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PASSIVE OPTICAL NETWORK WITH
ADAPTIVE FILTERS FOR UPSTREAM
TRANSMISSION MANAGEMENT

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] The present application claims priority to U.S. Pro-
visional Patent Application Ser. No. 61/363,942 filed Jul. 13,
2010 by Ning Cheng et. al., and entitled, “Managing
Upstream Transmission in Passive Optical Networks with
Adaptive Filters,” which is incorporated herein by reference
as if reproduced in its entirety.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

[0002] Not applicable.

REFERENCE TO A MICROFICHE APPENDIX
[0003] Not applicable.

BACKGROUND

[0004] A passive optical network (PON) includes a passive
optical power splitter/combiner that feeds individual branch-
ing fibers to end users. The PON also has a tree topology that
maximizes coverage with minimum network splits, thus
reducing optical power loss. In addition, a common fiber
feeder part of a PON is shared by all optical network units
(ONUs) with terminating branching fibers. Moreover, traffic
sent downstream from an optical line terminal (OLT) at a
local exchange is simply broadcast by an optical power split-
ter to every ONU. Sending traffic from an ONU upstream to
a local exchange, however, requires accurate multiple access
techniques in order to multiplex collision-free traffic gener-
ated by the ONUs onto the common feeder fiber.

[0005] At least four major categories of multiple access
techniques for fiber have been developed. These techniques
include: Time Division Multiple Access (TDMA), SubCar-
rier Multiple Access (SCMA), Wavelength Division Multiple
Access (WDMA), and Optical Code Division Multiple
Access (OCDMA).

[0006] As theuser bandwidth demands are ever increasing,
PONs with larger bandwidth are required in the future. Com-
mon approaches to improve the bandwidth in PONSs include
higher data rate Time Division Multiplexing (TDM) PONs
and Wavelength Division Multiplexing (WDM) passive opti-
cal network (WPON) systems in which multiple wavelengths
are used. TDM and WDM approaches may be combined as
well. As an example, ITU-T has standardized a higher speed
TDM PON (ITU-T G.987, XG-PON, which can provide 10
Gigabits per second (Gb/s) downstream and 2.5 Gb/s
upstream.

[0007] Ina WPON network, each ONU uses a wavelength
channel to send packets to an OLT at a local exchange. In
addition, the wavelength channel constitutes an independent
communication channel and may carry a different signal for-
mat from other wavelength channels carried by other ONUs
connecting to the OLT.

[0008] Conventionally, a WPON network is designed to
make each hardware unit at each endpoint, as well as each
wavelength selective multiplexing element in the network,
tune to a unique wavelength. This design works for wave-
length independent power splitting PONs. However, a net-
work with such a design is difficult to manage and prone to
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errors. One of conventional ways to improve performance of
such a design is to implement “colorless” end-point equip-
ment. In a colorless WPON network, an ONU has no intrinsic
channel assignment. The ONU obtains a channel assignment
by virtue of what fiber the ONU is attached to on the network.
This typically assumes that the network uses a WDM device
as a splitting element. The physical effects used in this type of
network design are either injection locking of a broadband
laser source, or reflective modulation of downstream light.

[0009] A prominent feature in GPON and XG-PON sys-
tems is the bandwidth asymmetry for upstream and down-
stream transmission. However, future multimedia applica-
tions such as video conference and point-to-point (P2P)
streaming may require symmetric bandwidth for downstream
and upstream. A simple way to improve the upstream band-
width is to use higher transmission rates. For example, 10 G
PON (IEEE 802.3av) uses 10 Gb/s upstream transmission.
However, an ONU with a higher transmission rate requires a
more expensive transmitter. An alternative approach is to use
WDM to improve the upstream bandwidth. That is, ONUs
may transmit upstream signals with different wavelengths
while the OLT uses multiple receivers to recover the upstream
data. For this scheme, the cost increase for ONUs is smaller,
but service providers would have to keep track of different
ONUs with different wavelengths, and ONUs may need tem-
perature control to keep their wavelengths stable. There is an
ongoing need to develop WDM schemes that operate over a
power splitting PON infrastructure that does not require
wavelength selected ONUs.

SUMMARY

[0010] Inone embodiment, the disclosure includes a wave-
length division multiplexing passive optical network
(WPON) comprising an optical line terminal (OLT) and a
plurality of optical network units (ONUs) coupled to the OLT
via a power optical splitter. The OLT is configured to monitor
wavelengths in use by the ONUs and to divide upstream
traffic from the ONUs into multiple channels using tunable
filters.

[0011] In another embodiment, the disclosure includes an
OLT for a PON, the OLT comprising a plurality of receivers
and a plurality of tunable filters corresponding to each of the
receivers. The OLT also comprises channel control logic
coupled to the tunable filters, wherein the channel control
logic is configured to detect a plurality of wavelengths in use
for upstream traffic in the PON and to divide the upstream
traffic into multiple channels using the tunable filters.

