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MAXIMIZING CAPACITY OF WAVELENGTH
DIVISION MULTIPLEXING PASSIVE
OPTICAL NETWORKS

CROSS REFERENCE TO RELATED
APPLICATIONS

This application claims the benefit of U.S. Provisional
Patent Application Ser. No. 61/160,072 filed on Mar. 13,
2009. The disclosures of the provisional patent application
are hereby incorporated by reference for all purposes.

BACKGROUND

Unless otherwise indicated herein, the materials described
in this section are not prior art to the claims in this application
and are not admitted to be prior art by inclusion in this section.

Wavelength Division Multiplexing (WDM) Passive Opti-
cal Network (PON) is a recently developed network technol-
ogy for meeting the rapidly increasing traffic demands caused
by the popularization of Internet and spouting of bandwidth-
demanding applications. The inherent high cost of multi-
wavelength provision may hinder the deployment of WDM
PON. As compared to Time Division Multiplexing (TDM)
PON, WDM PON may be associated with additional capital
expenditure in enabling remote nodes, transmitters, and
receivers with multi-wavelength provision capability. The
multi-wavelength provision is one parameter in determining
the capacity of WDM PON architecture. Specifically, the
capacity of'a PON system may depend on the network archi-
tecture, wavelength supporting capability of optical devices,
as well as data rate of the source generators and receivers.

The present disclosure appreciates that there are several
limitations with designing WDM PONSs. For example, there
are three major classes of optical source generators, depend-
ing on the wavelengths generation capability, i.e., wave-
length-specified sources, wavelength-tunable sources, and
multi-wavelength sources. These three classes of optical
sources may each have different wavelength supporting abil-
ity and different costs. Moreover, service providers may
desire to determine, prior to deployment, capacity and cost
comparisons in order to maximize their capital investment
returns.

BRIEF DESCRIPTION OF THE DRAWINGS

The foregoing and other features of this disclosure will
become more fully apparent from the following description
and appended claims, taken in conjunction with the accom-
panying drawings. Understanding that these drawings depict
only several embodiments in accordance with the disclosure
and are, therefore, not to be considered limiting of its scope,
the disclosure will be described with additional specificity
and detail through use of the accompanying drawings, in
which:

FIG. 1 illustrates an example WDM PON architecture,
where a capacity may be substantially maximized;

FIG. 2 illustrates an example graph abstraction of the data
transmission process in a WDM PON;

FIG. 3 illustrates an example upstream transmission graph
in WDM PON with full-range lasers and limited-range tun-
able lasers;

FIG. 4 illustrates example reach and block relations in a
WDM PON diagram;

FIG. 5 illustrates an example WDM PON diagram repre-
senting full-range tunable lasers and wavelength-specific
lasers;
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2

FIG. 6 illustrates a diagram of example tuning ranges for
limited-range tunable lasers;

FIG. 7 illustrates an example selection of proper tuning
ranges for tunable lasers in a WDM PON diagram;

FIG. 8 illustrates an example scenario of determining a
bipartite graph when a number of lasers with specific tuning
ranges are given;

FIG. 9 illustrates another example scenario of determining
a bipartite graph when a number of lasers with specific tuning
ranges are given;

FIG. 10 illustrates a general purpose computing device,
which may be used to implement a capacity enhancement
algorithm for WDM PONs;

FIG. 11 is a flow diagram illustrating an example method
that may be performed by a computing device such as device
1000 in FIG. 10; and

FIG. 12 illustrates a block diagram of an example computer
program product, all arranged in accordance with at least
some embodiments described herein.

DETAILED DESCRIPTION

In the following detailed description, reference is made to
the accompanying drawings, which form a part hereof. In the
drawings, similar symbols typically identify similar compo-
nents, unless context dictates otherwise. The illustrative
embodiments described in the detailed description, drawings,
and claims are not meant to be limiting. Other embodiments
may be utilized, and other changes may be made, without
departing from the spirit or scope of the subject matter pre-
sented herein. It will be readily understood that the aspects of
the present disclosure, as generally described herein, and
illustrated in the Figures, can be arranged, substituted, com-
bined, separated, and designed in a wide variety of different
configurations, all of which are explicitly contemplated
herein.

This disclosure is generally drawn, inter alia, to methods,
apparatus, systems, devices, and/or computer program prod-
ucts related to maximization of capacity in WDM PONSs.

