demultiplexer 112, an optical coupler 115, a first
broadband light source 114, and a second broadband light source 113.

[0012]  The first optical multiplexer/demultiplexer 112 spectrally slices a first band of
wavelengths received from the first broadband light source 114 and demultiplexes a
second band of wavelengths received from the second optical multiplexer/demultiplexer
116. A band splitting filter, such as the first broadband splitting filter 107, splits the first
band of wavelengths and the second band of wavelengths signals to different ports.
The first multiplexer/demultiplexer 112 couples to a first group of band splitting filters
107-109. Each optical transmitter in the first group of optical transmitters 101-103
receives a discrete spectrally sliced signal in the first band of wavelengths and aligns
the operating wavelength of that optical transmitter to the wavelengths within bandwidth
of the received spectrally sliced signal.

[0013] Each optical transmitter, such as a Fabry Perot laser diode, may cooperate
with a current pump, such as the first current pump 141, and a modulator, such as the
first modulator 140. The first current pump 141 biases the first optical transmitter 101
such that the externally injected narrow-band light signal into the first optical transmitter
101 suppresses the lasing modes outside of the bandwidth of injected incoherent light.
The first modulator 140 directly modulates the output signal generated by the optical
transmitter with a data stream.

[0014] A first controller 142 may also cooperate with the first optical transmitter 101
to provide an optimized gain for the injected light signal by shifting one or more cavity
modes of the optical transmitter to overlap with the bandwidth of the injected light
signal. The first controller may change the temperature of the first optical transmitter

4
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101 or the current applied to the first optical transmitter 101 to shift the cavity modes of
the optical transmitter 101. Alternatively, the bandwidth of the injected light signal and
the size of the laser chip may be selected to approximately cause wavelengths in the
bandwidth of the injected light signal to overlap with one or more cavity modes of the
first optical transmitter 101 independent of an external device, such as the first
controller 142, to shift the modes of the first optical transmitter 101.

[0015]  The first optical transmitter 101 may have one or more facets with
antireflective coating and a laser chip with two or more cavity modes. The first current
pump 141 may bias first optical transmitter101 to operate as a reflective regenerative
semiconductor optical amplifier. A front facet of the first optical transmitter 101 receives
the spectral slice light signal to wavelength lock the output wavelength of the first optical
transmitter 101 within the bandWidth of the injected light signal. The first optical
transmitter 101 reflects the injected light back out the front facet after being amplified,
sideband suppressed, and wavelength locked. The first optical transmitter 101
transmits the modulated signal on a unique wavelength in the first band of wavelengths.
[0016] Each band splitting filter 107-109 couples to a given optical transmitter in the
first group of optical transmitters 101-103 and a given optical receiver in the first group
of optical receivers 104-106. Each optical receiver in the first group of optical receivers
104-106 receives a discrete demultiplexed signal in the second band of wavelengths.
[0017]  The wavelength tracking component 130 includes an electrical or optical
power summing device 110 and a temperature controller 111. The power summing
device 110 measures the strength of an output signal of one or more of the optical
receivers 104-106 to determine the difference in the transmission band of wavelengths
between the first multiplexer/demultiplexer 112 and the second
multiplexer/demultiplexer 116. The temperature controller 111 controls the operating
temperature of the first optical multiplexer/demultiplexer 112 to maximize the strength of
the measured output signal from the optical receivers 104-106. When the transmission
band of wavelengths of the first multiplexer/demultiplexer 112 and the second
multiplexer/demultiplexer 116 are matched, then the strength of the measured output
signal from the optical receivers 104-106 is at its maximum. Thus, the

multiplexed/demultiplexed transmission wavelength of the optical
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multiplexer/demultiplexers 112, 116 located in the central office and the remote node
can be locked to each other.

[0018] The example remote node contains the second 1xn bi-directional optical
multiplexer/demultiplexer 116. The second 1xn bi-directional optical
multiplexer/demultiplexer 116 connects to the central office via a single optical fiber
128. The second 1xn optical multiplexer/demultiplexer 116 multiplexes and
demultiplexes bi-directionally both the broadband optical signal containing the first band
of wavelengths and the broadband optical signal containing the second band of
wavelengths. The second 1xn optical multiplexer/demultiplexer 116 spectrally slices
the second band of wavelengths from the second broadband light source 113.

[0019] Generally, multiplexing may be the combining of multiple channels of optical
information into a single optical signal. Demultiplexing may be the disassembling of the
single optical signal into multiple discrete signals containing a channel of optical
information. Spectral slicing may be the dividing of a broad band of wavelengths into
small periodic bands of wavelengths.

