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Abstract—Time and wavelength division multiplexed
passive optical network (TWDM-PON) standards dramati-
cally increase the performance of PON systems and address
ever-increasing demands for bandwidth. However, these
schemes increase the complexity and energy consumption
of PON systems because they exploit multiple wavelengths,
which requires multiple transceivers in the optical line
terminal (OLT). In this paper, we propose to integrate
software-defined networking (SDN) into standard PON
architectures to facilitate an orchestrated energy-efficient
operation in which the SDN controller dynamically provi-
sions the number of wavelengths, link-rates, and timeslot
assignments depending on the global traffic conditions.
The simulation results show that the proposed architecture
and mechanism improves the energy-saving performance
of OLTs if the traffic load is less than 80%, while guarantee-
ing the quality of service requirements in terms of themean
packet delay, jitter, queue length, throughput, and packet
loss ratio.

Index Terms—OLT energy-saving mechanism; QoS; SDN;
TWDM-PON.

I. INTRODUCTION

T ime-division multiple access passive optical networks
(TDMA-PONs) have become the preferred fiber-to-

the-home/building/distribution-point (FTTx) technology,
as FTTx now passes 50%–75% of the households in the de-
veloped world. This is the highest ever penetration rate
since the end of 2015 [1]. The penetration rate is expected
to further increase in light of the commitment by network
operators to continue to deploy this access network technol-
ogy. Despite the ability of TDMA-PONs to provide trans-
mission rates up to 10 Gbps, ever-increasing bandwidth
demands require further increases in the capacity of PONs.
Moreover, despite being known as an energy-efficient
access network solution [2], current deployments still

consume a significant amount of energy. In fact, it is
estimated that the annual global power consumption of de-
ployed PONs has surpassed 2.37 TWh [3]. Consequently,
it is imperative to develop methods to reduce the power
consumption of PONs while still accommodating the expo-
nential growth in subscriber traffic.

One solution is to stack multiple TDMA-PONs. For ex-
ample, four 10 Gb/s TDMA-PONs can be merged to provide
a combined transmission rate of 40 Gb/s. The resulting
architecture is called hybrid wavelength division multiple
access (WDMA)/TDMA, or time and wavelength division
multiplexed (TWDM) PON. This scheme has been chosen
as the next-generation PON technology in the NG-PON2
standard (ITU-T G.989.1) [4], and is now being discussed
by the IEEE 100G-EPON Task Force (802.3ca) [5]. It offers
the potential for higher line-rates of more than 10 Gb/s per
channel and, along with the efficient utilization of system
capacity, has the ability to offer low latency service to
residential and business customers. This provides a
tremendous capacity increase to PONs, but requires wave-
lengths to become new manageable resources, and necessi-
tates multiple transceivers to operate in each of the
different wavelengths. Therefore, despite its advantages,
this scheme increases the energy consumption and com-
plexity of PON systems.