[0012] In yet another embodiment, the disclosure includes
amethod for managing upstream traffic in a PON, the method
comprising monitoring, by a processor, wavelengths in use
for upstream traffic in the PON; wherein the wavelengths are
used for sending traffic from a plurality of optical network
units (ONUs) to one optical line terminal (OLT), dividing the
upstream traffic into multiple channels using multiple tunable
filters; wherein each of the multiple tunable filters corre-
sponds to a different passband of multiple passbands, and
each of the multiple tunable filters is configured to pass traffic
the wavelength of which falls into the corresponding pass-
band, and sending, by the multiple tunable filters, the divided
upstream traffic to multiple receivers through the multiple
channels, wherein each one receiver of the multiple receivers
corresponds to one channel of the multiple channels.
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[0013] These and other features will be more clearly under-
stood from the following detailed description taken in con-
junction with the accompanying drawings and claims.

BRIEF DESCRIPTION OF THE DRAWINGS

[0014] For a more complete understanding of this disclo-
sure, reference is now made to the following brief description,
taken in connection with the accompanying drawings and
detailed description, wherein like reference numerals repre-
sent like parts.

[0015] FIG.1 is a schematic diagram of an embodiment of
a PON system.
[0016] FIG. 2 is a WDM based PON (WPON) system

according to the present invention.

[0017] FIG. 3 depicts channel selection for a WPON sys-
tem according to the present invention.

[0018] FIG. 4 illustrates coherent detection and tunable
filtering to divide upstream transmission into multiple wave-
length channels according to the present invention

[0019] FIG. 5 depicts use of tunable edge filters to divide
wavelengths among a plurality of channels according to the
present invention.

[0020] FIG. 6 depicts use of tunable channels to direct
upstream traffic to receivers in a WPON system according to
the present invention.

[0021] FIG. 7 illustrates a method for controlling channel
selection in a WPON system according to the present inven-
tion.

[0022] FIG. 8 is a schematic diagram of one embodiment of
a general-purpose computer system.

DETAILED DESCRIPTION

[0023] Itshould be understood at the outset that although an
illustrative implementation of one or more embodiments are
provided below, the disclosed systems and/or methods may
be implemented using any number of techniques, whether
currently known or in existence. The disclosure should in no
way be limited to the illustrative implementations, drawings,
and techniques illustrated below, including the exemplary
designs and implementations illustrated and described
herein, but may be modified within the scope of the appended
claims along with their full scope of equivalents.

[0024] Disclosed herein is a system and apparatus for man-
aging upstream transmissions in a passive optical network
(PON) with adaptive (tunable) filters. Without limitation, the
placement and control of tunable filters for managing
upstream transmissions may be, for example, at the optical
line terminal (OLT). The use of tunable filters as described
herein reduces the overall cost of a PON since random wave-
length distribution for ONU transmitters is possible (i.e.,
expensive tunable lasers can be avoided). The random distri-
bution of wavelengths is due to each ONU having a different
wavelength due to different laser characteristics (e.g., cavity
length and grating pitches) and different operating conditions
(e.g., driving current and temperature). Based on the wave-
length distributions on ONUs, tunable filters with suitable
bandwidth and appropriate center wavelength can be used to
divide ONUs into N groups with each group having roughly
an equal number of ONUs. The tunable filter operation can be
either optical or electrical as disclosed herein. The tunable
filters described herein can be added as an upgrade to an
existing PON architecture to enhance upstream transmission
rates. In operation, the tunable filters are controlled to select
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the channels to which upstream traffic is divided. In at least
some embodiments, the tunable filters are dynamically con-
trolled to provide load balancing of upstream traffic based on
bandwidth demand. Accordingly, the total bandwidth for
upstream traffic can be improved to N times of the ONU
transmission rate.

[0025] The disclosed embodiments may enable the fabri-
cation or manufacture of PONs with improved upstream
bandwidth. For example, this disclosure may increase the
upstream bandwidth of XG-PON from 2.5 Gb/s to 10 Gb/s
without changing XG-PON ONUs. The disclosed embodi-
ments may enable its system providers to utilize ONUs with
higher transmission rates or utilize ONUs with different but
fixed wavelengths.

