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(57) Abstract: Methods and apparatuses to provide wavelength locked WDM Passive Optical Networks ("PONs") are described.
A first transceiver transmits a set of optical signals in a first direction along a wavelength channel. A second transceiver transmits
another set of optical signals along the same wavelength channel in another direction. The wavelength of the first transceiver is
@ locked using an optical power of the optical signals of the second transceiver. The wavelength of the second transceiver is locked
& using the optical power of the optical signals of the first transceiver. A WDM MUX/De-MUX is coupled between the first transceiver
@ and the second transceiver. An in-line gain element can be coupled to the WDM MUX/De-MUX to amplify the optical signals. The
O first transceiver and the second transceiver operate in a saturated gain condition.
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MUTUAL WAVELENGTH LOCKING IN WDM-PONS

FIELD OF THE INVENTION

[0001] Embodiments of the invention relate to Wavelength Division Multiplexing
Passive Optical Networks (“WDM PONs”), and more specifically, to wavelength locked
WDM PONs.

BACKGROUND

[0002] Generally, Passive Optical Networks (“PONs”) included passive optical
components, e.g., fibers, splitters and couplers, are provided to guide traffic between a
Central Office (“CO”) and remote Optical Network Units (“ONUs”) located at customer
premises. The passive optical components are devices that operate to pass or restrict light.
The passive optical components do not have electrical power or processing requirements.
[0003] A conventional WDM PON performs bi-directional communication by using
two different wavelength bands. Downstream optical signals may be transmitted from a
Central Office to a remote Optical Network Unit located at a customer’s premise through
one wavelength band, e.g., in a wavelength range from 1570 nanometers (“nm”) to 1620
nm. Upstream optical signals may be transmitted from the Optical Network Unit to the
Central Office through another wavelength band, e.g., in a wavelength range from
1450nm to 1500nm. Optical signals are transmitted through a number of discrete
wavelength channels that exist in these wavelength bands. For example, the wavelength
band to transmit downstream signals may contain sixteen discrete optical channels to
carry information from the Central Office to sixteen discrete subscribers. Similarly,
another wavelength band to transmit upstream signals may contain another sixteen
discrete optical channels to carry information from the sixteen discrete customers to the
Central Office.

[0004] Using different wavelength channels to transmit data in upstream and
downstream directions is typically expensive.

[0005] A conventional Time Domain Multiplexing (“TDM”) PON communication
between the Central Office and remote ONUs may be performed over a single feeder
fiber. In the TDM PON architecture, the same bandwidth is shared between multiple
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ONUSs, and dedicated transmission time slots are granted to each individual ONU, to
avoid data collision. In the conventional TDM PONSs, one user typically cannot have more

bandwidth without decreasing the bandwidth of other users.

SUMMARY

[0006] Embodiments of wavelength locked wavelength division multiplexing
(“WDM”) Passive Optical Networks (“PONs”) are described. A WDM PON includes a
first transceiver to transmit a set of optical signals in one direction along a wavelength
channel. A second transceiver is coupled to the first transceiver to transmit another set of
optical signals along the same wavelength channel in another direction. The wavelength
of the first transceiver is locked using an optical power of the optical signals of the second
transceiver. The wavelength of the second transceiver is locked using the optical power of
the optical signals of the first transceiver. A wavelength division multiplexing (“WDM”)
multiplexer/de-multiplexer (“MUX/De-MUX") is coupled between the first transceiver
and the second transceiver. An in-line gain element can be coupled to the WDM
MUZX/De-Mux to amplify the optical signals. The first transceiver and the second
transceiver operate in a saturated gain condition to reduce incoming intensity fluctuations.
[0007] Other features and advantages of embodiments of the present invention will be
apparent from the accompanying drawings and from the detailed description that follows

below.

BRIEF DESCRIPTION OF THE DRAWINGS

[0008] The present invention is illustrated by way of example and not limitation in the

figures of the accompanying drawings, in which like references indicate similar elements,
in which:

[0009] Figure 1 shows one embodiment of a mutually wavelength-locked WDM-
PON;

[0010] Figure 2 shows another embodiment of a mutually wavelength-locked WDM-
PON that includes an in-line scrambling element (“scrambler”);

[0011] Figure 3 shows one embodiment of an in-line gain element having a feedback

mechanism; and
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[0012] Figure 4 shows one embodiment of a hybrid system 400 that uses both WDM
and TDM schemes to service many ONUs from a single PON.

DETAILED DESCRIPTION
[0013] Embodiments of wavelength locked wavelength division multiplexing
(“WDM?”) Passive Optical Networks (“PONSs”) are described. The WDM PON includes a

first transceiver to transmit a set of optical signals to a second transceiver along a

wavelength channel. The second transceiver at a remote location transmits another set of
optical signals along the same wavelength channel to the first transceiver. The first
transceiver and the second transceiver can transmit the optical signals along the same
wavelength channel in the same time. An Optical Line Termination (“OLT™) located at a
Central Office (“CO”) can have the first transceiver. Optical Network Unit (“ONU”)
located at a remote place can have the second transceiver. The first transceiver and the
second transceiver transmitting the optical signals over the same wavelength channel are
wavelength locked to each other through a mutual injection process. The wavelength of
the first transceiver is locked using the optical power of fhe optical signals of the second
transceiver. The wavelength of the second transceiver is locked using the optical power of
the optical signals of the first transceiver. A wavelength division multiplexing (“WDM”)
multiplexer/de-multiplexer (“MUX/De-MUX") that has one or more wavelength channels
is coupled between the first transceiver and the second transceiver. The first transceiver
and the second transceiver can be coupled to the same wavelength channel of the WDM
MUX/De-MUX. An in-line gain element can be coupled to the WDM MUX/De-MUX to
amplify the optical signals within the transmission band. The first transceiver and the
second transceiver operate in a saturated gain condition.