To reduce the energy consumption of TWDM-PONs, the
energy utilization of all active components must be mini-
mized. This includes the optical network units (ONUs) that
are dispersed at numerous locations close to subscribers,
and the optical line terminal (OLT) at the central office
(CO) of the network operator. Numerous ONU energy-
saving schemes have been discussed in the literature
and are presented in various standards [6–11]. In brief,
ONU energy savings are accomplished by instructing all
unnecessary components in inactive ONUs to sleep for a
period of time in coordinated energy-saving operations.
Even though this type of OLT energy-saving scheme is
unlikely in TDM-PONs due the necessity for OLTs to
remain active at all times, the presence of multiple trans-
ceiver deployments in TWDM-PONs allows the energy-
saving scheme to be applied to the OLTs. Current PON
standards do not include OLT energy-saving approaches
that are applicable to the TWDM-PON architecture.
Thus, the majority of TWDM-PON energy-saving research
has focused on how to reduce the energy consumption of the
OLT, as shown in Table I.https://doi.org/10.1364/JOCN.9.001019
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To realize comprehensive TWDM-PON energy savings,
energy-aware systems need to suppress the number of
active transceivers in the system. To this end, all active
transceivers in OLTs must be adjustable based on the
traffic conditions. For example, in a PON system that
has four available transceivers, when the traffic conditions
are lower than 25%, only one transceiver should be active.
To support this mechanism, the system needs to be flexible
and support dynamically adjustable configurations. A key
component in the flexibility of TWDM-PONs is the ability
of the equipment to support different wavelength configu-
rations. A TWDM-PON can employ an optical router that
consists of wavelength selective switches (WSSs) and
arrayed-wavelength gratings (AWGs) [12] to enable energy
savings by increasing the wavelength utilization by switch-
ing the ONUs to different wavelengths, thereby increasing
wavelength sharing in a load balanced system. However,
this requires an active switching component to be installed
in the distribution portion of the network, thereby increas-
ing the equipment and maintenance costs. Furthermore,
the employment of a tunable transmitter in the ONU
and/or OLT provides additional flexibility in TWDM con-
figurations. These tunable transceivers introduce an addi-
tional tuning time that cannot be avoided. When an ONU
transceiver is being tuned, the incoming packets must wait
in the buffer of the ONU. Thus, the more frequently an
ONU changes its wavelength, the more delay is incurred.
The increased tuning time increases the delay and energy
savings, while the increased reconfiguration period de-
creases the delay and energy savings [13]. To enhance
the power savings of the OLT, the system needs to maintain
a balance between the average frame delay, ONU tuning
overhead, and number of ONUs [14]. Furthermore, to pro-
vide more granular energy-saving performance, modular
OLT and ONU architectures are proposed where different
internal components can be independently turned on/off
[15]. Through flexible transceiver assignments in both
the OLTand ONU, the percentage of wavelength and trans-
ceiver deployments can be reduced to 30% compared to
those in conventional PONs with no resource sharing
and wavelength relocation [16]. Moreover, it is important
to maximize the achieved energy savings while satisfying
a given delay constraint. Thus, a dynamic wavelength and
bandwidth allocation (DWBA) mechanism is needed to co-
ordinate these resources [17]. Additional energy savings
can be realized by implementing adaptive link-rates
(ALRs) in the TWDM-PON. This allows dual transmission

rates of 1 or 10 Gb/s, depending on the traffic load [18].
However, the aforementioned energy-saving DWBA/ALR
control systems require modification to standard PONs
that are embedded in the devices’ firmware. Therefore,
after being deployed they cannot be dynamically reconfig-
ured in adapting to the changes in global traffic conditions,
subscribers’ requirements, or operators’ policies. The limi-
tations identified in the existing literature must be
addressed in order to provide a comprehensive resource
provisioning system that can dynamically manage
TWDM-PON resources (wavelength, link-rate, time) to
minimize the energy consumption, and satisfy the quality
of service (QoS) requirements, in an agile architecture that
is ready to support unceasing changes in operator networks.

Software-defined networking (SDN) provides operators
with improved resource provisioning, flexibility, and lower
operational expenditures (OPEX) [19]. In network devices,
SDN implements a programmable control plane that
is separate from the forwarding functions of the data
plane. The SDN application resides on top of the controller
and provides distinct supervision to the software-defined
(SD) control plane on the devices. Several SDN-based
PON architectures have been proposed and implemented
in order to provide better control and reduce energy con-
sumption [20–26]. In the SD TWDM-PON architecture, a
configurable circuit-based digital signal processing (DSP)
transceiver/filter is embedded into existing conventional
optical transceivers [20,21] and is controlled using
OpenFlow signaling to increase the reconfigurability and
intelligence of the system. To adapt to the additional global
network information and more granular traffic conditions
in the ONUs, the hard-coded dynamic bandwidth alloca-
tion (DBA) module in the PON OLTs is replaced with an
enhanced SD DBA algorithm [22]. When SDN is deployed
at the edge of the network, the manageability increases.
The SDN controller provides the necessary information
to the ONUs to provide an adaptive response when
resources are scarce in a PON system [23]. It enables
the TWDM-PON to be an integral part of a larger network
and responsive to the changes happening in other parts of
the network [24]. SDN facilitates improved interaction
between the control and management planes of different
network segments in an SD metro network and TWDM-
PON. This preserves the end-to-end QoS while reducing
the energy consumption [25]. Altogether, integrating
SDN into the TWDM-PON results in a sustainable access
network with low energy opportunity by optimal resource