Briefly stated, an “achievable rate region” may be defined
as a set containing admissible traffic rates of a given WDM
PON system. Deriving the achievable rate region for a par-
ticular network, decisions may be made whether incoming
traffic rate can or cannot be achieved for that network. More-
over, the achievable rate region may be used to construct a
WDM PON utilizing a minimum number of wavelengths, a
minimum number of lasers with narrowest tuning ranges, and
a minimum number of receivers, thereby reducing a capital
expenditure in building the PON system.

FIG. 1 illustrates an example of WDM PON architecture,
where a capacity may be substantially maximized according
to at least some embodiments described herein. To provision
multiple wavelengths for upstream transmission, a WDM
PON may be realized in two major classes of architectures,
depending on the placement of optical light generators. The
first class is to equip optical network units (ONUs) with lasers
for their own upstream traffic transmission. The lasers may be
placed at the ONU side. The second class may utilize lasers at
the optical line terminal (OLT) side to supply seed light for
upstream transmission. The unmodulated light supplied by
OLT may be first transmitted down to ONUs and then modu-
lated and reflected back by ONUs. Instead oflasers, reflective
receivers and modulators may be equipped at ONUs to realize
colorless ONUs. The reflective modulator may be based on
reflective semiconductor optical amplifier (RSOA) combined
with an electro-absorption modulator. Since the signal and
seed lights are transmitted in opposite directions on the same
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wavelength, this type of network may need to consider the
effect of optical reflection, including Rayleigh backscatter-
ing, which may limit maximum network reach and largest
channel bit rate. A network architecture according to the first
class may be simpler, more reliable, and potentially able to
achieve a higher loss budget and larger bit rates.

As mentioned previously, there are three major classes of
optical source generators depending on the wavelengths gen-
eration capability, namely, wavelength-specific sources,
wavelength-tunable sources, and multi-wavelength sources.
A wavelength-specific source may emit one specific wave-
length, e.g., the common distributed feedback (DFB) laser
diode (LD), distributed Bragg reflector (DBR) LD, or the
vertical-cavity surface-emitting LD. A multiple-wavelength
source may be able to generate multiple WDM wavelengths
simultaneously, including multi-frequency laser, gain-
coupled DFB LD array, or chirped-pulse WDM. Beside
multi-wavelength sources, a wavelength-tunable source may
generate multiple wavelengths as well. However, the wave-
length-tunable source can typically generate one wavelength
atatime. Tunable lasers may employ many technologies such
as DFB array, sampled grating DBR, external cavity diode
laser etalon, etc. Different technologies may yield different
tuning ranges.

From a media access (MAC) layer’s point of view, in the
case of wavelength-specific lasers, one wavelength channel is
utilized by a fixed set of lasers, and thus the statistical multi-
plexing gain cannot be exploited for traffic from lasers using
different wavelength channels. In the case of wavelength-
tunable lasers, the wavelength tunability may facilitate statis-
tical multiplexing of traffic from a larger set of lasers, thus
potentially enhancing system performance. Tunable lasers
also provide simpler inventory management and reduced
spare parts costs for network operators.

According to some implementations, one wavelength may
be shared by more than one ONU (106, 108) in a time division
multiplexing (TDM) fashion as shown in diagram 100. The
hybrid WDM/TDM property of the upstream transmission
makes it possible to exploit statistical gain among traffic from
different ONUs. In the upstream transmission, tunable lasers
(122, 124) at ONUs may be configured to first send out the
modulated signal to a remote node (RN) 104. The RN may
include a wavelength-insensitive power combiner 118 that is
configured to multiplex the upstream signal from ONUs onto
the fiber connected to an OLT 102. The signal, which is
multiplexed in both the time and wavelength domains, may
then be transmitted by the RN 104 to the OLT 102. The OLT
102 may include a wavelength demultiplexer 114 and a
receiver array 112 configured to receive the upstream signal.
Alternatively, the OLT 102 may also include a downstream
WDM source 110 that is configured to send transmissions
downstream to downstream receivers 120 and 124 through a
splitter 116 at the RN 104. WDM couplers 128 provide cou-
pling for the light transmission path between different com-
ponents of the system.