[0014] Embodiments of WDM PONs described hg:rein may use the same wavelength
band for both the upstream and downstream communication between CO and remote
sites. Using the same wavelength band for both the upstream and downstream
communication may increase the efficiency of data communication, may reduce the
bandwidth requirements, and may reduce the cost of the WDM PON. For one
embodiment, all transceivers at CO and ONUs may be identical, and optical components
of the WDM PON (e.g,, MUZXes/De-MUZXes) may be specified over a single wavelength

band. Additionally, the mutual injection process of transceivers at CO and at the remote
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site may eliminate the need for one or more broadband light sources that can provide the
injection signal to wavelength lock the transceivers. Removal from the WDM PON of one
or more broadband light sources to provide the injection signals to the transceivers may
reduce the cost and may simplify the maintaining of the WDM PON.

[0015] Figure 1 shows one embodiment of a wavelength-locked WDM-PON 100.
WDM PON 100 provides an optical point-to-point communication between an Optical
Line Termination (“OLT™) at a Central Office (“Cb”) 101 and Optical Network Units

. (“ONUSs") at remote sites 102. As shown in Figure 1, OLT at CO 101 has one or more
transceivers that transmit the optical signals in down stream direction 111 to remote sites
102 and receive the optical signals in up stream direction 112 from ONUs at remote sites
102. As shown in Figure 1, ONUs at remote sites 102 have one or more transceivers. The
transceivers at the remote sites 102 transmit the optical signals in up stream direction 112
and receive optical signals in down stream direction 111.

[0016] As shown in Figure 1, a transceiver 103 at CO 101 transmits a set 113 of one
or more optical signals in down stream direction 111 and receives a set 115 of one or
more optical signals transmitted in up stream direction 112 along one wavelength channel.
A transceiver 104 transmits a set 114 of one or more optical signals in down stream
direction 111 and receives a set 116 of one or more optical signals transmitted in up
stream direction 112 along another wavelength channel. As shown in Figure 1, a
transceiver 107 at remote sites 102 transmits set 115 of one or more optical signals in up
stream direction 112 and receives set 113 of one or more optical signals transmitted in
down stream direction 111 along one wavelength channel. A transceiver 108 at remote
sites 102 transmits set 116 of one or more optical signals in up stream direction 112 and
receives set 114 of one or more optical signals transmitted in down stream direction 111
along another wavelength channel. For one embodiment, the optical signals propagating
in down stream direction 111 and the optical signals propagating in up stream direction
112 are in a single wavelength band, e.g., in C-band (1530 nm ~ 1560 nm). Examples of
other wavelength bands may be E-band (1420 nm ~ 1450 nm), L-band (1570 nm ~ 1600
nm), O-band (1300 nm ~1330 nm), S-band (1490 nm ~ 1520 nm), and the like.

[0017] One or more transceivers at CO 101 and one or more transceivers at remote
sites 102 are wavelength locked to each other through a mutual injection process, as

described in further detail below. As shown in Figure 1, transceivers 103-104, 107-108
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have transmitters Tx 123, 124, 127, and 128 respecti\./ely. For one embodiment, each of
the transmitters Tx 123, 124, 127, and 128 includes a wavelength-locked light source, for
example, a Fabry-Perot semiconductor laser diode, a reflective semiconductor optical
amplifier (“RSOA”), a vertical cavity laser, or any other light source that is capable of
gain saturation within a data transmission bandwidth. The gain saturation of the light
source means that any fluctuations in the injected input power are substantially reduced in
the reflected output power. For one embodiment, when the light source operates in the
gain saturation condition, the intensity fluctuations of the injected input power are
reduced in the reflected output power by more than 2dB. For one embodiment, a
wavelength-locked light source of the transmitter Tx is a Fabry-Perot semiconductor laser
diode with an anti reflection (“AR”) coating on the front facet of the semiconductor laser
diode. For one embodiment, each of transmitters Tx 123, 124, 127, and 128 is configured
to operate below a lasing threshold when its gain is being suppressed by an injected
spectral light signal.

[0018] For one embodiment, each of the transmitters Tx 123, 124, 127, and 128
includes an electrical data modulator (not shown) coupled to the wavelength locked light
source (not shown) to modulate the sets of optical signals to transmit data. For one
embodiment, each of transmitters Tx 123, 124, 127, and 128 includes a gain pump (not
shown) to supply a bias current to the light source. For one embodiment, the bias current
cooperates with a modulated data current signal provided by the data modulator to
modulate the set of one or more optical signals to transmit 6ptica1 data signals. The data
signals may be transmitted at a high data speed, e.g., 125 Megabits per second (“Mbps™),
155 Mbps, 622 Mbps, 1.25 Gigabits per second (“Gbps™), 2.5 Gbps, 10 Gbps, and 40
Gbps. For one embodiment, transceivers at CO 101 and transceivers at remote sites102
are designed to be identical.

[0019] Each of the wavelength-locked transceivers at CO 101 is configured to
transmit optical data signals, and to receive injection optical signals from respective
wavelength-locked transceivers at remote sites 102. Each of the transceivers at remote

+ sites 102 is configured to transmit optical data signals, and to receive injection optical
signals from respective wavelength-locked transceivers at CO 101. As shown in Figure 1,
transceivers 103-104, and 107-108 have receivers Rx 133-134, and 137-138 respectively,

to receive the optical data signals. For one embodiment, receiver Rx includes a
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photodetector. For one embodiment, the wavelength-locked light source of the transmitter
Tx includes a reflective modulator capable of gain saturation within a data transmission
bandwidth to reduce the intensity noise within the electrical bandwidth of the receiver Rx.
For one embodiment, the wavelength-locked light source of the transmitter Tx has a
response time of the gain saturation of the same order of magnitﬁde or shorter than a time
period of the data modulation. In other words, the wavelength-locked light source of
transmitter Tx has a saturation frequency response;that is above or approximately equal to
a data modulation bandwidth. For example, if the data modulation bandwidth is about
5GHz, the saturation frequency response is higher or approximately equal to SGHz. For
one embodiment, the response time of the wavelength-locked light source of the
transmitter Tx is less than 1 nanosecond (“nsec™). :

[0020] For one embodiment, a wavelength-locked light source of the transmitter Tx
has a substantially low saturation power, e.g., on the order of 10 milliwatts or less.