TABLE I
COMPARISON OF VARIOUS TWDM-PON ENERGY-SAVING STUDIES

Architecture [12] [14] [16,18] [16] [17] [18] Proposed Scheme

Tunable transceiver in OLT No No No Yes No Yes No
Tunable transceiver in ONU Yes Yes Yes Yes Yes Yes Yes
Active components in ODN (optical distribution network) Yes No No No No No No
Energy savings in OLT Yes Yes Yes Yes Yes Yes Yes
Energy savings in ONU No No Yes No Yes No No
Guarantee QoS No No No No Yes No Yes
Adaptive link-rate (ALR) No No No No No Yes Yes
Software-defined capability No No No No No No Yes
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provisioning, traffic monitoring, policy updating, and
traffic engineering [26]. For these reasons, the addition of
SDN provides more energy-saving capabilities and en-
hancements to current PON standards.

In this paper, we propose a new SD architecture and
operational methodology for TWDM-PONs in which SD
solutions manage the dynamic resource provisioning of
various resources in an SD orchestrated operation. We
propose SD enhancements to the OLT and ONU architec-
tures to enable streamlined management of composite
PON systems. Furthermore, we propose an adaptive
energy-efficient SD dynamic wavelength, link-rate, and
time management system (SD-DWLTS) to reduce the
energy consumption in OLTs while still guaranteeing the
QoS requirements. We summarized the comparison of a
non-SDwith the proposed SD-enabled energy-saving archi-
tecture and mechanism in Table II.

The rest of this paper is organized as follows. Section II
describes the proposed SD TWDM-PON architecture in
which new components, functions, and signaling mecha-
nisms are added to the ONU and OLT architectures to
facilitate SD dynamic resource provisioning and enhance
the power-saving mechanism. Section III presents a perfor-
mance evaluation of the energy-saving mechanism along

with a comparison of the proposed OLT energy-saving
mechanism with a system without energy savings in terms
of the mean packet delay, packet loss, and energy-saving
ratio. Finally, this paper is summarized and directions
for future work are outlined in Section IV.

II. PROPOSED ARCHITECTURE AND MECHANISM

This section describes the proposed system architecture
including the enhancedONUandOLTarchitectures, system
operation, and SD-DWLTS. Our proposed SD energy-
efficient TWDM-PON architecture is shown in Fig. 1 and
is composed of an SD-OLT in which the standard OLT is en-
hanced by the addition of an integrated OpenFlow-based
SDN controller to provide centralized control for the PON
system. A MUX/DEMUX is included to combine/split
the signal to drive one or more wavelength(s). The power
splitter divides the feeder fiber line and amplifies the trans-
mission to provide the necessary power budget to reach the
dispersed ONUs. Lastly, we propose an enhanced SD-ONU,
which retains the standard ONU capability and also
includes an embedded OpenFlow agent and tunable
transmitter.

TABLE II
COMPARISON OF NON-SD AND SD ENERGY-SAVING ARCHITECTURE AND MECHANISM IN TWDM-PON

Non-SD Architecture [7,14] Proposed SD-Enabled Architecture

Require modification to the standard PON architecture Yes Yes
Require SD controller and SD-agent No Yes
Discovery and registration MPCP MPCP and OpenFlow messages
ONU wavelength tuning Modified MPCP OpenFlow messages
ONU link-rate tuning Modified MPCP OpenFlow messages
DWBA and ALR control Hard-coded/low-level configured Programmable/high-level configured
Dynamically reconfigurable upon deployment No Yes

SD-OLT

L2-OLT

L1-OLT

L3-OLT

L4-OLT

To Metro Area 
Network

Operation, Administration 
and Management (OAM)

Power Saving

Adaptive Link Rate

GATE Generation
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Discovery & Registration

MAC Control Client

DBA
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To sub-
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SD-ONU1
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REPORT Generation
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SD-ONUn

Operation, Administration 
and Management (OAM)