Different tuning ranges of tunable lasers may lead to dif-
ferent traffic statistical gain, hence resulting in different
admissible traffic. The broader the tuning ranges of lasers are,
the higher statistical gain may be exploited, and the more
traffic may be admitted to the network. However, lasers with
broader tuning ranges may require more sophisticated tech-
nology and thus may incur higher cost than those with nar-
rower tuning ranges. Thus, an optimal trade-off between tun-
ing ranges of lasers and the admissible traffic of the network
may need to be reached. This is equivalent to selecting lasers
with tuning ranges as narrow as possible in order to admit the
maximum traffic or a given upstream traffic. Likely scenarios
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in determining a trade-off may include: (1) Assuming full-
range tunable lasers that enable the network to admit the
largest amount of traffic are available, the number of full-
range tunable lasers in the network may be decreased to
reduce the cost of lasers while admitting the same amount of
traffic. (2) Assuming limited-range tunable lasers with differ-
ent tuning ranges are available and each ONU can select a
laser with any available tuning range, lasers may be selected
to enable the network to admit as much traffic as possible or
admit given upstream traffic. (3) Given an exact number of
lasers with specific tuning ranges, these lasers may be
assigned to ONUs to admit given upstream traffic.

Returning to diagram 100, each ONU (106, 108) may be
equipped with a tunable laser (122, 126) that is adapted for
use in upstream data transmissions. Each laser (122, 126)
may be tuned to a particular set of wavelengths. The sets of
wavelengths tuned by different lasers may include the same
particular set of wavelengths, overlapping sets of wave-
lengths, or disjointed sets of wavelengths. Some particular
wavelengths may be shared by more than one ONU so that the
statistical gain among traffic of ONUs that share wavelengths
may be exploited.

The upstream-modulated signals may first be transmitted
from ONUs (106, 108) by tunable lasers to RN 104. After RN
104 receives the upstream signal, RN 104 may use WDM
couplers 128 to separate the upstream signal from the down-
stream signal and then may employ wavelength-insensitive
power combiner 118 to multiplex the upstream signal from
the total of ONUs onto the fiber connected to OLT 102. The
output signal of the power combiner 118 may be multiplexed
in both the time and wavelength domains. RN 104 may then
transmit the multiplexed signal to OLT 102. OLT 102 may
employ wavelength demultiplexer 114 and a receiver array
112 to receive the upstream signal. In some examples, both
the number of output ports of the demultiplexer 114 and the
number of receivers may be equal to the total number of
wavelengths used in the network. As shown in diagram 100,
an example upstream transmission link may consist of four
WDM couplers 128, a power combiner 118, a dense WDM
demultiplexer 114, and optical fibers. The ONUs, OLTs, RN,
and WDM couplers may be considered nodes of the network.

At least two characteristics of this network architecture are
noteworthy. First, each ONU may be equipped with a tunable
laser adapted for use in upstream transmissions. The tunable
lasers’ flexible wavelength provisioning may be exploited to
improve the system performance. Second, the upstream and
downstream signals may be separated by WDM couplers at
the RN, and then routed differently within the RN so that the
upstream and downstream wavelength assignment problems
may be addressed individually. A power combiner/splitter
may multiplex the upstream signals with low insertion loss.
Due to the wavelength-insensitive property of power com-
biner/splitter, the upstream wavelength assignment may not
need to consider the wavelength routing capability of the RN.
To achieve a higher downstream power budget, the RN may
be adapted to utilize wavelength-selective devices with low
insertion loss, such as arrayed waveguide gratings to distrib-
ute downstream signal. Hence, separating upstream signals
from downstream signals at the RN may add more flexibility
in addressing the upstream wavelength assignment problem.

FIG. 2 illustrates an example graph abstraction of the data
transmission process in a WDM PON that is arranged in
accordance with at least some examples described herein.
Diagram 200 illustrates graph abstraction according to the
two classes of architectures discussed above in conjunction
with FIG. 1, according to which upstream data transmission
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may be accomplished depending on the placement of source
generators for upstream transmission.

The first class shown in the upper portion of diagram 200
equips each ONU (236) with lasers configured for upstream
traffic transmission with OLTs 232 having receivers (RX)
only. In this architecture, ONUs 236 may be configured to use
either wavelength-fixed lasers or wavelength-tunable lasers
for upstream data transmission.

In contrast with the first class, the architecture shown in the
lower part of diagram 200 does not equip ONUs 238 with
lasers for upstream data transmission, but let ONUs 238 share
light sources at the OLT side (TX modules of OLT 234). An
unmodulated signal supplied by lasers at the OLT 234 may
first be transmitted down to ONUs 238, and then modulated
and reflected back by ONUs 238 using RSOA technology.
Placing lasers at OLT 234 may enable the sharing of cost-
intensive upstream source generators. Therefore, as com-
pared to the first architecture, the second architecture may
reduce a total cost associated with the lasers.