[0021] For one embodiment, a wavelength-locked light source of the transmitter Tx
operates in a saturated gain condition to overcome the intensity noise on the injected data
signals. In the saturated gain condition, input intensity fluctuations on the injection signal
can be reduced through the gain saturation of the 'I"x. For one embodiment, the
wavelength-locked light source of the transmitter Tx operates in the gain saturated
condition, such that the intensity fluctuations of the injection signal are reduced by more
than 2dB. For one embodiment, the wavelength-loéked light source of the transmitter Tx
saturates within a bit time of the optical data signal.

[0022] Intensity noise in the injection data signal may be caused by, e.g., residual data
modulation of the signal in one direction being iml:)arted onto the re-modulated signal in
the opposite direction, noise from reflections in the system that interfere with the data
signal, and noise due to the mutual locking process of the two transmitters Tx.

[0023] For one embodiment, to overcome the intensity variations on the injection
data signal, the extinction ratio between the zero and one bits of the modulated optical
signal (data signal) produced by the transmitter Tx is such that a sufficient injection signal
is provided even during the zero bit to provide wavelength-locking of another transmitter
Tx. For one embodiment, the extinction ratio of the data signal is in the approximate
range of 2dB to 10dB depending on the level of saturation of the wavelength-locked light

source of the transmitter Tx. For example, if the extinction ratio is 10dB, about 10% of
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the injection data signal is provided during the zero bit which can be sufficient to
wavelength-lock the other transmitter Tx. It is noted that the bigger extinction ratio may
require a larger saturation effect to reduce the larger intensity variations. For one
embodiment, the extinction ratio of the optical data signal is between about 3dB and
about 5dB.

[0024] For one embodiment, to reduce the effects of intensity noise, Forward
Error Correction (“FEC”) codes are used. For one embodiment, using FEC improves bit
error rate (“BER”) of the data signal due to the intensity noise from being greater than 10
* to being less than 10°. FEC codes are known to one of ordinary skill in the art of
telecommunication.

[0025] For one embodiment, to remove the effects of modulation on the transmitted
data signal in one direction that causes the noise in the opposite direction, various
modulation schemes can be employed. For example, a frequency shift modulation
(“FSK”) or phase shift modulation (“PSK”) of the optical signals produced by Tx can be
used in one or both directions 111 and 112. For another embodiment, the dithering of the
output wavelength produced by the transmitter Tx can be performed to reduce noise
effects.

[0026] For one embodiment, to further reduce the noise effects, the reflectivity of the
front facet for the RSOA of the wavelength locked transmitter Tx is less than 10™. For
one embodiment, the reflectivity of the front facet for the RSOA of the wavelength locked
transmitter Tx is less than 107,

[0027] For one embodiment, the reflectivity of the front facet for the wavelength
locked Fabry-Perot laser diode (“FPLD”) of the transmitter Tx is in the approximate range
of 10*-10°"". For one embodiment, the wavelength-locked FPLD of the transmitter Tx is
wavelength controlled so that the longitudinal wavelength modes of the FPLD aligns with
the wavelength channels. The wavelength channels can be defined by a WDM MUX/De-
MUX that is coupled to the Tx, as described in further detail below. WDM MUX/De-
MUZXes can be realized using array waveguide (AWG) routers, thin film dielectric filters,
diffraction gratings and other methods that are known in the art. For one embodiment, the
modes of the wavelength-locked FPLD of Tx is controlled using the laser mode
controller, e.g., a temperature controller. The tempeérature controller can be a thermo-

electric cooler (“TEC”) coupled to the FPLD of the transmitter Tx. For one embodiment,
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the laser mode controller is calibrated to keep the modes of the wavelength-locked light
source of Tx aligned with International Telecommunication Union (“ITU”) wavelength
grid.

[0028] For one embodiment, mutually wavelerigth-locked transmitters Tx are
polarization insensitive. For another embodiment, mutually wavelength- locked
transmitters Tx operate using a single polarization.

[0029] As shown in Figure 1, a wavelength division multiplexing (“WDM?”)
multiplexer/de-multiplexer (“MUX/De-MUX") 105 and a WDM MUX/De-MUX 106 are
coupled between one or more transceivers 103-104 at central office 101 and one or more
transceivers 107-108 at remote sites 102. For one embodiment, the optical signals
transmitted over WDM PON 300 along wavelength channels are spaced from each other
according to standards of Dense Wavelength Division Multiplexing (“DWDM”)
technology, Coarse WDM (“CWDM?”) technology, or a combination of both, DWDM
channel spacing and CWDM channel spacing is known to one of ordinary skill in the art
of telecommunications.

[0030] As shown in Figure 1, each of WDM MUX/De-MUXes 105 and 106 has
wavelength channels 1...N, where N may be 4, 8, 16, 32, 64, 128, or any other number.
As shown in Figure 1, transceiver 103 is coupled to wavelength channel 1 of WDM
MUX/De-MUX 105 to transmit set 113 and receive set 115 that have wavelengths
centered about A,. Transceiver 104 is coupled to wavelength channel N of WDM
MUX/De-MUX 105 to transmit set 114 and receive set 116 that have wavelengths
centered about Ay. WDM MUX/De-Mux 105 multiplexes the optical signals propagating
in down stream direction 111 to transmit through a transmission medium 110, e.g., an
optical fiber. WDM MUX/De-MUX 105 de-multiplexes the optical signals propagating in
up stream direction 112 over transmission medium 110. WDM MUX/De-MUX 106
multiplexes optical signals received in up stream direction 112 and de-multiplexes optical
signals in down stream direction 111, as shown in Figure 1. Transceiver 107 is coupled to
wavelength channel 1 of WDM MUX/De-MUX 106 to transmit set 115 and receive set
113 that has a wavelength of about . Transceiver 108 is coupled to wavelength channel
N of WDM MUX/De-MUX 106 to transmit set 116 and receive set 114 that has a

wavelength of about Ay.