[0026] FIG. 1 is a schematic diagram of an embodiment of
a PON system 100. The PON 100 comprises an OLT 110, a
plurality of ONUs 120, and an ODN 130. The PON 100 is a
communications network that does not require any active
components to distribute data between the OLT 110 and the
ONUs 120. Instead, the PON 100 uses the passive optical
components in the ODN 130 to distribute data between the
OLT 110 and the ONUs 120. Examples of suitable PONs 100
include the asynchronous transfer mode PON (APON) and
the broadband PON (BPON) defined by the ITU-T G.983
standard, the Gigabit PON (GPON) defined by the ITU-T
(G.984 standard, the Ethernet PON (EPON) defined by the
IEEE 802.3ah standard, and the wavelength division multi-
plexing PON (WPON), all of which are incorporated by ref-
erence as if reproduced in their entirety.

[0027] One component of the PON 100 may be the OLT
110. The OLT 110 may be any device that is configured to
communicate with the ONUs 120 and another network (not
shown). Specifically, the OLT 110 may act as an intermediary
between the other network and the ONUs 120. For instance,
the OLT 110 may forward data received from the network to
the ONUs 120, and forward data received from the ONUs 120
onto the other network. Although the specific configuration of
the OLT 110 may vary depending on the type of PON 100, in
an embodiment, the OLT 110 may comprise channel control
logic and tunable filters, as explained in detail below. When
the other network is using a protocol, such as Ethernet or
Synchronous Optical Networking (SONET)/Synchronous
Digital Hierarchy (SDH), that is different from the commu-
nications protocol used in the PON 100, the OLT 110 may
comprise a converter that converts the other network’s data
into the PON’s protocol. The OLT 110 converter may also
convert the PON’s data into the other network’s protocol. The
OLT 110 described herein is typically located at a central
location, such as a central office, but may be located at other
locations as well.

[0028] Another component of the PON 100 may be the
ONUs 120. The ONUs 120 may be any devices that are
configured to communicate with the OLT 110 and a customer
or user (not shown). Specifically, the ONUs may act as an
intermediary between the OLT 110 and the customer. For
instance, the ONUs 120 may forward data received from the
OLT 110 to the customer, and forward data received from the
customer onto the OLT 110. Although the specific configu-
ration of the ONUs 120 may vary depending on the type of
PON 100, in an embodiment, the ONUs 120 may comprise an
optical transmitter configured to send optical signals to the
OLT 110. Additionally, the ONUs 120 may comprise an opti-
cal receiver configured to receive optical signals from the
OLT 110 and a converter that converts the optical signal into
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electrical signals for the customer, such as signals in the
Asynchronous Transfer Mode (ATM) or Ethernet protocol.
The ONUs 120 may also comprise a second transmitter and/
or receiver that may send and/or receive the electrical signals
to a customer device. In some embodiments, ONUs 120 and
optical network terminals (ONTs) are similar, and thus the
terms are used interchangeably herein. The ONUs are typi-
cally located at distributed locations, such as the customer
premises, but may be located at other locations as well.

[0029] Another component of the PON 100 may be the
ODN 130. The ODN 130 is a data distribution system that
may comprise optical fiber cables, couplers, splitters, dis-
tributors, and/or other equipment. In an embodiment, the
optical fiber cables, couplers, splitters, distributors, and/or
other equipment are passive optical components. Specifi-
cally, the optical fiber cables, couplers, splitters, distributors,
and/or other equipment may be components that do not
require any power to distribute data signals between the OLT
110 and the ONUs 120. The ODN 130 typically extends from
the OLT 110 to the ONUs 120 in a branching configuration as
shown in FIG. 1, but may be alternatively configured as
determined by a person of ordinary skill in the art.

[0030] In at least some embodiments, the PON 100
described herein may transmit upstream traffic from ONUs
120 to OLT 110 via ODN 130. At the OLT 110, channel
selection logic monitors the wavelengths corresponding to
the upstream traffic and divides the upstream traffic into chan-
nels using tunable filters 112. For example, the channel selec-
tion logic may dynamically adjust the channels correspond-
ing to the tunable filters 112 to provide load balancing based
on bandwidth demand over time. The tunable filters 112 used
in the disclosed technique may be, for example, tunable edge
filters and/or bandpass filters. Such tunable filters 112 may be
implemented in a cascading arrangement as described herein.
Even if the wavelength distribution for the ONUs 120 is
random (as is usually the case due to variations in the ONU
lasers used for upstream transmissions), the channel selection
logic is able to control the tunable filters 112 so that upstream
transmission wavelengths are divided approximately equally
across a plurality of channels. The ONU lasers may comprise,
for example, distributed feedback (DFB) lasers with a very
narrow tuning range (e.g., less than 1 nm). Additionally or
alternatively, the ONU lasers may comprise at least some
DFB lasers with no tuning.