In both of the described architectures, the light signals for
upstream data transmission may undergo similar processes:
signals may first be generated by lasers in the ONUs or OLTs,
then modulated on certain wavelengths using modulators,
then received by certain receivers in the Onus or OLTs, and so
on. The process of upstream transmission may be abstracted
by virtue of directed graphs, where the direction in the graph
identifies the transmission direction of the light signal.

To describe the process, the abstracted graph 244 for the
first architecture consists of four tiers 240 of vertices, corre-
sponding to queue requests at ONUs, lasers at ONUs, wave-
lengths, and receivers at OLT, respectively. In an example
upstream data transmission process, queue requests may be
utilized by the ONUs to select appropriate lasers to generate
the light signals to carry the data signals. The selected lasers
may be configured to select proper wavelengths so that sig-
nals in the proper wavelengths may be received by the receiv-
ers in the OLTs after the upstream signals arrive at the OLT.

As depicted in abstracted graph 244, vertices in one tier
connect to vertices in the neighboring tiers. The sub-graph
constituted by vertices in one tier and vertices in the neigh-
boring tier is referred to as a bipartite graph. The construction
of'the connecting edges is described in three or more steps as
follows below. In a first step, a tier-one vertex may connect to
atier-two vertex if the corresponding queue request in the first
tier can access that corresponding laser in the second tier.
Typically, an ONU may have multiple queue requests which
can access the lasers equipped at the ONU. So, the bipartite
sub-graph constituted by queue requests and lasers in the
same ONU is fully connected. In a second step, a tier-two
vertex may connect to a tier-three vertex if the corresponding
laser in the second tier can be tuned to that corresponding
wavelength in the third tier. These edges may be determined
by the laser’s tuning ability. If all the lasers are full-range
tunable, the bipartite graph is fully-connected. In a third step,
a tier-three vertex may connect to a tier-four vertex if the
wavelength in the third tier can be received by the receiver in
the fourth tier. The edges connecting vertices in the two tiers
may depend on the receiver’s receiving range. Usually, the
receivers may be wavelength-insensitive, implying that the
sub-graph constituted by the tier-three vertices and the tier-
four vertices are fully connected.

Ateachtime, a queue request may be scheduled for a laser;
a laser may be tuned to a wavelength; a wavelength may be
tuned by a laser, and a receiver may be configured to receive
signals in one wavelength. For a time slotted system, the
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upstream traffic transmission in an individual time slot may
be considered as a four-tuple matching problem in the four-
tier graph.

Similar to the first architecture, upstream transmission in
the second architecture (lower portion of the diagram 100)
may be abstracted as a tiered graph 246 based on the light
transmission process as well. The first four tiers (242) illus-
trate the process that OLT may supply light sources, and
ONUs may receive and reflect the light back by using RSOA;
the last four tiers (242) illustrate the process that ONUs may
modulate and reflect back the light signal by RSOA, and OLT
may receive the light signal. Since ONUs do not change the
wavelength of the light signal according to this architecture,
the reflected light path in the latter four tiers may usually be
reverse of that in the first four tiers. Once the tiered graphs are
abstracted, the graphs themselves may be analyzed by a pro-
cessor or computing device executing an analysis and/or con-
figuration application to determine network performance.

With respect to the second architecture, the first four tiers
correspond to the process that OLT supplies light sources, and
ONU s receive and reflect the transmitted light back by using
RSOA; the last four tiers correspond to the process that ONUs
modulate and reflect back the light signal by RSOA, and OLT
receives the light signal, as mentioned above. The character-
istics of the tiered graph may be described as follows.

Since one queue request may access any RSOA in the same
ONU, the bipartite graph constituted by vertices in tier 3 and
tier 4 of the same ONU may be fully connected. To build a
WDM PON system, the number of RSOAs in an ONU may
need to be large enough to guarantee the total rate in the ONU.
Because RSOA is wavelength-insensitive, the bipartite graph
constituted by vertices in tier 2 and tier 3 may also be fully
connected. The number of wavelengths may have to guaran-
tee the total rate in the PON system.