WO 2008/045141 PCT/US2007/012239

[0031] As shown in Figure 1, power splitters 117, 118, 119, and 120 are used to
divide an optical power of the optical signals at each of transceivers 103,104, 107, and
108. As shown in Figure 1, each power splitter 117, 118, 119, and 120 splits the optical
power of the respective set of one or more optical signals between the transmitter Tx and
receiver Rx of the respective transceivers 103, 104, 107, and 108. The optical power from
the transceiver at CO 101 is used to lock an output wavelength of the transceiver at
remote sites 102. In the same time, the optical power from the transceiver at remote sites
102 is used to lock an output wavelength of the transceiver at CO 101. As shown in
Figure 1, power splitter 117 directs a portion of the optical power of set 115 to lock the
output wavelength of transmitter Tx 123. Power splitter 118 directs a portion of the
optical power of set 114 to lock the output wavelength of transmitter Tx 124. Power
splitter 119 directs a portion of the optical power of set 113 to lock the output wavelength
of transmitter Tx 127. Power splitter 120 directs a portion of the optical power of set 114
to lock the output wavelength of transmitter Tx 128. For one embodiment, the power
splitter directs more optical power to transmitters Tx than to receivers Rx to assist in the
wavelength-locking process. For one embodiment, power splitter 117 directs to Tx 123
between about 50% to about 95% of the total optical power of set 115 of the optical
signals.

[0032] A transceiver at a central office 101 is coupled to a respective transceiver at
remote sites 102 through the same wavelength channel of the MUX/De-MUXes 105 and
106. As shown in Figure 1, transceiver 103 and 107 are connected to the same wavelength
channel 1 of WDM MUX/De-MUZXes 105 and 106 and operate at a substantially the same
wavelength A;. Transceiver 104 and 108 are connected to the same wavelength channel N
of WDM MUX/De-MUXes 105 and 106 and operate at substantially the same wavelength
AN-

[0033] As shown in Figure 1, set 115 of optical signals from transmitter 127 includes
an injection signal to lock transmitter 123 to operate at the wavelength of about A, and set
113 of optical signals from transmitter 123 includes an injection signal to lock transmitter
127 to operate at the wavelength of about A;. As shown in Figure 1, set 116 of optical
signals from transmitter 128 includes an injection signal to lock transmitter 124 to operate
at the wavelength of about Ay, and set 114 of optical signals from transmitter 124 includes

an injection signal to lock transmitter 128 to operate at the wavelength of about Ay. That
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is, one or more OLT transceivers at CO 101 and one or more ONU transceivers at remote
sites 102 coupled to the same wavelength channel of the WDM MUX/De-MUX are
automatically wavelength locked to each other through the mutual injection process. For
one embodiment, a time delay of about a millisecond may occur before transceivers at CO
101 and transceivers at remote sites 102 mutually lock to each other due to the
propagation time delay between the two transceivers.

[0034] For one embodiment, WDM MUX/De-MUXes 105 and 106 include Arrayed
Waveguide Grating (“AWG”’) Multiplexers/ Demultiplexers. For another embodiment,
WDM MUX/De-MUZXes 105 and 106 include thin film dielectric filters. For another
embodiment, WDM MUX/De-MUZXes 105 and 106 include wavelength diffraction
gratings. For one embodiment, each of WDM MUX/De-MUXes 105 and 106 has the
optical spacing between adjacent optical channels in the approximate range of 10 GHz to
200 GHz. |

[0035] For one embodiment, each of the wavelength channels of AWG MUX/De-
MUX 105 and 106 transmits wavelengths from the same wavelength band in two opposite
directions for a bi-directional communication. For one embodiment, the MUX/DMUXes
105 and 106 have the spacing between optical charnnels less than 10 nm. For one
embodiment, WDM-MUX/De-MUXes 105 and 106 are matched AWG MUX/De-
MUZXes. For one embodiment, the wavelength of WDM MUX/De-MUX channels does
not significantly change with the temperature. That is, each of the WDM-MUX/De-
MUZXes 105 and 106 is temperature insensitive (“athermal”), and does not need an active
temperature control. Athermal WDM-MUX/De-MUXes are known to one of ordinary
skill in the art of telecommunications.

[0036] As shown in Figure 1, an in-line gain element 109 is coupled to transceivers at
central office 101 and remote sites 102. As shown in Figure 1, in-line gain element 109 is
coupled to WDM MUX/De-MUX 105 to amplify the data signals in all wavelength
channels (e.g., 4, 8, 16, 32, 64, 128, and the like) transmitted through the optical
transmission medium 110, e.g., optical fiber, in a single wavelength band, e.g., C-band, in
both directions 111 and 112. For one embodiment, in-line gain element 109 has such gain
saturation characteristics that its saturation response time is much slower than the

transmission data rates between CO 101-and remote sites 102. In-line gain element 109

10
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provides optical gain to the data signals but preserves the intensity modulation of the data
signal and avoids crosstalk due to multiple data streams being simultaneously amplified.
[0037] For one embodiment, in-line gain element 109 has a slow saturation response
time e.g., longer than 1 microsecond (“pusec™) compared to the data rate of the
transmission signals. For one embodiment, in-line gain element 109 has a response time
in the approximate range of 1usec to 10msec. In-line gain element 109 provides an
extended reach WDM-PONs where the distances between CO 101 and remote sites 102
can exceed 20km.