[0020] Each example subscriber location, for example, the first subscriber location,
contains a band splitting filter 117, an optical transmitter 123 to emit optical signals in
the second band of wavelengths, and an optical receiver 120 to receive optical signals
in the first band of wavelengths. The second multiplexer/demultiplexer 116 to
demultiplex the first band of wavelengths and spectrally slice the second band of
wavelengths. The second multiplexer/demultiplexer sends these signals to each band
splitting filter 117-119. The band splitting filters 117-119 function to split the input signal
to an output port according to the input signal band. Each optical transmitter, such as
the second optical transmitter 123, receives the spectrally sliced signal in the second
band of wavelengths and aligns its operating wavelength for that optical transmitter to
the wavelengths within the spectrally sliced signal. Each subscriber communicates with
central office with a different spectral slice within the second band of wavelengths.
[0021] Similar to the central office, each optical transmitter may cooperate with a
modulator, a current pump and a controller. For example, a second current pump 144
may bias the second optical transmitter 123 such that the externally injected narrow-
band light signal into the second optical transmitter 123 suppresses the lasing modes
outside of the bandwidth of injected incoherent light. The second modulator 143

6



WO 2004/107628 PCT/US2003/017201

directly modulates the output signal generated by the second optical transmitter 123
with a data stream. A second controller 145 may also cooperate with the second
optical transmitter to provide an optimized gain for the injected light signal by changing
the temperature of the second optical transmitter or the current applied to the second
optical transmitter to shift one or more cavity modes of the optical transmitter to overlap
with the bandwidth of the injected light signal.

[0022] The second optical transmitter 123 may have one or more facets with
antireflective coating and a laser chip with two or more cavity modes. The bandwidth of
the injected light signal and the size of the laser chip may be matched to approximately
cause wavelengths in the bandwidth of the injected light signal to overlap with one or
more cavity modes of the second optical transmitter independent of an external device,
such as the second controller 145, to shift the modes of the second optical transmitter.
Thus, the bandwidth of the injected signal either encompasses at least one cavity mode
of the optical transmitter or falls in between two cavity modes but the wavelengths at
both ends of the inject light signal band are so close to the FP LD’s respective cavity
modes that the reflected output wavelengths at both ends of the band are at least 3dB
greater in signal strength then the other Fabry-Perot modes of the laser.

[0023]  Also, the optical fiber, such as the first optical fiber 146, coupling to the input
facet of an optical transmitter may be aligned with the optical transmitter to achieve a
coupling efficiency between 10 % and 100%. Coupling efficiency may be measured as
coupled measured power divided by the uncoupled measured power. The optical fiber
may be a single mode optical fiber coupled to the front facet of the optical transmitter.
The power of the output wavelength of the optical transmitter coupled back into the
single mode optical fiber can be between + 3 dBm (optical power measured in decibels
relative to 1 milliwatt) and — 20 dBm.

[0024] The first broadband light source 114, such as an amplified-spontaneous-
emission source, supplies, via the first multiplexer/demultiplexer 112, the first band of
wavelengths of light to a given optical transmitter in the first group of optical transmitters
101-103 in order to wavelength lock the transmission band of wavelengths of that
optical transmitter. Thus, the range of operating wavelengths for the group of
transmitters 101-103 in the central office is matched to the operating wavelengths of the

first multiplexer/demultiplexer 112 in the central office via the injection of these
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spectrally sliced signals into each of these transmitters in the first group of optical
transmitters 101-103. The wavelength locking of the each optical transmitter to the
particular spectral slice passed through the band splitting filter solves the large power
loss on down-stream signals in the 1xn optical multiplexer/demuitiplexer 112.  In this
way, the large power loss due to the misalignment between the wavelength of the
signal from an optical transmitter 101-103 and the transmission band of wavelengths of
the multiplexer/demultiplexer 112 at the central office is minimized.

[0025] Similarly, the second broadband light source 113 supplies the second band
of wavelengths of light to a given optical transmitter 123-125 to wavelength lock the
transmission band of wavelengths of that optical transmitter in the second group. Thus,
the operating wavelengths of the second group of transmitters 123-125 in the
subscriber’s local is matched to the range of operating wavelengths for the second
multiplexer/demultiplexer 116 via the injection of these spectrally sliced signal into each
of these transmitters in the second group of optical transmitters. The wavelength
locking of the each optical transmitter to the particular spectral slice passed through the
band splitting filter solves the large power loss on up-stream signals in the 1xn optical
multiplexer/demultiplexer 116 due to the wavelength detuning depending on the
temperature variation in the device at the remote node. In this way, the large power
loss due to the misalignment between the wavelength of the signal from an optical
transmitter 123~125 and the transmission band of wavelengths of the
multiplexer/demultiplexer 116 at the remote node is minimized. By using either
athermal multiplexer/demultiplexers 112 and 116 or by temperature control of
multiplexer/demultiplexer 112, the wavelength alignment between
multiplexer/demultiplexer 112 and multiplexer/demultiplexer 116 can be achieved
resulting in minimized transmission loss between the Central Office and the
subscribers.

[0026] Figure 2 illustrates a block diagram of an embodiment of a light source
capable of lasing having one or more facets and a laser chip gain medium. An optical
transmitter, such as a Fabry-Perot laser diode, may have antireflective coating on one
or more facets 250, 251 of the Fabry-Perot laser diode 201. The antireflective coated
Fabry-Perot laser diode 201 may obtain a better extinction ratio and thus a better bit
rate error than a standard uncoated Fabry-Perot laser diode because of the lower

8
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reflectivity of the front facet 250. Further, the Fabry-Perot laser diode 201 may have a
better side mode suppression ratio because the FP LD 201 has a lower insertion loss
due to the input facet 250 having this antireflective coating. Thus, the injected light
signal may have a lower magnitude and the gain of the FP LD 201 may be set lower,
thereby, making an energy starved environment that does not amplify unwanted side
modes of the Fabry-Perot laser diode 201.