It may not be necessary to increase the number of lasers in
tier one beyond the number of wavelengths. Since the number
of wavelengths is usually less than the number of ONUs, the
second architecture may be equipped with less number of
lasers as compared to that of the first architecture, where each
ONU may be equipped with at least one laser. On the other
hand, the number of lasers may have to guarantee the total rate
of the system. The lemmas and theorems discussed herein
may be applied to reduce the laser cost in these tiers.

The vertices in tier 5 and tier 6 may be the same as those in
tier 3 and tier 2, respectively. Irrespective of the direction, the
sub-graphs constituted by vertices in tier 2, tier 3, and tier 4
may be the same as those constituted by vertices in tier 4, tier
5, and tier 6. Since RSOA does not modify the wavelength of
the light, the data transmission in tier 4, tier 5, and tier 6 may
be the reverse process of that in tier 2, tier 3, and tier 4.
Moreover, receivers are usually wavelength-insensitive. The
bipartite graph constituted by vertices in tier 6 and tier 7 may
also be fully connected. Similarly, the number of receivers
may have to guarantee the total rate in the PON system.

FIG. 3 illustrates an example upstream transmission graph
in WDM PON with full-range lasers and limited-range tun-
able lasers. According to some embodiments, a directed
bipartite graph may be deployed to describe the relationship
between lasers at ONUs and upstream wavelengths. The set
of'vertices L (352, 356) may be denoted as the set of lasers and
the set of vertices W (354, 358) as the set of wavelengths. An
edge may exist between a vertex iin set L and a vertex w in set
W if a laser i can be tuned to wavelength w. Diagram 300
shows examples of bipartite graphs for four ONUs and two
wavelengths. In graph 360, all lasers can be tuned to either of
the two wavelengths (A, A.,). In graph 362, each laser can be
tuned to one wavelength (A, or A,). The traffic that can be
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transmitted on each laser may depend on the transmission
data rate of the laser and the traffic of other lasers. Generally,
the traffic transmitted by a laser cannot exceed the laser’s
maximum transmission data rate, and the total traffic trans-
mitted on a wavelength cannot exceed the capacity of the
wavelength.

According some embodiments, an “achievable rate region”
may be defined as the region containing traffic rates, which
can be guaranteed by the network. For example, in the
abstracted graph 244 of FIG. 2, the achievable rate refers to
the rate of vertices in tier one. To define the achievable rate
region, let R be the upstream traffic rate matrix, where r; ; is
the upstream traffic rate of queue j at ONU i. Rate R is
achievable if there exists a resource allocation scheme, which
can allocate enough resources to guarantee rate R. The
resources may include lasers, wavelengths, and/or receivers.
For the abstracted graph, the condition may be stated as that
R is achievable if there exists a rate assignment scheme sat-
isfying constraints:

(1) for any vertex in the abstracted graph except those in the
first tier, the sum of rates on all incoming edges equals
the rate of the vertex;

(2) for any vertex in the abstracted graph except those in the
last tier, the rate of the vertex is equal to the sum of rates
on all outgoing edges; and

(3) the rate of each vertex is no greater than C, where C
represents the data rate of each laser, the capacity of each
wavelength, and the receiving data rate of each receiver.

Achievable rate region, denoted as R, may contains all the
achievable rates, R={achievable rate R}. The volume of R,
denoted as vol,, may be defined as vol,=/zdr, , dr,, . ...
Constraints (1) and (2) of the achievable rate state that there
exists a resource allocation scheme to guarantee successful
transmission of traffic with rate R. Constraint (3) assures that
wavelengths, lasers, and receivers are not overly exploited.

FIG. 4 illustrates example reach and block relations in a
WDM PON diagram that is arranged in accordance with at
least some examples described herein. To derive the achiev-
able rate region for a given network architecture, a determi-
nation needs to be made whether there exists a resource
allocation scheme to guarantee the traffic rate. This involves
the resource allocation issue. Thus, to determine the achiev-
able rate region, a reach relation and a block relation may be
defined according to some embodiments.

The “reach” relation contains substantially all constraints
on the achievable rate. To define the reach relation, an
assumption may be made that set U contains vertices in tier i,
and set V contains vertices in tier j, j>i; if vertices in U can
only connect (directly or indirectly) to vertices in V, U may be
defined as “reaching” V, denoted as U—V. Graph 470 of
diagram 400 illustrates some examples of reach relations (e.g.
464) with respect to the abstracted graph 244 of FIG. 2. The
reach relation may have the following effect on R:

Theorem 1. The sum of rates of vertices in set U is no
greater than the sum of the maximum rates of vertices in setV
if U—V. A rate R may be achievable if it satisfies constraints
exerted by reach relations. In another words, constraints of
reach relations may limit the achievable rate region of the
network. The reach relation may exhibit the transitivity prop-
erty, as shown in Property 1 below. The transitivity property
may transfer constraints on vertices in higher tiers into those
on vertices in tier one, which denote the queue requests.