[0038] For one embodiment, in-line gain element 109 is an Erbium Doped Fiber
Amplifier (“EDFA”). For another embodiment, in-line gain element 109 is a Raman
Amplifier. For yet another embodiment, in-line gain element 109 is a semiconductor
optical amplifier (“SOA”™). For yet another embodiment, gain element 109 includes any
combination of EDFA, Raman Amplifier, and SOA. For one embodiment, gain element
109 is located at CO 101. For another embodiment, gain element 109 is placed anywhere
between MUX/De-MUX 105 and MUX/De-MUX 106 so that a single gain element can
be used to amplify all wavelength channels. For example, a section of EDFA fiber can be
placed at a remote node WDM MUX/De-MUX 106 so that data signals of all wavelength
channels are amplified remotely from CO 101. For another embodiment, gain element 109
is distributed gain element, e.g., a Raman Amplifier. The Raman Amplifier can distribute
the gain along the transmission fiber, as known to one of ordinary skill in the art of
telecommunication.

[0039] For one embodiment, in-line gain element 109 provides a single-pass gain so
that the total round-trip gain through the WDM PON 100 is equal to about unity. That is,
a single-pass gain value for in-line gain element 109 is such that a total transmission loss
of the optical power between mutually locked transceivers 103 and 107 is compensated.
For one embodiment, the total transmission loss between mutually locked transceivers
103 and 107 includes the loss of each WDM —-MUX/De-MUXes 105 and 106, the loss of
each of power splitters 117 and 119, and the loss of optical transmission medium 110. For
one embodiment, each of wavelength-locked Tx can provide a reflective gain of about
6dB. To calculate the gain value for the in-line gain element, the reflective gain of the Txs
is subtracted from the total transmission loss. For example, if total transmission loss

between mutually locked transmitters Tx is about 18 dB, and the reflective gain of the

11
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mutually locked transmitters Tx is about 6dB, the in line gain value can be 12dB. For one
embodiment, the gain of the in-line gain element 109 is in the approximate range of 3dB
to 20dB.

[0040] For one embodiment, respective transceivers at CO 101 and at remote sites
102 saturate each other due to mutual wavelength locking process so all transceivers
operate at a substantially constant output power to overcome the differential losses of the
system 100.

[0041] For one embodiment, MUX/De-MUX 105, and in-line gain element 109 are
integrated into a single Integrated Optical Chip (“IOC”), e.g., an Indium Phosphide
(“InP”) chip. For another embodiment, all elements located at CO 101 (transceivers 103-
104, power splitters 117-118, gain block 109, e.g., SOA, MUX/De-MUX 105, e.g.,
AWGQ) are integrated into a single InP chip. For one embodiment, all transmitters Tx
located at CO 101 are integrated into an array on a single IOC. For one embodiment, all
receivers Rx located at CO 101 are integrated into an array on a single IOC. For another
embodiment, a transmitter Tx and a MUX/De-MUX 105 located at CO 101 are integrated
into a single IOC. For another embodiment, power splitter 117 and transceiver 103 at CO
101 are integrated into a single IOC. For another embodiment, elements at CO 101 are
integrated onto separate IOCs with arrays of Rx and Tx, or other combination of the
elements WDM PON 100 can be provided on separate IOCs. For one embodiment, power
splitter 119 and transceiver 107 of an ONU at a remote site are integrated into a
monolithic InP IOC.

[0042] For one embodiment, fiber connectors that reduce reflections are used to
connect the elements of the system 100. For example, angled physical contact (“APC”)
fiber connectors can be used to connect transceivers 103 and 104, WDM MUX/De-
MUZXes 105 and 106, gain element 109, optical transmission medium 110, and
transceivers 107 and 108. For one embodiment, a combination of fusion splices and low
reflectivity connectors are used to connect the elements of system 100.

[0043] Figure 2 shows another embodiment of a wavelength-locked WDM-PON 200
that includes an in-line scrambling element (“scrambler”). Figure 2 is similar to Figure 1,
with the addition of an in-line scrambler 225. As shown in Figure 2, wavelength-locked
WDM-PON 200 includes one or more wavelength-locked transceivers coupled to a WDM
MUX/De-MUX 205 at CO 201, as described above with respect to Figure 1. An in-line
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gain element 209 is coupled between MUX/De-MUX 205 and MUX/De-MUX 206 to
amplify optical signals through all wavelength channels that are transmitted in both
directions 211 and 212 over a transmission medium 210, as described above with respect
to Figure 1. As shown in Figure 2, wavelength channels of WDM MUX/De-MUX 206 are
coupled to one or more transceivers of ONUs at remote sites 202, as described above.
Power splitters 217, 218, 219, and 220 are provided to split the optical power between
transmitters Tx and receivers Rx, as described above. The optical power of the data signal
215 from remote transceiver 207 coupled to wavelength channel 1 locks the wavelength
of the transceiver 203 at CO 201 coupled to wavelength channel 1. The optical power of
the data signal 213 from transceiver 203 at CO 201 coupled to wavelength channe] 1
locks the wavelength of the transceiver 207 at remote sites 202 coupled to wavelength
channel 1. The optical power of the data signal 216 from remote transceiver 208 coupled
to wavelength channel N locks the wavelength of the transceiver 204 at CO 201 coupled
to the wavelength channel N. The optical power of the data signal 214 from transceiver
204 at CO 201 coupled to wavelength channel N locks the wavelength of the transceiver
208 at remote sites 202 coupled to wavelength channel N. That is, the wavelength-locked
transceivers at CO 201 and wavelength-locked transceivers at remote sites 202 that are
coupled through the same wavelength channel, are wavelength- locked to each other using
mutual injection process, as described above. '
[0044] In-line scrambler 225 is coupled between WDM MUX/De-MUX 205 and
WDM MUX/De-MUX 206. In-line scrambler 225 is used to scramble polarization of the
optical data signals propagating between CO 201 and remote sites 202, optical frequency
of the optical data signals propagating between CO 201 and remote sites 202, or both. For
one embodiment, scrambler 225 depolarizes the optical data signals propagating between
CO 201 and remote sites 202 by scrambling the polarization. This is useful if the
wavelength-locked transmitters Tx at CO 201 and the wavelength-locked transmitters at
remote sites 202 are polarization sensitive. For one embodiment, scrambler 225 is a
passive device that uses time delays between orthogonal polarization states to scramble
the polarization. For another embodiment, scrambler 225 is an active device that varies
the polarization state of the optical signals as a function of time, e.g., a LINbO3

modulator, or any other electro-optical device.
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[0045] For one embodiment, scrambler 225 performs scrambling or “dithering” of the
optical frequency as a function of time. This is useful to reduce the effects of intensity
noise from the mutual wavelength-locking process or from reflection along the
communication link. For one embodiment, the optical frequency is dithered quickly,
relative to the bit period of data signal. For one embodiment, scrambler 225 is a LINbO3
modulator, or any other electro-optical device that performs polarization scrambling,
frequency scrambling, or both.