[0027] The front facet 250 of the Fabry-Perot laser diode 201 can be anti-reflection
coated to reduce the reflectivity. Optical reflectivity for the front facet 250 may have
values that can range from 0.1% to 25 %. The back facet 251 can be uncoated with a
reflectivity of approximately 30%. Alternatively, the back facet 251 can be coated to
obtain an optical refiectivity within the range from 10% to 100%.

[0028] The sizing of the laser chip 252 with relation to the bandwidth of the injected
light signal helps to decrease the spacing of the cavity modes associated with the
Fabry-Perot laser diode 201. This increases the probability that the wavelengths in the
bandwidth of the injected light signal will overlap with one or more cavity modes of the
Fabry-Perot laser diode 201. Increases in the chip length of the laser chip 252 may
range between 450 microns and 1200 microns. Standard Fabry-Perot laser diode chip
lengths are typically about 300 microns.

[0029] A gain region of the laser chip 252 may have one or more chirped quantum
wells in the gain region, one or more strained quantum wells in the gain region, one or
more quantum dots in the gain region, an increased doping beyond a standard doping
in the gain region, or other similar enhancement to modify the FP LD to increase the
gain-bandwidth of the Fabry-Perot laser diode 201. The enhanced gain-bandwidth
supports a wider wavelength locking range for the FP LDs.

[0030] The Fabry-Perot laser diode 201 may be operated as a reflective
regenerative semiconductor optical amplifier. The Fabry-Perot laser diode 201 may act
as regenerative semiconductor amplifier amplifying an injected light signal even if the
narrow band injected noise signal occurs between two cavity modes of the laser. As
discussed, the bandwidth of the injected light signal and the size of the laser chip 252
may be matched to approximately cause wavelengths in the bandwidth of the injected
light signal to overlap with one or more cavity modes of the FP LD 201. The
wavelengths at both ends of the bandwidth of the injected light signal band are so close

9
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to the FP LD’s respective cavity modes that the amplified wavelengths at both ends of
the band are at least 3dB greater in signal strength then the other side modes of the
Fabry-Perot laser diode 201. Alternatively, a controller changes the operating
temperature of the FP LD 201 or the current applied to the FP LD 201 to shift the cavity
modes of the FP LD to overlap with the bandwidth of the injected light/noise signal to
provide an optimized gain for the injected signal. The Fabry-Perot laser diode 201
generally reflects and amplifies the injected spectrally sliced noise signal.

[0031] Figure 3 illustrates a graph of input power spectral density of an injected light
signal versus wavelength for an embodiment of the light source capable of lasing. The
input power spectral density (power per wavelength band) 354 of the injected light
signal 355 delivered to the front facet of the FP LD may have a power spectral density
between -10 dBm/0.1 nm bandwidth to - 30 dBm/0.1 nm bandwidth. The bandwidth of
the spectral slice 356 may be taken as the spectral width at a value, for example, — 3dB
lower than the peak. The bandwidth of the spectral slice 356 may be taken as the
spectral width at values as low as — 20 dB lower than peak. Due to the low power
actually required from the injected light signal 355, the noise is reduce due to the
saturation level of the laser and the quasi-lasing action to suppress sidebands.

[0032]  The spectral bandwidth 356 of the narrow-band input injection signal 355
received on the input facet can vary from 5 GHz to 500 GHz. The Fabry-Perot laser
diode, due to the antireflective coating on one or more facets, generates a side-mode
suppression ratio having values between 3dB to 35 dB. The side-mode suppression
ratio may be the ratio of the optical output power of the modes within the injection
bandwidth to the modes outside the injection bandwidth.

[0033] The broadband light source may generate a light signal having
appkoximately equal polarization states. The input optical signal injected 355 into the
laser diode is typically unpolarized so that a polarization state that matches that of the
laser diode is present. The injected light signal 355 received on the input facet of the
Fabry-Perot laser diode may have a polarization ratio between 0 dB and 3 dB. The
polarization ratio refers to the maximum ratio of power between any two orthogonal
input polarization states. Thus, a range for the polarization ratio of the injected power
can be from 0 dB to 3 dB.

10
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[0034] Figure 4 illustrates a graph of power versus wavelength before the injected
light signal and after the injected light signal for an embodiment of the light source
capable of lasing. For the upper curves, the solid line shows the output spectrum of the
light source capable of lasing, when the bias current is above the lasing threshold
current and without injection. The dotted lines in upper curves show the spectrum of the
injected broadband light into the light source capable of lasing. For the lower curves,
the solid line shows the output spectrum of the light source capable of lasing with an
injection of the light signal. The dotted lines in lower curves show the output spectrum
of the light source capable of lasing, when the bias current to the FP LD is turned off. It
represents the reflected spectrum of injected broadband light. The current pump biases
the Fabry-Perot laser diode to operate near or above a lasing threshold when no input
signal is injected into the laser. The gain of the laser is suppressed to below that of the
free-running laser when the light signal is injected into the laser.- The operating pump
current for the FPLD can range from 0.9 to 1.5 times the lasing threshold of the free
running laser. By injecting an external narrowband signal into the Fabry-Perot laser
diode and operating the pump current near its free-running laser threshold, a condition
of maximum reflective gain can be achieved while suppressing the lasing of Fabry-
Perot modes outside the injected wavelength band.