[0031] FIG. 2 is a WDM based PON (WPON) system 200
according to the present invention. As shown, network 200
includes an OLT 210, a power optical splitter 230, and an
ONU group 240, including ONUs 242A-242N. In at least
some embodiments, the ONUs 242A-242N connect to the
power optical splitter 230 via optical fibers and the power
optical splitter 230 connects to OLT 210 via another optical
fiber. As shown, the OLT 210 comprises a media access
control (MAC) logic unit 212 and a downstream transmitter
214, which operate to transmit data traffic downstream as
needed via diplexer 216. The OLT 210 also comprises a
plurality of receivers 220A-220N and a tunable demultiplexer
(demux) 218, which operate to handle upstream traffic
received from the ONU group 240 via the diplexer 216. A
person of ordinary skill in the art will understand that down-
stream signals may be served by N WDM channels, and
upstream signals may be served by M WDM channels. Both
N and M can be any small integer. In addition, the OLT 210
may possess N downstream transmitters and M upstream
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receivers. However, each ONU in ONU group 240 may con-
tain only one downstream receiver and one upstream trans-
mitter.

[0032] In conventional designs, wavelength assignment to
an ONU is fixed by virtue of the design—that is, each unit
operates on a particular pair of channels that can not be
changed. In addition, each downstream channel uses a mul-
tiplexing scheme such that multiple ONUs can share the
downstream channel. Moreover, each upstream channel uses
amultiplexing scheme such that multiple ONUs can share the
upstream channel. There are several such schemes that are
based on TDMA or CDMA schemes, including ITU B-PON
(G.983.x), ITU G-PON (G.984 x), and IEEE 802.3ah sys-
tems. These schemes are based on multiple identical ONUs
sharing a channel and being coordinated and configured auto-
matically under stored program control.

[0033] Inaccordance with at least some embodiments, the
disclosed WPON architecture provides tunable channel
assignments for upstream traffic received from the ONU
group 240. For the WPON system 200 of FIG. 2, such tunable
channel assignments are controlled by the tunable demux
218. Consider, for example, a Gigabit PON (G-PON) based
network, where a non-WDM system supports 64 ONUs per
PON, using the 1480 to 1580 nanometers (nm) band for
downstream communications and the 1260 to 1360 nm band
for upstream communications. Using a conventional coarse
WDM (CWDM) grid of wavelengths, it is possible to con-
struct economical transceivers that use 20 nm spaced wave-
length channels. Therefore, if the existing 100 nm wavelength
bands are divided into five 20 nm bands, a network according
to the present invention may be implemented where down-
stream channels may equal upstream channels (N=M=5). On
average, each channel pair may have assigned thereto
approximately 13 ONUs (64/5). In practice, PONs are usually
not loaded to ultimate capacity. Even in rare cases when a
channel pair becomes overloaded, the only consequence may
be marginally lower performance for the ONUs in the
crowded channel pair, and this will probably not cause a
failure of service.

[0034] In one embodiment, the present invention provides
an arrangement wherein each downstream channel may asso-
ciate with a single upstream channel. In this embodiment, the
number of channel pairs may be equal to the number of
downstream channels. In another embodiment, the present
invention provides ONUs that have random pairings of
upstream and downstream assignments. This additional ran-
domization may require the OLT 210 to manage an entire
multi-PON system, but reduces the chance of having less
capacity in both directions in the system.

[0035] For the WPON system 200, the tunable demux 218
provides tunable wavelength bands (e.g., based on a combi-
nation of stopbands and passbands) for handling signal trans-
mission. In downstream communication, a conventional
design may be used. However, in upstream communication,
the disclosed embodiments enable each ONU to transmit at
virtually any wavelength. Therefore, the need to select ONU
lasers that fall into specific wavelength bands is eliminated.
[0036] FIG. 3 depicts channel selection for a WPON sys-
tem 300 according to the present invention. As shown, WPON
system 300 includes an OLT 310, a power optical splitter 330,
and an ONU group 340 with a plurality of ONUs (labeled
ONU, , to ONU, ;). The ONUs in ONU group 340 connect to
power optical splitter 330 via optical fibers and the power
optical splitter 330 connects to OLT 310 via another optical
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fiber. As shown, the OLT 310 comprises a downstream trans-
mitter 214, which operates to transmit data traffic down-
stream as needed via diplexer 216. The OLT 310 also com-
prises a plurality of receivers 220A-220N coupled to
corresponding tunable filters 318A-318N, which operate to
handle upstream traffic received from the ONU group 340 via
the diplexer 216, which separate the upstream and down-
stream wavelengths.