[0046]) For one embodiment, scrambler 225 dithers the optical signal frequency such
that the frequencies of the noise in the signals caused, e.g., by reflections, interference and
beating between the signals, spread out to the frequencies outside the electrical bandwidth
of the receiver Rx.

[0047] ©  For one embodiment, MUX/De-MUX 205, in-line gain element 209, and
scrambler 225 are integrated into a single Integrated Optical Chip (“I0C”), e.g., an
Indium Phosphide (“InP”) chip. For one embodiment, all transmitters Tx located at CO
201 are integrated into an array on a single IOC. For one embodiment, all receivers Rx
located at CO 201 are integrated into an array on a single IOC. For another embodiment, a
transmitter Tx and a MUX/De-MUX 205 located at CO 201 are integrated into a single
IOC. For another embodiment, power splitter 217 and transceiver 203 at CO 201 are
integrated into a single IOC. For another embodiment, all elements located at CO 201
(transceivers 203-204, power splitters 217-218, gain element 209, scrambler 225) are
integrated into a single InP chip. For another embodiment, elements at CO 101 are
integrated onto separate IOCs with arrays of Rx and Tx, or other combination of the
elements WDM PON 200 can be provided on separate IOCs. For one embodiment, power
splitter 219 and transceiver 207 of an ONU at a remote site are integrated into a
monolithic InP IOC.

[0048] Figure 3 shows one embodiment of an in-line gain element having a feedback
mechanism. Because the transmission losses of the WDM PON depend on various
factors, e.g., drop fibers, connector losses, the length of the an optical feeder fiber, the
amount of gain required to transmit optical signals between the CO and remote sites can
vary with each installation. To adjust to these conditions, in-line gain block 300 has a
feedback mechanism to automatically adjust its gain. As shown in Figure 3, the feedback

mechanism includes an optical monitor 303 that is coupled to in-line gain medium 302 to

14



WO 2008/045141 PCT/US2007/012239

detect optical data signals propagating through WDM channels to gain block 300. As
shown in Figure 3, optical monitor 303 is coupled to control the gain of the gain medium
302. For one embodiment, optical monitor 303 is coupled to control element 304 to
control pumping of the gain medium 302 by pump 305, as shown in Figure 3. As shown
in Figure 3, optical monitor 303 is coupled to gain medium using a tap 308 to tap optical
data signals propagating through gain medium 302 in direction 309. For one embodiment,
direction 309 is an upstream direction for transmitting optical data signals from remote
sites to a central office. For another embodiment, direction 309 is a down stream direction
for transmitting optical data signals from a central office to remote sites. As shown in
Figure 3, optical splitter 308 provides a portion of optical data signals propagating in
direction 309 through gain medium 302 to optical monitor 303. As shown in Figure 3,
control element 304 coupled to optical monitor 303 causes pump 305 to dynamically
adjust the gain of gain medium 302 depending on the strength (e.g., amplitude, intensity,
power) of optical data signals detected by optical monitor 303. For one embodiment, if
the optical data signals detected by optical monitor 303 are smaller than a predetermined
threshold, control element 304 causes pump 305 to increase the gain of gain medium 302.
If the optical data signals detected by optical monitor 303 are larger than a predetermined
threshold, control element 304 causes pump 305 to decrease the gain of gain medium 302.
For another embodiment, other controlling schemes for operation of control element 304
with pump 305 can be used that are known to one of ordinary skill in the art. For one
embodiment, optical monitor 303 includes a photodetector. For another embodiment,
optical monitor 303 includes an optical channel monitor to measure the optical power in
each wavelength channel.

[0049] For another embodiment, a saturating laser “SL” 306 can be used to control
gain of gain medium 302, as shown in Figure 3. Saturating laser 306 sends a saturating
optical signal through WDM coupler 307 into gain medium 302. The gain of gain
medium 302 can be controlled by adjusting the output power of the saturating laser 306.
For another embodiment, as shown in Figure 3 by dashed lines, control element 304
coupled to optical monitor 303 dynamically adjusts the output power of saturating laser
306 depending on the strength (e.g., amplitude, intensity, power) of optical data signals
detected by optical monitor 303. The gain of gain medium 302 is adjusted depending on

the output power of the saturating laser 306. For another embodiment, if the optical data
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signals detected by optical monitor 303 are smaller than a predetermined threshold,
control element 304 causes saturating laser 306 to increase the optical gain of the gain
medium 302. If the optical data signals detected by optical monitor 303 are larger than a
predetermined threshold, control element 304 causes saturating laser 306 to decrease the
optical gain of the gain medium 302. For another embodiment, other controlling schemes
for operation of control element 304 with saturating laser 306 can be used that are known
to one of ordinary skill in the art. For another embodiment, the wavelength of the
saturating laser 306 is different from the wavelength of any of the optical data channels.
{0050] For one embodiment, pump control, saturating laser control, or both can be
used to control the gain of the in-line gain element.