Power Saving

Adaptive Link Rate
GATE Processing

REPORT Generation

Discovery & Registration

MAC Control Client

Power
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application(s) using  
SD-controller API

L-ONU

L-ONU

Fig. 1. Proposed software-defined energy-saving TWDM-PON architecture.
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A. SD-OLT

The proposed SD-OLT enables centralized control
of the PON system and connects the PON system into
the larger metro area network. It was designed to support
the standard TDMA-PON protocol, and is enhanced
with OpenFlow components and protocols to provide media
access control (MAC) and SD functionalities to the PON
system. This combination provides the necessary manage-
ment infrastructure for dynamic network resource provi-
sioning of the PON system. The SD-OLT has four L-OLTs
connected to the power splitter and SD-ONUs. Each L-OLT
is equipped with a fixed wavelength transceiver that oper-
ates over a different wavelength pair and is associated with
its own operation, administration, and management
(OAM) and MAC control clients. Moreover, the OAM con-
trols the power-saving and ALR functionalities. The
power-saving component turns on/off the L-OLT while
the ALR controls the link-rate of the L-OLT and the
DBA component manages the upstream transmission of
the ONU. The proposed architecture maintains the stan-
dard multi-point control protocol (MPCP) as the MAC
mechanism. However, it is enhanced by OpenFlow signal-
ing to augment the PON system with additional function-
ality that is not provided by the MPCP. The integrated
OpenFlow SDN controller orchestrates the deployment
of multiple L-OLTs, OAMs, and MAC control clients to
provide wavelength and link-rate tuning signaling to the
SD-ONUs. Moreover, the SDN controller makes the
TWDM-PON programmable by external application(s)
through its application programming interface (API).
Lastly, a flow table is added to the SD-OLT to provide
SD packet classification, queuing, and forwarding for all
input and output ports. A detailed discussion of the SD
mechanism is given in Subsection II.C.

B. SD-ONU

The SD-ONUs link subscribers to the network through
its user network interface (UNI). Each L-ONU is equipped
with a tunable transceiver that can be tuned to any of the
four wavelength pairs of the PON system. TheMAC control
client is capable of basic administration of the PON system,
e.g., registering the SD-ONU with the SD-OLT, receiving
GATEs, and sending REPORTs based on the standard
MPCP protocol. The OpenFlow Agent enables the SD con-
trol mechanisms of the SD-ONUs that connect the SD-
ONUs to the controller and communicate via OpenFlow
signaling messages. The OAM module plays an important
role in reducing the energy consumption of the SD-ONU by
adjusting the link speed of the tunable transceiver accord-
ing to the configuration of the ALR component.

C. Software-Defined Energy Savings for Dynamic
Wavelength, Link-Rate, and Time Management

To deliver OLT energy savings, we propose an SD-
controlled dynamic resource provisioning scheme to

manage the wavelength, link-rate, and time of a TWDM-
PON (SD-DWLTS) in order to minimize the energy con-
sumption of the system.

The operation of the SD-DWLTS is shown in Fig. 2 and is
described as follows:

1. The SDN controller begins the registration process by
activating the L-OLT in the SD-OLT with the lowest
available link-rate.

2. The OAM process in the L-OLT begins the discovery
process and registers the discovered ONU with the
SDN controller.

3. The SDN controller adds the newly registered SD-ONU
to its database.

4. The DBA of the SD-OLT assigns the SD-ONU an initial
timeslot based on the initial REPORT messages from
the SD-ONU.

5. The SDN controller monitors the traffic load of the
active L-OLT and adjusts the link-rate or activates/
deactivates new L-OLTs to compensate for changes in
the traffic.

6. If there are changes in the link-rate or the SD-ONUs
need to migrate, the SDN controller orders the
SD-ONUs to apply the new adjustments.