Property 1. Transitivity: Assuming set U contains vertices
in tier i, set V contains vertices in tier i+1, and set W contains
vertices in tier i+2. If U=V and V—=W, then U—->W.

As an illustration, the vertex set in the top tier of graph 460
reaches the vertex set in the second tier below the top tier, and
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the vertex set in the second tier reaches the vertex set in the
third tier. Hence, the vertex set in the top tier reaches the
vertex set in the third tier.

According to some embodiments, there should exist a
resource allocation scheme or rate assignment scheme to
guarantee any traffic rate satisfying constraints exerted by the
reach relations. The following lemma and theorem addresses
this proposal.

Lemma 1. Given a fully-connected bipartite graph
G=(UUV,E), set U contains vertices in tier i, and set V con-
tains vertices in tier i+1, then there exists a resource allocation
scheme to guarantee the rate which satisfies 2, ., 1, =C-IVI.

Theorem 2. Given a bipartite graph G=(UUV,E), set U
contains vertices in tier 1, and set V contains vertices in tier
i+1, then there exists a resource allocation scheme to guaran-
tee the rate which satisfies constraints exerted by “reach”
relations in G.

The proof for theorem 2 lies in finding a resource allocation
scheme to substantially guarantee the rate which satisfies the
constraints. If graph G is a fully-connected graph, Lemma 1
may provide the solution. If graph G is not fully connected, it
may be decomposed into two sub-graphs G, and G,, where
G,=U, UV, E) and G,=(U,UV,,E,), and
G=(U,UU,uUv UVz,E UE,UE,, V) where B, ;. refers to
edges connectrng U, in G, and V, in G,. Let set V2 contain
the vertices in V, Where vertices in set U, are connected,
V,2=V,\V,'. Reach relations in G may be expressed as:

reach relations in sub-graph (U1UV1UV21,E1UEUI )

reach relations in sub-graph (U,UV,.E,), and

U,—(V,UuvV,HU,—»V,. U uUl,—-V,UV,,.

Let R and R* be the rates of vertices in set U, and set U,,
respectively. In addition to the constraints exerted by reach
relations in sub-graphs (U,UV ,UV,' E, UE,,y,) and G,, R!
and R? may satisfy the following constraints:

Zstlvzl-C

SR =(vil+viD-C

DI Y R = (val +Vi)-C

The resource allocation schemes in three regions, where
(O L, =L,, (2) L,NL,=0, and (3) L, NL,={connected verti-
ces}, respectrvely, may be expressed as follows

1. ZR*=IV,I-C, and ZR' =V I-C. The determination may
be reduced to finding a resource allocation scheme to guar-
antee R' in G, and guarantee R? in G.,.

2. ZR'E(IV, 1+1V,')-C, and ZR*=|V,?|-C; The determi-
nation may be reduced to ﬁnding a resource allocation
scheme to substantially guarantee R!in graph (U LUV, UV,
E,UE, ;) and guarantee R? in graph (U,UV,2E,).

3. SRM4ZRZ=(V,I+IV,)-C, and SR'ZIV,))C,
SR*z|V,'-C. R may be written as R'=R*'+R'? Where
ZRl’lle1 I-C, and XR,"'=R, ' if vertex v is not connected to
V,. The determination may be reduced to finding a resource
allocation scheme to substantially guarantee R*' in G,, and
substantially guarantee RZ*+R%? in graph (U,UU,UV,,
E,UE 5r).

In the above three scenarios, the determination is reduced
to guaranteeing rates in two sub-graphs. All of the rates may
satisty their corresponding constraints exerted by the corre-
sponding reach relations. The obtained sub-graphs may be
further decomposed into two sub-graphs, and the determina-
tion may be reduced to guaranteeing rates in smaller graphs.
The decomposition may continue until the resulting graph is
fully connected.
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Reach relations may contain substantially all the con-
straints on the achievable rate. To determine the achievable
rate region R of a graph, one approach according to at least
some embodiments is to determine substantially all the reach
relations in the graph. It should be noted that the reach relation
may not only be established between the vertex sets in two
neighboring tiers, but also between the vertex sets in any two
tiers.