[0037] In accordance with at least some embodiments, the
tunable filters 318A-318N are adaptive such that the wave-
lengths corresponding to ONU,, to ONU, , in ONU group
340 are divided into a plurality of channels. In the example of
WPON system 300, tunable filter_1 318A is assigned wave-
lengths A, ,-A,, corresponding to ONU, , to ONU,,, filter_2
318B is assigned wavelengths A,;-A,, corresponding to
ONU,, to ONU,,, and so on. Note the ONU notation (ONU,,
to ONU,,,) in FIG. 3 is used to describe an assignment of
ONUs transmitting at particular wavelengths to tunable filters
318A-318N and is not intended to describe a permanent ONU
arrangement or tunable filter arrangement. In other words, the
ONUs transmitting at the wavelengths A, -A,,, may change
over time. Further, the wavelength range corresponding to
each of the tunable filters 318A-318N may be adjusted as
needed to maintain equal distribution of wavelengths across
available tunable filters.

[0038] In accordance with at least some embodiments, the
wavelengths in use by the ONUs of WPON system 300 are
monitored by the OLT 310 and the upstream traffic from the
ONUs of ONU group 340 is divided into multiple channels
using tunable filters 318A-318N. For example, the OLT 310
may dynamically adjust the tunable filters 318 A-318N so that
each channel has approximately the same amount of wave-
lengths assigned thereto. Further, the channels corresponding
to the tunable filters 318A-318N may be dynamically
adjusted to provide load balancing based on bandwidth
demand. It should be understood that the wavelength range
associated with each tunable filter 318 A-318N may be differ-
ent and may vary over time.

[0039] FIG. 4 illustrates coherent detection and tunable
filtering to divide upstream transmission into multiple wave-
length channels. When ONU wavelengths in PONs spread
across a wide wavelength range (e.g., 10 nanometers (nm)),
tunable optical filters can provide enough wavelength reso-
lutions to divide upstream transmission into a number of
wavelength channels. However, if the ONU wavelengths are
tightly distributed within a narrow range (e.g. 0.5 nm), tun-
able optical filters might not have a sharp transition edge
(between passband and stopband) or may not be able to tune
within a certain accuracy to separate upstream transmission
in wavelength channels, that is, all the ONU wavelengths
might fall within a wavelength channel. In such case, electri-
cal filters may provide a better wavelength resolution. In
order to take advantage of the high resolution electrical filter,
a tunable laser with its wavelength tuned in the proximity of
the ONU wavelengths will be used in a down converter. The
output of the tunable laser will mix with the upstream signal,
which is then received by a polarization diversity optical
receiver. As long as the frequency difference between the
upstream signals and the tunable laser are within the receiver
bandwidth, the upstream signal can be recovered. If a number
of electrical filters are used in the receiver, upstream signals
with different wavelengths can be resolved electrically.
[0040] In FIG. 4, arrangement 400 shows four upstream
signals with different wavelengths A, A,, A5, A, being mixed
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with the output of a tunable laser 402 having wavelength A .
The polarization beam splitters 404 A divides the signal into
two perpendicular polarizations, and the polarization beam
splitters 404B divides the output of the tunable laser into two
perpendicular polarizations with equal power. Then the signal
and tunable laser output are mixed through optical coupler
406 A and 406B. The output of the photodetectors 408A and
408B will include four signals around different frequencies
ICo/hr o=Cof My 1, 1Co/Ap o=ColMsl, I€o/hy o—Cof 5] and Icy/h o~
co/Al. These signals with different frequencies are first
amplified by transimpedance amplifiers 410A and 4108, and
then separated by tunable electrical filters 412 with proper
central frequencies and bandwidths. The output of electrical
filters 412 are added together by adders 414A, 4148, 414C
and 414D. Then the added signals are sent to data recovery
logic 416 to recover the data sent from ONUs. The data
receiver logic 416 may be implemented with digital signal
processing or analog signal processing.

[0041] The optical and electrical tunable filters described
herein can be combined together to cover a wide wavelength
range and provide high wavelength resolutions. For example,
assume ONU wavelengths are distributed across 8 nm. Seven
tunable edge filters can be used to separate upstream into 8
wavelength channels. Depending on the ONU wavelength
distribution, some of the 8 wavelength channels may have a
narrow bandwidth (e.g., 0.5 nm), but a large number of ONUs
may fall within this narrow bandwidth. Then, a tunable laser
(e.g., tunable laser 402) can be tuned to the center of this
wavelength band, and its output will be mixed with the
upstream signals in this band. After photodetection (e.g., by
photodetectors 408A and 408B), electrical filters (e.g., by
filters 412) will divide this wavelength band into a number of
sub-bands.