1) SD Wavelength and Link-Rate Management: To man-
age the wavelength and link-rate, the SDN controller peri-
odically collects the traffic load from all active L-OLTs and
the buffer conditions of each SD-ONU served by a particu-
lar L-OLT. This statistical information is used as the basis
for determining the proper configuration of the wavelength
and link-rate. As mentioned above, at start-up, the system
is configured for the lowest energy consumption. However,
this approach must be dynamically adjusted through the
system provisioning to accommodate changes in the traffic
conditions. Thus, the SDN controller must calculate the
required number of active transceivers TRactive according
to the traffic load:

Fig. 2. SDN-based PON’s activation and monitoring.
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TRactive �
PN

i�1
P3

j�1 ONU_loadi;j

Wthroughput
; (1)

where ONU_load, N, j, and Wthroughput are the requested
ONU data, number of registered SD-ONUs, number of
traffic types recognized by the SD-ONU, and highest avail-
able throughput with the highest link-rate, respectively.

After TRactive is assigned, the SDN controller must
decide the line-rate (TRlink_rate) to be used in the active
L-OLTs. The threshold TLR is set to 75% of the system
throughput in the low link-rates (1 Gb/s):

TRlink_rate �
�
LR1 if BWreq < TLR
LR2 if BWreq ≥ TLR

; (2)

where LR1, LR2, and BWreq represent the 1 Gb/s link-rate,
10 Gb/s link-rate, and requested bandwidth of all ONUs
on that particular wavelength, respectively. The L-OLT
and link-rate configuration mechanisms are illustrated
in Fig. 3.

2) SD Time Management: In the proposed architecture,
the SDN controller manages the transmission time alloca-
tion for each SD-ONU through the DBA agent located
inside the SD-OLT. The DBA dynamically allocates the
bandwidth to each SD-ONU based on its request. In the
proposed SD-DBA, the SD-OLT begins the bandwidth allo-
cation computation after collecting the REPORT messages
from all SD-ONUs. When processing the REPORT mes-
sages, the SD-DBA obtains the configured link-rate infor-
mation from the SDN controller. Note that the offline DBA
can be enhanced by performing the transmission time
assignment independently for each L-OLT. First, the

SD-OLT receives all REPORT messages with bandwidth
requirements and queue information from the SD-ONUs.
Then, the SD-OLT implements interleaved polling with
adaptive cycle time DBA, which calculates the bandwidth
available (Bavailable) for all ONUs and the maximum
transmission window (Wmax):

Bavailable � TRlink_rate × �Tcycle −N · g� −N × 512; (3)

where Tcycle denotes the maximum cycle time, g is the
guard time, N is the number of ONUs, and the control
message length is 512 bits (64 bytes).

Then, the DBA assigns the maximum transmission
window limit for every ONU:

Wmax �
Bavailable

N
: (4)

TheWmax is distributed for each traffic type and depends
on the traffic priority, namely, expedited forwarding (EF),
assured forwarding (AF), and best effort (BE), where
higher priority traffic is prioritized and the remaining time
is assigned to lower priority traffic.

3) SD Orchestration: The controller maintains a data-
base containing all the information of the SD-OLT and
registered SD-ONUs. This database includes statistical
information regarding the L-OLTs and the average buffer
status of all SD-ONUs. This database is also used to elimi-
nate the re-registration process during the wavelength
switching process. The changes in wavelength/link-rate
configuration are done by the SDN controller through
sending the OFPT_MOD_PROP_OPTICAL signal to SD
devices. The MAC control client in the L-OLT sends
GATE messages for allocating the transmission timeslot
assignment of the SD-ONUs. The proposed combined
MPCP operation and OpenFlow configuration signaling
flow are shown in Fig. 4.

Energy efficiency in the PON environment is based on
actively managing all aspects of the network, including
SD-OLT start-up, new wavelength activation, wavelength
shut-down, SD-ONU wavelength tuning, SD-ONU link-
rate tuning, and transmission timeslot management.
These energy-efficient mechanisms are dynamically
adjustable through the SD controller’s API and dynami-
cally adjustable according to the changing necessities.
This SDN-based orchestration provides the desired coordi-
nated energy-saving capability that is not available in
standard PON systems.

III. SYSTEM PERFORMANCE

In this section, we analyze the proposed mechanism in
terms of the mean packet delay, jitter, queue length,
throughput, packet loss ratio, and power-saving ratio. In
the simulation, the proposed SD-DWLTS OLT energy
savings, TWE-IPACT (time and wavelength energy-
saving-interleaved polling with adaptive cycle time), was
compared with the system that uses TW-IPACT (time

Fig. 3. Proposed combinedMPCPand OpenFlow registration and
configuration signaling.
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and wavelength-interleaved polling with adaptive cycle
time) without an energy-saving mechanism.