[0051] Figure 4 shows one embodiment of a hybrid system 400 that uses both WDM
and TDM schemes to service many ONUs from a single PON. Instead of providing a
single wavelength to each of ONUs at remote sites, a remote power splitter is used to
route sets of one or more optical signals to multiple transceivers using a Tifne—Division
Multiplexing (“TDM?”) scheme. As shown in Figure 4, hybrid system 400 includes one or
more transceivers 401 at OLT at a Central Office that are coupled to WDM MUX/De-
MUX 402, as described above with respect to Figures 1 and 2. As shown in Figure 4, in-
line gain element 403 is coupled to WDM MUX/De-MUX 402 to amplify signals
transmitted through a transmission medium 404, e.g., an optical fiber, to WDM MUX/De-
MUX 405 at a remote location, as described above with respect to Figures 1-3. As shown
in Figure 4, transceivers at ONUs are coupled to wavelength channels of WDM MUX/De-
MUX 405. As shown in Figure 4, one transceiver 401 is coupled to transmit a set of one
or more optical signals in a down stream direction and receive a set of one or more optical
signals transmitted in an up stream direction along wavelength channel 1 of WDM
MUX/De-MUX 402. Another transceiver 422 is coupled to transmit a set of one or more
optical signals in the down stream direction and receive a set of one or more optical
signals transmitted in the up stream direction along wavelength channel N of WDM
MUX/De-MUX 402. As shown in Figure 4, transceivers 408 and 409 of ONUs at remote
sites are coupled through splitter 406, e.g., a power splitter, to wavelength channel 1 of
WDM MUX/De-MUX 405. Splitter 406, e.g., a power splitter, is used to split the optical
power of optical signals propagating along a wavelength channel between multiple ONUSs,

so that a single wavelength channel can be time shared by multiple ONUs.
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[0052] As shown in Figure 4, transceivers 410 and 411 of ONUs at remote sites are
coupled to through router 407, e.g., a power splitter, to wavelength channel n of WDM
MUX/De-MUX 405. Each of transceivers 408 and 409 at remote sites transmits a set of
one or more optical signals in the up stream direction and receives a set of one or more
optical signals transmitted in the down stream direction along wavelength channel 1, as
shown in Figure 4. Each of transceivers 410 and 411 at remote sites transmits a set of one
or more optical signals in the up stream direction and receives a set of one or more optical
signals transmitted in the down stream direction along wavelength channel n. For one
embodiment, the optical signals propagating in down stream direction 423 and the optical
signals propagating in up stream direction 424 are in a single wavelength band, as
described above. Transceivers 401 at OLT and transceivers at remote sites that are
coupled to the same wavelength channel of WDM MUX/De-MUXes 402 at OLT and 405
at a remote site are wavelength locked to each other through a mutual injection process, as
described above with respect to Figures 1-2. For one embodiment, each of WDM
MUX/De-MUZXes 402 at OLT and 405 at a remote site has 4, 8, 16, 32, or any other
number of wavelength channels. For one embodiment, the splitter coupled between a
wavelength channel of WDM MUX/De-MUX 405 at a remote site and transceivers at
ONUs is a power splitter that splits the optical power in a ratio of 1x4, 1x8, 1x16, 1x32,
or in any other power splitting ratio. For one embodiment, all ONUs have transceivers
that are designed to be identical. As shown in Figure 4, in-line gain element 403 is
coupled to WDM MUX/De-MUX 402 to amplify the data signals in all wavelength
channels transmitted through optical transmission mediﬁm 404, e.g., an optical fiber, in
both directions, as described above. For one embodiment, in-line gain element 403 is
configured to compensate for the total transmission loss of the optical power of the optical
data signals between mutually locked transceivers at the OLT and the remote sites
including the loss of the splitters. To control the time sharing of a single wavelength
channel between the multiple users, standardized protocols, e.g., IEEE Ethernet Passive
Optical Network (EPON) protocol, Full Service Access Network Gigabit Passive Optical
Network (FSAN GPON) protocol, Broadband Passive Optical Network (“BPON), or any
combination thereof can be used.

[0053] For one embodiment, MUX/De-MUZX 402, and in-line gain element 403 are
integrated into a single Integrated Optical Chip (“IOC”), e.g., an Indium Phosphide
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(“InP”) chip. For one embodiment, all transmitters Tx located at OLT are integrated into
an array on a single IOC. For one embodiment, all receivers Rx located at OLT are
integrated into an array on a single IOC. For one embodiment, a transmifter Tx and a
MUX/De-MUX 402 located at OLT are integrated into a single IOC. For another
embodiment, power splitter 412 and transceiver 103 at OLT are integrated into a single
IOC. For another embodiment, all elements located at OLT (transceivers, power splitters,
the gain block) are integrated into a single InP chip. For another embodiment, elements at
OLT are integrated onto separate IOCs with arrays of Rx and Tx, or other combination of
the elements WDM PON 400 can be provided on separate IOCs. For one embodiment,
power splitters 406, 407 and MUX/De-MUX 405 a;t a remote site are integrated into a
monolithic InP IOC. For one embodiment, transceiver 408 and power splitter 414 of an
ONU at a remote site are integrated into a monolithic InP IOC.

[0054] In the foregoing specification, embodiments of the invention have been
described with reference to specific exemplary embodiments thereof. It will be evident
that various modifications may be made thereto without departing from the broader spirit
and scope of the invention. The specification and drawings are, accordingly, to be

regarded in an illustrative sense rather than a restrictive sense.
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CLAIMS

What is claimed is:

1. An apparatus, comprising:

a first transceiver to transmit a first set of optical signals in a first direction
along a first wavelength channel; and

a second transceiver coupled to the first transceiver to transmit a second set of
optical signals along the first wavelength channél in a second direction, wherein the first
transceiver is wavelength locked using the second transceiver and the second transceiver

is wavelength locked using the first transceiver.
2. The apparatus of claim 1, further comprising:
a wavelength division multiplexing (“WDM?”) multiplexer/de-multiplexer

(“MUX/De-MUX”) coupled between the first transceiver and the second transceiver.

3. The apparatus of claim 1, further comprising:

an in-line gain element coupled to the first transceiver.