[0042] FIG. 5 depicts use of tunable edge filters (TEFs) to
divide wavelengths among a plurality of channels according
to the present invention. In FIG. 5, illustration 500 includes a
random distribution of wavelengths chart 502, filter transmis-
sion charts 504, 506, and 508, and a cascading TEF chart 510
to illustrate how a random distribution of wavelengths (la-
beled A, -A | ¢) corresponding to upstream traffic from ONUs is
divided into four channels using three tunable edge filters—
TEF1 514, TEF2 516, and TEF3 518. An edge filter such as
TEF1 514, TEF2 516, and TEF3 518 can be implemented
with multilayers of thin films, and its tuning can be achieved
by varying its tilting angle or temperature. First, tunable edge
filter TEF1 separate ONUs into two groups of equal numbers,
that is, two wavelength channels with one wavelength chan-
nel coming out from the thru port and the other from the
reflection port. Then two additional edge filters (TEF2 and
TEF3) following TEF1 will divide ONUs into four subgroups
(four wavelength channels).

[0043] As shown in filter transmission chart 504, TEF1 514
is configured to transition from stopband to passband
between A4 and A, of the random distribution of wavelengths
chart 502. Thus, as shown in cascading TEF chart 510, TEF1
514 divides A,-A, ¢ into two groups of equal numbers (A, -Ag
and Ag-A, ¢), that is, two wavelength channels with one wave-
length channel coming out from the thru port and the other
from the reflection port of TEF1 514. Meanwhile, as shown in
filter transmission chart 506, TEF2 516 is configured to tran-
sition from stopband to passband between A, and A ; of the
random distribution of wavelengths chart 502. Thus, as
shown in cascading TEF chart 510, TEF2 516 divides group-
ing Ag-h,¢ into two smaller groups: Ag-A,, and Aqz-Aq.
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Meanwhile, as shown in filter transmission chart 508, TEF3
518 is configured to transition from passband to stopband
between A, and A5 of the random distribution of wavelengths
chart 502. Thus, TEF3 518 divides grouping A,-A, into two
smaller groups: A,-A, and As-Ag. By cascading the tunable
edge filters TEF1 514, TEF2 516, and TEF3 518, a random
distribution of wavelengths (e.g., A,-A,¢) is evenly divided
into four channels.

[0044] The number of channels, of course, is not limited to
any particular number. In general, cascading 2™-1 tunable
edge filters can divide the upstream transmission into 2%
wavelength channels. To divide ONUs equally into those
wavelength channels, each tunable edge filter has to be tuned
individually based on ONU wavelength distribution. Initially,
a tunable edge filter can be used to scan across the whole
upstream wavelength band, so that ONU wavelength distri-
bution can be determined. Once ONU wavelength distribu-
tion is known, each tunable edge filter can be tuned to correct
wavelength. Even if more or less wavelengths are used for
upstream transmissions over time, tunable edge filters can be
controlled to evenly divide the wavelengths across the avail-
able channels.

[0045] FIG. 6 depicts use of tunable channels to direct
upstream traffic to receivers in a WPON system according to
the present invention. In FIG. 6, illustration 600 includes a
random distribution of wavelengths chart 602, a tunable chan-
nel arrangement 604, and a receiver arrangement 606 to illus-
trate dividing a random distribution of wavelengths (labeled
h,-A,) corresponding to upstream traffic from ONUs into a
plurality of channels 604A-604N corresponding to receivers
220A-220N. The division of wavelengths may be accom-
plished, for example, by an arrangement of tunable edge
filters and/or bandpass filters. Over time, the wavelengths
represented in the random distribution of wavelengths chart
602 may vary in position and quantity. Accordingly, the wave-
length range corresponding to each tunable channel 604A-
604N may vary as well. In at least some embodiments, the
channels 604A-604N are selected so that each has approxi-
mately the same amount of wavelengths assigned thereto.
Further, the channels 604A-604N may be dynamically
adjusted to provide load balancing based on bandwidth
demand. It should be understood that the wavelength range
associated with each of the channels 604A-604N may be
different and may vary over time to accommodate random
distribution of wavelengths for ONU transmissions.

[0046] Inthetunable filter scheme disclosed herein, discov-
ery of ONU wavelengths enable selection and adjustment of
channels to ensure proper signal transmission from each
ONU to the OLT. For example, at an initial time (T=0) and at
alater time (T=later), ONU wavelength discovery may occur.
When ONUs are first connected (T=0) to the network and
activated, the ONUs begin to transmit signals during special
intervals of time specifically reserved for the OLT to discover
ONUs. At this time, the OLT may inspect the wavelengths in
use for upstream transmissions and provisionally assign
ONUs to different channels corresponding to different tun-
able filters. Over time, the ONUs wavelengths might drift,
and be carried into either a channel edge, or into an adjacent
channel. Atalater time (T=later), ONU wavelength discovery
is repeated. If the number of wavelengths in use for upstream
transmissions has increased or decreased, the tunable filters
are adjusted so that each tunable filter has approximately the
same number of wavelengths assigned thereto. Similarly, if
wavelengths in use for upstream transmissions drift from
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their channel assignments, the tunable filters are adjusted as
needed so that each tunable filter has approximately the same
number of wavelengths assigned thereto. Further, if the num-
ber of tunable filters and/or channels increases or decreases
over time, the tunable filters are adjusted as needed so that
each tunable filter has approximately the same number of
wavelengths assigned thereto. In this manner, upgradeable
and flexible channel selection is provided. The tunable filter
arrangement can be employed, for example, with PONs
where upstream traffic from ONUs corresponds to a random
distribution of wavelengths and to PONs where bandwidth
demand varies over time.