The proposed mechanism was modeled using an OPNET
simulator with 64 SD-ONUs and an SD-OLT with four
L-OLTs. The downstream/upstream channel rate between
the SD-OLT and SD-ONU was dynamically assigned as 1
or 10 Gbps. The SD-OLT and SD-ONUs were uniformly dis-
tributed at distances between 10 and 20 km, and the ONU
buffer size was 10 Mb. The maximum transmission cycles
were 1.0 and 1.5 ms, and self-similarity and long-range
dependence were used as the network traffic model for
the AF and BE traffic, respectively. The model generated
high-burst AF and BE traffic with a Hurst parameter of
0.7 and a packet size uniformly distributed between 64
and 1,518 bytes. The EF traffic was based on a Poisson dis-
tribution with a fixed packet size (70 bytes) [27]. The simu-
lation parameters are summarized in Table III. The six
scenarios shown in Table IV were designed and analyzed
with various proportions of EF, AF, and BE services to
demonstrate the effectiveness of high-priority traffic
management.

A. Mean Packet Delay

Figure 5 shows the mean packet delays versus the
EF and AF traffic loads for a DBA cycle time of 1.0 and
1.5 ms. The EF, AF, and BE traffic delays of the proposed
TWE-IPACT increased or decreased depending on the
number of SD-ONUs sharing the same wavelength. This
is because, in low traffic loads, TWE-IPACT saves energy
by shutting down excessive wavelengths and consolidating
the SD-ONUs onto fewer wavelengths. At a 10% traffic
load, the TWE-IPACT had higher delay compared to the
20% scenario because with a 10% traffic load, all the
ONUs were consolidated on one wavelength. When
the traffic load increased to 20%, the TWE-IPACT acti-
vated a new L-OLT; therefore fewer ONUs shared the same
wavelength, and thus the delays become lower. As the traf-
fic increased to 50%, another L-OLT was activated, which
resulted in the delays becoming lower. Overall, the delay
performance of the TWE-IPACT traffic was higher than
that of the TW-IPACT traffic until the traffic load reached
60%. The delays became lower if the number of active
wavelengths was increased because, if there were more ac-
tive L-OLTs, there were fewer ONUs sharing the same
wavelength; thus, the ONUs could transmit the buffered
packets faster. The EF, AF, and BE delays of the proposed
mechanism had the same value as the scenario with no
OLT energy savings when the traffic load was more than
70% because under high traffic loads, the OLT needed to
activate all available wavelengths to maintain system per-
formance. Furthermore, for longer cycle times, the delays
became higher due to the need for the ONUs to wait longer
until the assigned transmission slots came. Nevertheless,
in the proposed TWE-IPACT scheme, the EFand AF delays
still satisfy the QoS boundary requirements, which were 5
and 10 ms, respectively.

B. EF Delay Variance

The EF delay variance, or EF jitter, can be calculated as
σ2 � PN

i�1 �dEF
i − d�2∕N, where dEF

i denotes the delay time
of the EF packet, d represents the average delay time of the
EF traffic, and N indicates the total number of received
EF packets.

Figure 6 depicts the EF jitter versus the offered load in
different traffic scenarios and cycle times. The EF jitter has
a trend similar to that of the EF delay. The EF jitter of the
TWE-IPACT is more than that of IPACT in the case of a
light load and the same as that of the TW-IPACT in the

Fig. 4. Proposed L-OLT and link-rate configurations.

TABLE III
SIMULATION PARAMETERS

Parameters Value

Number of ONUs 64
Number of wavelengths 4
Up/down link-rate 1/10 Gbps
OLT–ONU distance 10–20 km
ONU buffer size 10 Mb
Maximum transmission cycle time 1.5 ms
Guard time 5 μs
ONU tuning time [28] 100 ns
DBA computation time 10 μs
Control message length 64 bytes

TABLE IV
SIMULATION SCENARIO

Scenario EF (%) AF (%) BE (%)

145 10 40 50
154 10 50 40
163 10 60 30
235 20 30 50
244 20 40 40
253 20 50 30
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case of a heavy load because all wavelengths were acti-
vated, which resulted in the same EF jitter performance.