[0035] The Fabry-Perot modes outside of the bandwidth of the injected incoherent
light incur a side mode suppression ratio between 3 dB and 35 dB. The addition of
antireflective coating to a FP LD that has a fixed pump current increases the side mode
suppression ratio of that FP LD.

[0036] A modulator may directly data modulate an output signal generated by the
Fabry-Perot laser diode. The extinction ratio of the directly modulated signal may be
greater than 5 dB. Data modulation rates may be in the ranges from 100 Mbps to 175
Mbps, 600 to 650 Mbps, and 1000 to 1500 Mbps (Megabits per second). The
combination of amplification of the injected light signal along with the large suppression
of sidebands and noise allows a high transfer bit rate in the WDM PON.

[0037] Figures 5a and 5b illustrate the gain shape of a light source capable of
lasing, such as a FP LD, versus wavelength for an embodiment of the light source
capable of lasing. Referring to figure 5a, the solid line represents the nominal gain

curve 580 of a Fabry Perot laser diode and the rectangular box represents the effective
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practical operating range (A\o) 579 over which adequate signal quality exists when the
light source capable of lasing, such as a FP LD, is modulated with a data stream. The
horizontal line represents wavelength locking range (AA.) 581 over which adequate
signal quality exists when the FP LD is modulated with a data stream. The dashed line
illustrates a potential center wavelength shift in the gain curve of that FP LD which is
possible due to manufacturing tolerances 582. The dotted line illustrates a potential
center wavelength shift in the gain curve of that FP LD which is possible due to
manufacturing tolerances plus a shift due temperature drift of the FP LD 583. The
alternating dashed and dotted line illustrates a gain curve of a Fabry Perot laser diode
having a laser chip with an unmodified gain region 587.
[0038] When an input incoherent signal is injected into the FP LD there exists a
wavelength locking range (AA.) 581 over which adequate signal quality exists when the
FP LD is modulated with a data stream. For standard FP LDs, the wavelength locking
range may be about (AL ) = + 15 nanometers (nm). For a typical WDM-PON system
configuration using 32 channels spaced at 0.8 nm, the required system bandwidth that
the FP LDs need to be wavelength-locked over is about + 13 nm. However, a standard
FP LD may not be able to adequately cover the required system bandwidth by itself. In
a WDM PON system, the center wavelength for a FP LD may vary due to both
temperature and manufacturing tolerances.
[0039] The effective practical operating range 581 of the FP LDs will be reduced if
the FP LD are not centered in the middle of this system bandwidth either due to
temperature changes or manufacturing tolerances. The following expression describing
this relationship between the various parameters and is illustrated by referring to figure
5a.

AML = Aho + A)e + AT

Where A\ is the required locking range of the FP laser diode, Ak, is the
effective operating range of the FPLD after taking into account variations in temperature
and manufacturing tolerances, Al is the variation in the center of the gain curve due to
manufacturing tolerances, and Ay is the offset of the gain curve due to temperature
changes of the FP LD.

12
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[0040] For example, consider a controlled operating temperature range of + 10 C,a
manufacturing tolerance of Al. =+ 5 nm and a required system bandwidth (effective
operating range) of AL, =+ 13 nm. The * 10 C temperature range corresponds to a
center wavelength variation of AAr =+ 5 nm because a typical tuning coefficient for the
gain curve of a FP LD may be 0.5 nm/C. The required locking range for this example
laser diode becomes AA. =+ 23 nm (+ 13 nm, £ 5 nm, £ 5 nm). This presents a
problem since a standard FP LD has a locking range of roughly + 15 nm. This problem
can increase if the WDM PON uses an uncontrolled temperature range of £+ 25 C and a
standard manufacturing tolerance of + 10 nm. The required locking range would now
becomes A\, = + 35.5 nm to support a useable signal quality when the Fabry-Perot
laser diode is modulated with the data stream.

[0041] The WDM PON may solve this problem in a number of ways.

[0042] One solution may be the use of FP LDs with larger wavelength locking
ranges, via a wider nominal gain curve 580, than that of the standard values to
anticipate the effects of temperature drift and manufacturing tolerances in the center of
the gain spectrum. The FP LD may use a non-standard laser chip whose gain-
bandwidth is larger than that of the standard values of about = 15 nm. These types of
laser diodes can be manufactured by modifying the gain region of the laser chip to
generate a wider nominal gain curve 580. Some methods for increasing the gain-
bandwidth of semiconductor lasers include, increasing the doping in the gain region,
using chirped quantum well for the gain region, using strained quantum wells for the
gain region or the use of quantum dots for the gain region, or another similar method.
[0043] The laser chip of the Fabry-Perot laser diode having an enhanced gain
region may have a gain-bandwidth value of greater than 40 nanometers (=20 nm) to
support wavelength locking over that bandwidth after being injected with the input
incoherent signal while still supporting a useable signal quality when the Fabry-Perot
laser diode is modulated with the data stream. A useable output signal generated by
the FP LD has an acceptable bit error rate in the modulated operating range after being
modulated.