[0047] FIG. 7 illustrates a method 700 for controlling chan-
nel selection in a WPON system according to the present
invention. The method 700 may be implemented, for
example, by channel selection logic of an OLT or any other
component of the PON 100. As shown, the method 700 com-
prises monitoring wavelengths in use for upstream traffic of a
PON (block 710). The monitoring step of block 710 may
detect, for example, a random distribution of wavelengths for
the upstream traffic. At block 720, the upstream traffic is
divided into multiple channels using tunable filters. The
dividing step of block 720 may comprise controlling tunable
edge filters to divide the upstream traffic into multiple chan-
nels. Further, the dividing step of block 720 may comprise
dynamically selecting the channels to provide load balancing
based on bandwidth demand. Further, the dividing step of
block 720 may comprise dynamically adjusting the tunable
filters so that each channel has approximately the same
amount of wavelengths assigned thereto

[0048] Ifchanges to wavelengths in use for upstream traffic
are detected (determination block 730), the tunable filters are
adjusted to account for the detected changes (block 740). The
detected changes include, for example, the quantity and value
of wavelengths in use for ONU upstream traffic. The method
700 may be repeated as needed to dynamically handle
upstream traffic in a PON. Further, the method 700 may be
adapted to account for an increased number of tunable filters
to support a higher bandwidth for upstream traffic in a PON.
[0049] The network components described above may be
implemented on any general-purpose network component,
such as a computer or network component with sufficient
processing power, memory resources, and network through-
put capability to handle the necessary workload placed upon
it. FIG. 8 illustrates a typical, general-purpose network com-
ponent suitable for implementing one or more embodiments
of a node disclosed herein. The network component 800
includes a processor 802 (which may be referred to as a
central processor unit or CPU) that is in communication with
memory devices including secondary storage 804, read only
memory (ROM) 806, random access memory (RAM) 808,
input/output (I/O) devices 810, and network connectivity
devices 812. The processor may be implemented as one or
more CPU chips, or may be part of one or more application
specific integrated circuits (ASICs).

[0050] The secondary storage 804 is typically comprised of
one or more disk drives or tape drives and is used for non-
volatile storage of data and as an over-flow data storage
device if RAM 808 is not large enough to hold all working
data. Secondary storage 804 may be used to store programs
that are loaded into RAM 808 when such programs are
selected for execution. The ROM 806 is used to store instruc-
tions and perhaps data that are read during program execu-
tion. ROM 806 is a non-volatile memory device that typically
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has a small memory capacity relative to the larger memory
capacity of secondary storage. The RAM 808 is used to store
volatile data and perhaps to store instructions. Access to both
ROM 806 and RAM 808 is typically faster than to secondary
storage 804.

[0051] While several embodiments have been provided in
the present disclosure, it should be understood that the dis-
closed systems and methods might be embodied in many
other specific forms without departing from the spirit or scope
of'the present disclosure. For example, the tunable filter tech-
nique disclosed herein can be combined with TDM tech-
niques as needed. The present examples are to be considered
as illustrative and not restrictive, and the intention is not to be
limited to the details given herein. For example, the various
elements or components may be combined or integrated in
another system or certain features may be omitted, or not
implemented.

[0052] In addition, techniques, systems, subsystems, and
methods described and illustrated in the various embodi-
ments as discrete or separate may be combined or integrated
with other systems, modules, techniques, or methods without
departing from the scope of the present disclosure. Other
items shown or discussed as coupled or directly coupled or
communicating with each other may be indirectly coupled or
communicating through some interface, device, or interme-
diate component whether electrically, mechanically, or oth-
erwise. Other examples of changes, substitutions, and alter-
ations are ascertainable by one skilled in the art and could be
made without departing from the spirit and scope disclosed
herein.