Constraints exerted by some of the relations may be natu-
rally satisfied, implying that they are redundant in delineating
R. To narrow down active constraints on R, “block” relations
(e.g. 466) may be employed as shown in graph 472 of diagram
400.

For any set V containing vertices in tier j, set U containing
vertices intier 1 (j>1), and if U—V and [UI>I V|, the sum of the
maximum rates of vertices in V is less than the maximum sum
of rates of vertices in set U, ie., IVI-C<|IUI-C. V may be
defined as “blocking™ U, denoted as

block
V-—U.

If U—=V and IUI=1V], the sum of rates of vertices in U is
less than the maximum sum of rates of vertices in set V. The
constraint exerted by U—V may be naturally satisfied. Thus,
only block relations with [UI>V| may exert active constraints
in limiting R. Similar to the reach relation, the block relation
may possess the transitivity property, as described in Property
1 above.

Property 2. Transitivity: Assuming set U contains vertices
in tier i, set V contains vertices in tier i+1, and set W contains
vertices in tier i+2. If

block

W%y and VIS U, then w2% U,

Constraints of some block relations may still be redundant
constraints in limiting R. The following illustrate two cases of
redundant constraints exerted by some block relations.

Inclusion: assuming V contains vertices in tier j, U,
U2, . .. contain vertices in tier i (j>i), and

block

|4 %Uk,

Vk. Let U=U,U*, ¥k, Then,

block
V-—U.

If the sum of rates of vertices in U is less than the sum of
maximum rates of vertices in V, then, the sum of rates of
vertices in U¥, Vk must be less than the sum of maximum rates
of vertices in V. The constraint exerted by the block relation
between U and V may imply all constraints exerted by block
relations between U* and V. Constraints of block relations
between U* and V may be redundant. The three block rela-
tions

block block block
vE3S Uyl vIESU?, andvES U,
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may be reducible to a single block relation

block
V——U.

Independent: assuming U" and U? contain vertices in tier i,
V! and V* contain vertices in tier i+1,

block block
v ZZL Ut and V2255 U2

Then,

vigve 2 gy o,

If U'NU?=et and V' NV?=@, block relation between V' and
U' may be independent from that between V* and U?. If the
constraints exerted by

Vi L ang v2 2, 2
are satisfied, the constraint of

block
2 7=

vigv vtyu?

may then be satisfied. Thus,

vigv? _block 1 Uu?

may be redundant in limiting R. The three block relations

block block

yL ek gty PR g vl v 2

vz e g2

may be reducible to two block relations

block block
v 225 ptand vE S U

Hence, the achievable rate region R for graph 472 may
contain rates satisfying the following constraints:

FiHFp s+ < 20
1 +rpsC
r3 +r3p=C

Zr;,j =<3C

iJ

Reach relations in a graph may determine the graph’s
achievable rate region R. Then, constraints exerted by reach
relations may be reduced into constraints exerted by block
relations, and further provide one or more rules for eliminat-
ing redundant block relations.
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FIG. 5 illustrates an example WDM PON diagram repre-
senting full-range tunable lasers and wavelength-specific
lasers that are arranged in accordance with at least some
examples described herein. Delineation of R for a given
WDM PON architecture is discussed above. In some imple-
mentations, the dual design challenge for an optimal network
may be adversal, i.e., given a rate matrix R to be achieved, a
network with the achievable rate region R needs to be con-
figured, where ReR, by using the proper number and type of
lasers, wavelengths, and receivers with substantially mini-
mum cost. The consideration may also be formulated as:
given optical devices, design a WDM PON network with the
largest volume. Regarding the abstracted tiered graph of FIG.
2, the computations may focus on how to configure the sec-
ond-tier, third-tier, and fourth-tier vertices, as well as the
edges connecting these vertices for given rates of vertices in
tier one.

The following notations may be defined to express the
relationships between the components of the network: Q;: the
set containing queue requests at ONU i, i.e., vertices in tier
one at ONU 1, Q=U,Q;;

L, the set containing lasers at ONU i, i.e., vertices in tier

two at ONU i, L=U,L;

W: the set containing all wavelengths, i.e., vertices in tier

three;

X: the set containing all receivers, i.e., vertices in tier four.