[0044] Referring to Figure 5b, another solution to increasing the wavelength locking
operating is to use more than one type of laser diode. Each type of Fabry Perot laser

diode having a laser chip with an unmodified gain region 587. Each type of FP LD
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being manufactured with a different offset center wavelength 585, 586. Lasers may be
binned into specific wavelength regions so that two or more different lasers may be
combined to be used for different parts of the channel plan. |

[0045] Referring to figure 1, a plurality of light sources capable of lasing, such as
the third optical transmitter 124a and the forth optical transmitter 124b, couple at the
output ends of the second multiplexer/demultiplexer 116. The third optical transmitter
124a and the forth optical transmitter 124b emit an output signal at an approximately
same wavelength and each output signal is locked by the injected spectrally-sliced
narrow-band light signal. The third optical transmitter 124a may have a laser chip with
a first center wavelength. The forth optical transmitter 124b may have a second laser
chip with a second center wavelength. The second center wavelength is offset from the
first center wavelength. The bandwidth of the wavelength locking range of the first light
source capable of lasing and the bandwidth of the wavelength locking range of the
second light source capable of lasing combine to be equal or greater than the sum of
the operating range of the system bandwidth, the variation in the center wavelength due
manufacturing tolerances, and an offset in a gain curve due to temperature changes.
[0046] Also, the optical transmitters in the subscribers may be binned into two or
more groups so that two or more different lasers may be combined to cover the overall
system bandwidth. The first group has laser chips with a first center wavelength and
individually connect to a port in the top half of ports in the multiplexer/demultilplexer.
For example, the second optical transmitter 123 may have a laser chip with a first
center wavelength and connect to a first port in the top half of ports in the
multiplexer/demultilplexer 116. The second group has laser chips with a second center
wavelength and individually connect to a port in the bottom half of ports in the
multiplexer/demultilplexer. For example, the fifth optical transmitter 125 may have a
laser chip with a second center wavelength and individually connect to an Nth port in
the bottom half of ports in the multiplexer/demultilplexer 116.

[0047] Referring to figure 5b, the use of multiple FP LDs having different center
wavelengths 585, 586 allows the required system bandwidth to be divided into smaller
regions or bins so that the required operating range for each laser is smaller. For
example, if the required system bandwidth is £ 13 nm and we use two different laser

types to cover this region, the required operating range for each laser would be only AA,
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= + 6.5 nm. By reducing the operating range for the different lasers, the necessary
locking range AA_ can be reduced. Although only two bins were used in the above
example, larger numbers of bins can also be used. The maximum number of bins may
equal the number of WDM channels used in the communication system. Combining
the use of binning different types of FP LDs and laser chips with an enhanced gain-
bandwidth may also be useful to solve trade-offs between technology limits and cost.
[0048] Referring to figure 1, the wavelength-division-multiplexing passive-optical-
network 100 may use different wavelength bands in downstream signals, such as the
first band of wavelengths, and up-stream signals, such as the second band of
wavelengths. The down-stream signals may represent the signals from optical
transmitters 101-103 in the central office to the subscribers and the up-stream signals
may represent the signals from optical transmitters 123-125 in the subscribers to the
central office. The wavelengths of the down-stream signals may be, for example, A1,
A2,... An and the upstream signals would be A1*, 12*, An* but carried in a different band
of wavelengths, where A1 and A1* are separated by the free spectral range of the
multiplexer/demultiplexer.
[0049]  As discussed, the 1xn optical multiplexer/demultiplexer 116 has the function
that an optical signal from a port in the left side is demuitiplexed to the n number of
ports in the right side. Further, the optical signals from the n-ports in the right side are
multiplexed to a port in the left side simultaneously. The 1xn optical
multiplexer/demultiplexer 116 spectrally splices the second band of wavelengths into
narrow spectral widths of wavelengths. Because the optical multiplexer/demultiplexer
can be operated on more than two bands of wavelengths, the bi-directionally
propagated up-stream signals and down-stream signals in different bands can be
multiplexed and demultiplexed at the same time. Each of the bands of wavelengths
operated on by the optical multiplexer/demultiplexer may be offset by one or more
intervals of the free spectral range of the optical multiplexer/demultiplexer.
[0050]  For an embodiment, the upstream band of wavelengths may be in the
wavelength range from 1520 nm to 1620 nm. This is due to the higher power ASE
sources available in this wavelength range, an example being the erbium doped fiber
amplifier. The downstream band of wavelengths may be in the bandwidth range of
1250 nm to 1520 nm. For a narrow band application, the upstream and downstream
15
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wavelength ranges may be in 1525 ~ 1565 nm and 1570 ~ 1610 nm, respectively.
Alternatively, the second band of wavelengths may be a band of wavelengths having a
spectral separation of between 5-100 nanometers apart from a peak wavelength of the
first band of wavelengths. The spectral separation between the first band of
wavelengths and the second band of wavelengths should be great enough to prevent
the occurrence of interference between the filtered spectrally sliced downstream signal
to a subscriber and the filtered upstream signal from that subscriber.