4, The apparatus of claim 1, further comprising:

a scrambler coupled to the first transceiver.

5. The apparatus of claim 1, wherein the transceiver is to operate in a saturated

gain condition.

6. The apparatus of claim 1, wherein the transceiver includes a light source that is

a Fabry-Perot laser, a reflective semiconductor optical amplifier, or a vertical cavity laser.
7. The apparatus of claim 1, wherein the transceiver is polarization insensitive.

8. The apparatus of claim 1, wherein the first transceiver and the second

transceiver are designed to be identical.
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9. A system, comprising:

a first wavelength division multiplexing multiplexer/de-multiplexer (“WDM
MUX/De-MUX”) having a first wavelength channel;

a first transceiver to send a first set of optical signals in a first direction along
the first wavelength channel,;

a gain element coupled to the WDM MUX/De-MUX; and

a second transceiver coupled to the gaiﬁ element to send a second set of optical

signals in a second direction along the first wavelength channel.

10. The system of claim 9, further comprising
a monitor to monitor an optical power of the second set of the optical signals

to control the gain element.

11. The system of claim 9, further comprising ’
a scrambler coupled to the WDM MUX/De-MUX to scramble an optical

frequency, an optical polarization, or both.

12. The system of claim 9, wherein the first transceiver is wavelength locked using
an optical power of the second set of the optical signals, and the second transceiver is

wavelength locked using an optical power of the first set of the optical signals.

13. The system of claim 9, wherein each of the first transceiver and the second

transceiver is to operate in a saturated gain condition.

14. The system of claim 9, further comprising

a first power splitter coupled to the first transceiver to split an optical power of
the second set of the optical signals; and

a second power splitter coupled to the second transceiver to split the optical

power of the first set of the optical signals.

15. The system of claim 14, wherein the first transceiver and the first power

splitter are integrated into an optical chip.
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16. The system of claim 9, wherein the gain element is an Erbium Doped Fiber
Amplifier (“EDFA”), a Raman Amplifier, a semiconductor optical amplifier (“SOA™), or

any combination thereof.
17. The system of claim 9, wherein the transceiver is polarization insensitive.

18. The system of claim 9, further comprising

a second WDM MUX/De-MUX coupled to the gain element;

a third transceiver coupled to the second WDM MUX/De-MUX, and

a third power splitter coupled to the second WDM MUX/De-MUX to send the
first set of the optical signals along the first wavelength channel to the second transceiver

and the third transceiver using a Time-Division Multiplexing (“TDM™) scheme.

19. The system of claim 9, wherein the first WDM MUX/De-MUX and the gain

element are integrated into an optical chip.

20. . The system of claim 9, wherein a first transmitter of the first transceiver and a

second transmitter of the second transceiver are integrated into an array on an optical chip.

21. The system of claim 9, wherein the first transceiver and the first WDM
MUX/De-MUX are integrated into the optical chip.

22. The system of claim 9, wherein a first receiver of the first transceiver and a

second receiver of the second transceiver are integrated into an array on an optical chip.

23. The system of claim 9, further comprising a saturating laser coupled to adjust a

gain of the gain element.

24. The system of claim 9, further comprising a pump coupled to adjust a gain of

the gain element.
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25. A method, comprising;

transmitting a first set of optical signals along a first wavelength channel in a
first direction from a first transceiver;

transmitting a second set of optical signals along the first wavelength channel
in a second direction from a second transceiver;

locking a first wavelength of the first transceiver using the second set of the
optical signals; and

locking a second wavelength of the second transceiver using the first set of

theoptical signals.

26. The method of claim 25, further comprising amplifying the set of the optical
signals.

27. The method of claim 25, further comprising scrambling the set of the optical
signals.

28. The method of claim 25, further comprising operating the transceiver in a

saturated gain condition.

29. The method of claim 25, further comprising controlling a mode of the
transceiver.
30. The method of claim 25, further comptising

transmitting a third set of the optical signals along a second wavelength
channel from a third transceiver;

multiplexing the first set and the third set to transmit along a transmission
medium;

de-multiplexing the first set and the third set to send to the second transceiver
and the fourth transceiver;

transmitting a fourth set of the optical signals along the second wavelength

channel from a fourth transceiver;
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multiplexing the second set and the fourth set to transmit along the
transmission medium; and
de-multiplexing the second set and the forth set to send to the first transceiver

and the third transceiver.

31 The method of claim 28, further comprising
routing the first set of the optical signals to the second transceiver using a

Time Division Multiplexing (“TDM?”) scheme.

32. An apparatus, comprising:

means for transmitting a first set of optical signals along a first wavelength
channel in a first direction from a first transceiver;

means for transmitting a second set of optical signals along the first
wavelength channel in a second direction from a second transceiver;

means for locking a first wavelength of the first transceiver using the second
set of the optical signals; and

means for locking a second wavelehgth of the second transceiver using the

first set of the optical signals.

33. The apparatus of claim 32, further comprising means for amplifying the set of
the optical signals.

34. The apparatus of claim 32, further comprising means for scrambling the set of
the optical signals.

3s. The apparatus of claim 32, further comprising means for operating the

transceiver in a saturated gain condition.
36. The apparatus of claim 32, further comprising

means for transmitting a third set of optical signals along a second wavelength

channel from a third transceiver;

23



WO 2008/045141 PCT/US2007/012239

means for multiplexing the first set and the third set to transmit along a
transmission medium,;

means for de-multiplexing the first set and the third set to send to the second
transceiver and the fourth transceiver;

means for transmitting a fourth set of the optical signals along the second
wavelength channel from a fourth transceiver;

means for multiplexing the second set and the fourth set to transmit along the

transmission medium; and

means for de-multiplexing the second set and the forth set to send to the first

transceiver and the third transceiver.
37. The apparatus of claim 33, further comprising

means for splitting the first set of the optical signals to the second transceiver
using a Time Division Multiplexing (“TDM”) scheme.
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