[0053] Atleastone embodiment is disclosed and variations,
combinations, and/or modifications of the embodiment(s)
and/or features of the embodiment(s) made by a person hav-
ing ordinary skill in the art are within the scope of the disclo-
sure. Alternative embodiments that result from combining,
integrating, and/or omitting features of the embodiment(s)
are also within the scope of the disclosure. Where numerical
ranges or limitations are expressly stated, such express ranges
or limitations should be understood to include iterative ranges
or limitations of like magnitude falling within the expressly
stated ranges or limitations (e.g., from about 1 to about 10
includes, 2, 3, 4, etc.; greater than 0.10 includes 0.11, 0.12,
0.13, etc.). For example, whenever a numerical range with a
lower limit, R,, and an upper limit, R,, is disclosed, any
number falling within the range is specifically disclosed. In
particular, the following numbers within the range are spe-
cifically disclosed: R=R+k*(R,~-R,), wherein k is a variable
ranging from 1 percent to 100 percent with a 1 percent incre-
ment, e.g., k is 1 percent, 2 percent, 3 percent, 4 percent, 5
percent, ... 50 percent, 51 percent, 52 percent, . . ., 95 percent,
96 percent, 97 percent, 98 percent, 99 percent, or 100 percent.
Moreover, any numerical range defined by two R numbers as
defined in the above is also specifically disclosed. Use of
broader terms such as comprises, includes, and having should
be understood to provide support for narrower terms such as
consisting of, consisting essentially of, and comprised sub-
stantially of. All documents described herein are incorporated
herein by reference.

What is claimed is:
1. A wavelength division multiplexing based passive opti-
cal network (WPON), the WPON comprising:
an optical line terminal (OLT); and
a plurality of optical network units (ONUs) coupled to the
OLT via a power optical splitter, wherein the OLT is
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configured to monitor wavelengths in use by the ONUs
and to divide upstream traffic from the ONUs into mul-
tiple channels using tunable filters.

2. The WPON of claim 1, wherein wavelength distribution
for the ONUs is random.

3. The WPON of claim 1, wherein the channels corre-
sponding to the tunable filters are dynamically adjusted to
provide load balancing based on bandwidth demand.

4. The WPON of claim 1, wherein the tunable filters com-
prise tunable filters with optical tuning.

5. The WPON of claim 4, wherein the tunable filters are
implemented in a cascading arrangement.

6. The WPON of claim 1, wherein the tunable filters com-
prise a lower resolution optical filter and a higher resolution
electrical filter.

7. The WPON of claim 1, wherein each ONU comprises a
distributed feedback (DFB) laser with no tuning or with nar-
row tuning less than 1 nm.

8. The WPON of claim 1, wherein the OLT dynamically
adjusts the tunable filters so that each channel has approxi-
mately the same amount of wavelengths assigned thereto.

9. An optical line terminal (OLT) for a passive optical
network (PON), comprising;

a plurality of receivers;

a plurality of tunable filters corresponding to each of the

receivers; and
channel control logic coupled to the tunable filters, wherein
the channel control logic is configured to detect a plu-
rality of wavelengths in use for upstream traffic in the
PON and to divide the upstream traffic into multiple
channels using the tunable filters.
10. The OLT of claim 9, wherein the channel control logic
is configured to detect a random distribution of wavelengths
for the upstream traffic.
11. The OLT of claim 9, wherein the channel control logic
dynamically selects the channels to provide load balancing
based on bandwidth demand.
12. The OLT of claim 9, wherein the tunable filters com-
prise tunable edge filters or tunable bandpass filters.
13. The OLT of claim 12, wherein the tunable filters are
implemented in a cascading arrangement.
14. The OLT of claim 9, wherein the channel selection
logic dynamically adjusts the tunable filters so that each chan-
nel has approximately the same amount of wavelengths
assigned thereto.
15. A method for managing upstream traffic in a passive
optical network (PON), the method comprising:
monitoring, by a processor, wavelengths in use for
upstream traffic in the PON; wherein the wavelengths
are used for sending traffic from a plurality of optical
network units (ONUs) to one optical line terminal
(OLT);

dividing the upstream traffic into multiple channels using
multiple tunable filters; wherein each of the multiple
tunable filters corresponds to a different passband of
multiple passbands, and each of the multiple tunable
filters is configured to pass traffic the wavelength of
which falls into the corresponding passband; and

sending, by the multiple tunable filters, the divided
upstream traffic to multiple receivers through the mul-
tiple channels, wherein each one receiver of the multiple
receivers corresponds to one channel of the multiple
channels.

16. The method of claim 15, wherein said monitoring com-
prises detecting a random distribution of wavelengths for the
upstream traffic.
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17. The method of claim 15, wherein dividing the upstream
traffic into multiple channels comprises dynamically select-
ing the channels to provide load balancing based on band-
width demand.

18. The method of claim 15, wherein dividing the upstream
traffic into multiple channels using tunable filters comprises
controlling tunable edge filters or tunable bandpass filters.
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19. The method of claim 15, further comprising dynami-
cally adjusting the tunable filters so that each channel has
approximately the same amount of wavelengths assigned
thereto.

20. The method of claim 15, further comprising accounting
for increased numbers of tunable filters.

*® %k 3 i %
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