[0051] Note, the specific numeric reference should not be interpreted as a literal
sequential order but rather interpreted that the first band of wavelength is different than
a second band of wavelengths. Thus, the specific details set forth are merely
exemplary. Some additional embodiments may include the following. A single device
may provide the function of both the first broadband light source and the second
broadband light source. The WDM PON may use more than two different bands of
wavelengths. Each multiplexer/demultiplexer may be an athermal arrayed waveguide
grating. Each multiplexer/demultiplexer may merely divide an inpu't light signal rather
than spectrally slice the input light signal. More than one remote node may exist. An
optical transmitter may be operated continuous wave and modulated by an external
modulator, etc. The receiver input power may vary from -27 dBm to - 36 dBm for 100
Mb/s to approximately 170 Mb/s. The fiber length between the Central Office and the
Remote Node can be up to 20 kilometers. The fiber length between the Remote Node
and Subscribers can be up to 15 kilometers. Each optical transmitter may be directly
modulated by, for example, electrical current modulation to embed information onto the
specific wavelength transmitted by that optical transmitter. Each optical transmitter
includes a light source capable of lasing. One or more of the optical transmitters may
be a Fabry-Perot semiconductor laser that are injected with the spectrum-sliced
broadband incoherent light from an amplified-spontaneous-emission light source. One
or more of the optical transmitters may be a wavelength-seeded reflective
semiconductor optical amplifier (SOA). One or more of the optical transmitters support
high bit-rate modulation and long-distance transmission. A reflective SOA may also as
act as the modulation device. The optical transmitters may be modulated, wavelength
locked using wavelength seeding, provide signal gain for the wavelengths within the

spectral slice and increase the extinction ratio between the injected wavelengths and
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wavelengths outside the spectral slice. The broadband light source may be a light
source based on semiconductor optical amplifiers, a light source based on rare-earth
ion-doped optical fiber amplifiers, a light emitting diode, or similar device. The
broadband light source may provide light with any kind of characteristic such as
coherent or incoherent light.

[0052]  The optical multiplexer/demultiplexer can be achieved by an arrayed
waveguide grating including an integrated waveguide grating, a device using thin-film
filters, a diffraction grating, or similar device. The optical multiplexer/demultiplexer can
also be a dielectric interference filter or similar device. The multiplexer/demultiplexer
may have wavelength spacing between individual wavelength channels between 25
gigahertz and 400 gigahertz. The use of temperature control of the laser diodes limits
the wavelength drift of the lasers. Small heaters near the laser may be used to control
their temperature between 40 degrees centigrade to 50 degrees centigrade. This limits
the wavelength drift and reduces the required locking range for the laser diodes. Other
values for the temperature ranges can also be used.

[0053] The optical-passive-network may consist of non-power supplied passive
optical devices without any active devices between the central office and optical
subscribers. The topology structure of the optical distribution network may be a star
topology that has the remote node with an optical multiplexer/demultiplexer placed near
the subscribers, and plays a role to relay communications with the central office through
a single optical fiber and to distribute signals to and from each of the subscribers
through their own optical fiber. The second multiplexer/demultiplexer may be in a
remote location such that the ambient conditions differ enough from the environment of
the first multiplexer/demultiplexer to substantially alter the transmission band of
wavelengths of the second multiplexer/demultiplexer when matched to the transmission
band of wavelengths of the first multiplexer/demultiplexer.

[0054] In the forgoing specification, the invention has been described with reference
to specific exemplary embodiments thereof. It will, however, be evident that various
modifications and changes may be made thereto without departing from the broader
spirit and scope of the invention as set forth in the appended claims. The specification
and drawings are, accordingly, to be regarded in an illustrative rather then a restrictive

sense.
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CLAIMS
We claim:
1. An apparatus, comprising:

a light source capable of lasing having antireflective coating on one or more
facets of the light source capable of lasing, wherein the light source capable of lasing to
receive a spectral slice of a light signal from a broadband light source to wavelength
lock an output wavelength of the light source capable of lasing within the bandwidth of
the injected light signal; and

a current pump to bias the light source capable of lasing such that the injected
light signal into the light source capable of lasing suppresses lasing modes outside of
the bandwidth of the injected light signal.

2. The apparatus of claim 1, wherein the light source capable of lasing is a Fabry-Perot
laser diode.

3. The apparatus of claim 2, further comprising:

The Fabry-Perot laser diode having a laser chip with two or more cavity modes,
wherein the bandwidth of the injected light signal and a size of the laser chip are
matched to approximately cause wavelengths in the bandwidth of the injected light

~signal to overlap with one or more cavity modes of the Fabry-Perot laser diode.

4. The apparatus of claim 3, wherein the size of the laser chip has a chip length of

greater than 450 microns.

5. The apparatus of claim 2, wherein an optical reflectivity for a front facet may have

values that can range from 0.1 % to 25 %.

6. The apparatus of claim 2, wherein an optical reflectivity for a back facet may have
values that can range from 10 % to 100 %.