In an ONU, any laser may be accessed by any queue. The
bipartite graph (Q,UL,E,,, ) is thus fully connected. Q,—L,
may be the only reach relation and determine the sub-graph’s
achievable rate region. Under the condition that the number of
lasers is less than the number of queues,

block

Li—— 0

may be the only block relation. Then, at ONU i, the achievable
rate region of the fully-connected bipartite graph (Q,UL,,
Eyz,) may be constricted by:

>l ra=lLl-c

Qi .
rg=C,Vge;

When IL;I=1Q,l, the more the lasers, the larger the volume
of the achievable rate region of Graph (Q,UL,,E,,; ). When
IL,l is increased beyond 1Q,l, further increasing may not
enlarge the volume any longer. To achieve a given R, the
minimum determined laser cost may imply that IL, is
selected as [Xr, /C].

Per the above definition, IW| is the number of wavelengths
in the system. Edges connecting . and W may depend on
tunabilities of lasers. If all lasers are full-range tunable, the
bipartite graph (LUW,E, ;) can be fully-connected. Full-
range tunable refers to the case that lasers can be tuned to any
of the used wavelengths W in the network. The cost of full-
range tunable lasers may be high because of their broad
tuning range. For low cost systems, the number of wave-
lengths may be desired to be small, and the number of full-
range lasers desired to be small.

Under the condition that full-range tunable lasers are avail-
able, any wavelength in set W may be tuned by any laser. The
bipartite graph constituted by L. and W may then be fully
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connected. Thus, limited by the only reach relation L—W, the
achievable rate region of the bipartite graph (LUW.E, ;) may
be constricted by:

Zr,lel-C

el
n=C\Vlel

A volume of the achievable rate region may increase in
proportion to a number of working wavelengths. However, a
large number of wavelengths may imply broad tuning range
oflasers and hence high cost. As mentioned above, a number
of wavelengths may be desired be as small as possible. To
achieve a given rate R, the minimum number of wavelengths
IWI may thus be [ZZr, /C].

To reduce the cost, the lasers’ tuning ranges may be
reduced while arriving at the same achievable rate region
according to some embodiments. On the abstracted bipartite
sub-graph representation, the goal corresponds to reducing a
number of edges without shrinking R. Block relation plays an
active role in shrinking the achievable rate region. Thus, a
network with a narrower tuning range may be configured
without shrinking R by reducing the edges without introduc-
ing block relations in the abstracted graph. Theorem 1 pro-
vides an approach for reducing the number of edges without
shrinking R.

In the scenario of lasers and wavelengths, as compared to
the scheme of letting all IUl lasers be full-range tunable to all
IVI wavelengths, the approach for reducing lasers’ tuning
wavelengths without shrinking R may be as follows: Let each
of IV1 lasers be respectively tuned to one wavelength, and all
the other |UI-IV1 lasers are full-range tunable to every wave-
length.

Applying Theorem 1 to the bipartite graph (LUW,E, ), the
following conclusions may be drawn in terms of the number
oflasers IL| and the number of wavelengths IW1:

IWI<ILI; ILI-IW| lasers with full-range tunability and W]
wavelength-specific lasers can achieve the largest vol-
ume of R. This number may not be further reduced;
otherwise, R has to shrink.

IWI=ILI; wavelength-specific lasers can achieve the largest
volume of R, and no tunable lasers are needed.

IWI>ILI; IWI-ILI wavelengths may be wasted. Increasing
anumber of wavelengths may not increase the volume of
R.

Indiagram 500 of FIG. 5, graph 574 shows and example of
using full-range tunable lasers, where any of the five lasers
may be tuned to any of the three wavelengths. Graph 576
illustrates a scheme of reducing the number of full-range
tunable lasers. In graph 576, laser 1 and laser 2 may be tuned
to any of the three wavelengths, while laser 3, laser 4, and
laser 5 may be wavelength-specific lasers tuned to wave-
length 1, 2, and 3, respectively. Both illustrated cases can
accommodate the same admissible traffic rate. Thus, the con-
figuration as shown in graph 576, as compared to the configu-
ration in graph 574, may reduce the number of full-range
tunable lasers from five to two in line with the above
described conclusions.

FIG. 6 illustrates a diagram of example tuning ranges for
limited-range tunable lasers that are arranged in accordance
with at least some examples described herein. At least some
of'the embodiments are directed to optimizing a WDM PON
architecture under the condition that full-range tunable lasers
are not available, i.e., lasers can only tune to a subset of the
wavelengths (limited-range tunable lasers).