7. The apparatus of claim 2, wherein the current pump to bias the Fabry-Perot laser
diode to operate as a reflective regenerative semiconductor optical amplifier.

18
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8. The apparatus of claim 2, wherein the Fabry-Perot laser diode having antireflective
coating on one or more facets to generate a side-mode suppression ratio having values

greater than 3 dB.

9. The apparatus of claim 2, further comprising:

a controller to provide an optimized gain for the injected light signal by changing
the temperature of the Fabry-Perot laser diode to shift one or more cavity modes of the
Fabry-Perot laser diode to overlap with the bandwidth of the injected light signal.

10. The apparatus of claim 2, further comprising:

a controller to provide an optimized gain for the injected light signal by changing the
current applied to the Fabry-Perot laser diode to shift one or more cavity modes of the
Fabry-Perot laser diode to overlap with the bandwidth of the injected light signal.

11. The apparatus of claim 1, wherein the apparatus is part of a passive optical
network, further comprising:

a broadband light source to supply an optical signal containing a first band of
wavelengths to a multiplexer/demultiplexer, wherein the Fabry-Perot laser diode to
couple to a port of the multiplexer/demultiplexer to receive the spectral slice of the light
signal from the broadband light source.

12. The apparatus of claim 11, wherein the multiplexer/demultiplexer to have
wavelength spacing between individual wavelength channels between 25 gigahertz and
400 gigahertz.

13. The apparatus of claim 2, further comprising:

a modulator to data modulate an output signal generated by the Fabry-Perot
laser diode with a data stream, wherein the laser chip of the Fabry-Perot laser diode
has a gain-bandwidth value of greater than 40 nanometers to support wavelength
locking over that bandwidth after being injected with the input light signal while still
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supporting a useable signal quality when the Fabry-Perot laser diode is modulated with

the data stream.

14. The apparatus of claim 2, wherein a gain region of the laser chip has one or more
chirped quantum wells in the gain region of the laser chip.

15. The apparatus of claim 2, wherein a gain region of the laser chip has one or more
strained quantum wells in the gain region of the laser chip.

16. The apparatus of claim 2, wherein a gain region of the laser chip has one or more
guantum dots in the gain region of the laser chip.

17. The apparatus of claim 2, wherein a gain region of the laser chip is modified for
increasing the gain-bandwidth of the Fabry-Perot laser diode by an increased doping
beyond a standard doping in the gain region of the laser chip.

18. The apparatus of claim 2, wherein the pump to supply a bias pump current to the
- Fabry-Perot laser diode having a value that is between .9 to 1.5 times a lasing threshold
current that occurs when no input light signal is injected into the laser.

19. The apparatus of claim 2, further comprising:

a modulator to directly data modulate an output signal generated by the Fabry-
Perot laser diode, wherein an extinction ratio of the directly modulated signal is greater
than 5 dB.

20. The apparatus of claim 2, further comprising:
an optical fiber coupled to an input facet of the Fabry-Perot laser diode and

aligned with the input facet to achieve a coupling efficiency of greater than 20 %.

21. The apparatus of claim 2, further comprising:
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an input facet of the Fabry-Perdt laser diode; wherein the injected light signal
received on the input facet to have a power spectral density between minus 10 dBm/0.1
nm bandwidth to minus 30 dBm/0.1 nm bandwidth.

22. The apparatus of claim 2, further comprising:

a single mode optical fiber coupled to a first facet of the Fabry-Perot laser diode,
wherein the power of the output wavelength of the Fabry-Perot laser diode coupled
back into the single mode optical fiber can be between + 3 dBm and — 20 dBm.

23. The apparatus of claim 2, further comprising:
an input facet of the Fabry-Perot laser diode, wherein the injected light signal
received on the input facet to have a polarization ratio between 0 dB and 3 dB.

24. The apparatus of claim 2, further comprising:
an input facet of the Fabry-Perot laser diode, wherein the bandwidth of the
injected light signal received on the input facet is to be less than 500 gigahertz.

25. The apparatus of claim 2, wherein the current pump to bias the Fabry-Perot laser
diode to operate above a lasing threshold when no input light signal is injected into the
laser and to suppress the gain of the laser to below that of the free-running Fabry-Perot
laser diode when the light signal is injected into the Fabry-Perot laser diode.

26. An apparatus, comprising:

a light source capable of lasing having one or more facets and a laser chip with
two or more cavity modes, wherein a first facet of the light source capable of lasing to
receive a spectral slice of a light signal from a broadband light source to wavelength
lock the output wavelength of the light source capable of lasing within the bandwidth of
the injected light signal and the injected light signal is reflected back out the first facet
after being amplified and wavelength locked; and

a current pump to bias the light source capable of lasing to operate as a
reflective regenerative semiconductor optical amplifier, wherein the bandwidth of the

injected light signal and a size of the laser chip cooperate to approximately cause
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wavelengths in the bandwidth of the injected light signal to overlap with one or more
cavity modes of the light source capable of lasing independent of an external device
effecting the light source capable of lasing shifting the mode of the light source capable

of lasing.

27. The apparatus of claim 26, wherein the light source capable of lasing is a Fabry-
Perot laser diode.

28. The apparatus of claim 27, further comprising:
a single mode optical fiber coupled to a first facet of the Fabry-Perot laser diode,
wherein the power of the output wavelength of the Fabry-Perot laser diode coupled

back into the single mode optical fiber can be between + 3 dBm and — 20 dBm.

29. The apparatus of claim 27, wherein the current pump to bias the Fabry-Perot laser
diode to operate above a lasing threshold when no input light signal is injected into the

laser and to suppress the gain of the laser to below that of the free-running Fabry-Perot
laser diode when the light signal is injected into the Fabry-Perot laser diode.

30. The apparatus of claim 27, wherein the pump to supply a bias pump current to the
Fabry-Perot laser diode having a value that is between .9 to 1.5 times a lasing threshold
current that occurs when no input light signal is injected into the laser.

31. The apparatus of claim 27, further comprising:

a modulator to directly data modulate an output signal generated by the Fabry-
Perot laser diode, wherein an extinction ratio of the directly modulated signal is greater
than 5 dB.

32. The apparatus of claim 27, further comprising:
a modulator to directly data modulate the Fabry-Perot laser diode with a data
stream; wherein the laser chip of the Fabry-Perot laser diode has a gain-bandwidth

value of greater than 40 nanometers to support wavelength locking over that bandwidth
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after being injected with the input light signal while supporting useable signal quality
when the Fabry-Perot laser diode is modulated with the data stream.

33. The apparatus of claim 27, wherein at least one of the facets has antireflective

coating.

34. The apparatus of claim 27, wherein the apparatus is part of a passive optical
network, further comprising:

a broadband light source to supply an optical signal containing a first band of
wavelengths to a multiplexer/demultiplexer, wherein the FP LD to couple to a port of the
multiplexer/demultiplexer to receive the spectral slice of the light signal from the
broadband light source.

35. The apparatus of claim 27, wherein a gain region of the laser chip has one or more

chirped quantum wells in the gain region of the laser chip.

36. The apparatus of claim 27, wherein a gain region of the laser chip has one or more

strained quantum wells in the gain region of the laser chip.

37. The apparatus of claim 27, wherein a gain region of the laser chip has one or more
quantum dots in the gain region of the laser chip.

38. The apparatus of claim 27, wherein a gain region of the laser chip is modified for
increasing the gain-bandwidth of the Fabry-Perot laser diode by an increased doping
beyond a standard doping in the gain region of the laser chip.

39. The apparatus of claim 27, wherein the pump current to bias the Fabry-Perot laser
diode generates a side-mode suppression ratio having values greater than 3 dB for

Fabry-Perot modes outside the bandwidth of the injected light signal.

40. The apparatus of claim 27, wherein the size of the laser chip has a chip length of
greater than 450 microns.
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41. The apparatus of claim 27, further comprising:
an input facet of the Fabry-Perot laser diode, wherein the injected light signal
received on the input facet to have a polarization ratio between 0 dB and 3 dB.

42. The apparatus of claim 27, further comprising:

an input facet of the Fabry-Perot laser diode, wherein the bandwidth of the
injected narrow-band light signal received on the input facet is to be less than 500
gigahertz.

43. The apparatus of claim 27, further comprising:

an input facet of the Fabry-Perot laser diode, wherein the injected narrow-band
light signal received on the input facet to have a power spectral density between -10
dBm/0.1 nm bandwidth to -30 dBm/0.1 nm bandwidth.

44. A multi-channel passive optical network wavelength division multiplexing system,
comprising:

a broadband light source that generates a broadband light signal;

a demultiplexer that slices spectrally the broadband light signal to produce a
plurality of narrow-band light signals;

a first light source capable of lasing to couple at a first output end of the
demultiplexer, wherein the first light source capable of lasing has a first laser chip with a
first center wavelength and is wavelength locked by a first injected spectrally-sliced
narrow-band light signal; and

a second light source capable of lasing to couple at a second output end of the
demultiplexer, wherein, the second light source capable of lasing has a second laser
chip with a second center wavelength and is wavelength locked by a second injected
spectrally-sliced narrow-band light signal.

45. The multi-channel passive optical network wavelength division multiplexing system
of claim 44, wherein the bandwidth of the wavelength locking range of the first light
source capable of lasing and the bandwidth of the wavelength locking range of the
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second light source capable of lasing combine to be equal or greater than the sum of
the operating range of the system bandwidth, the variation in the center wavelength due
manufacturing tolerances, and an offset in a gain curve due to temperature changes.

46. The multi-channel passive optical network wavelength division multiplexing system
of claim 44, further comprising
a current pump to bias a first light source capable of lasing to operate as a

reflective regenerative semiconductor optical amplifier.

47. The multi-channel passive optical network wavelength division multiplexing system
of claim 44, wherein the first injected narrow-band light signal into the first light source
capable of lasing suppresses the lasing of the Fabry-Perot modes outside of the
bandwidth of the first injected narrowband light signal.

48. The multi-channel passive optical network wavelength division multiplexing system
of claim 44, wherein the Fabry-Perot modes outside of the bandwidth of the first
injected narrow-band light signal incur a side mode suppression ratio of three decibels
or more.
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