C. Average Queue Length

Figure 7 illustrates the mean SD-ONU queue length for
EF and AF traffic in a DBA cycle versus the offered load in
different scenarios, respectively. The ONU queue length re-
sults show similar trends to those of the mean packet delay.
The queue lengths in TWE-IPACT were higher than those
in TW-IPACT when the traffic load was below 70%. This is

because fewer active wavelengths were deployed and more
ONUs were served by each L-OLT; thus the average queue
lengths were higher and the packet had to wait in the
buffer longer due to the smaller available transmission
time. When the traffic load was high, the queue lengths
of TWE-IPACT and TW-IPACT reached the same value be-
cause the SDN controller activated all L-OLTs to cope with
the high incoming traffic. Furthermore, the EF queue
length increased in the scenario with higher EF traffic ra-
tios, as shown in Fig. 4(a). Conversely, when the AF traffic
ratio increased, the AF queue length increased. In scenar-
ios with amaximum cycle time of 1.0 ms, the SD-ONUs had

Fig. 5. Mean packet delay comparison in different traffic scenarios in 1.0 and 1.5 ms cycle time. (a) EF, (b) AF, and (c) BE.
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Fig. 6. EF jitter in (a) cycle time 1.0 ms and (b) cycle time 1.5 ms.

Fig. 7. Queue length comparison in different traffic scenarios in 1.0 and 1.5 ms cycle time. (a) EF, (b) AF, and (c) BE.
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less time to transmit their buffered packets. Thus, in high
traffic loads, the buffer saturated faster than in scenarios
with a maximum cycle time of 1.5 ms.

D. Throughput

Figure 8 shows the system throughput versus the offered
load. The system throughput is the PON line-rate (i.e.,
4 × 10 Gb∕s) multiplied by the combined efficiency, which
includes the management and encapsulation overheads.
When the maximum cycle time was 1.0 and 1.5 ms, the
proposed TWE-IPACT had less throughput when the
offered traffic load was below 70%. This was because more
ONUs were consolidated on each wavelength and the
ONUs needed to wait longer to transmit their packets,
which increased the waste due to the fragmented packets
that needed to wait longer in the buffer.

E. Packet Loss Ratio

The EF and AF packet losses of the proposed TWE-
IPACT and TW-IPACT were zero in all scenarios and for

different traffic loads. The BE packet loss of the TWE-
IPACT and TW-IPACT was zero when the traffic load
was less than 90%. However, to maintain the necessary
QoS performance in high traffic scenarios, if the buffer is
full, the low-priority BE packets are dropped, as can be
seen in Fig. 9. Moreover, the scenarios with a 1.5 ms cycle
time had a lower packet loss ratio because the ONUs had
more time to transmit their buffered packets. The BE
packet losses of the TWE-IPACTand TW-IPACT in the case
of high traffic loads were the same in all scenarios and for
all cycle times, which indicates that the proposed architec-
ture will not affect the packet loss.

F. Energy Savings and Number of Active
Wavelengths

Figure 10 shows a comparison between the energy sav-
ings and the number of active wavelengths in the proposed
architecture. For low traffic loads, fewer active wave-
lengths were needed, which resulted in a higher energy-
saving percentage. In the simulation, we found that the
OLT transceiver energy consumption could be reduced
by 75%. However, as the traffic increased, the system

Fig. 8. Overall system throughput in 1.0 and 1.5 ms cycle time.

Fig. 9. Overall system drop probability in 1.0 and 1.5 ms cycle time.
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needed to deploy more active wavelengths, which reduced
the amount of energy savings. The scenarios with a smaller
cycle time, e.g., 1.0 ms, had a smaller transmission time
compared to larger ones. Thus, to maintain the QoS
performance and avoid packet dropping when the buffer
was full, more active L-OLTs were needed. Thus, with a
40% traffic load and 1.0 ms cycle time, the system deployed
more wavelengths compared to the system with a 1.5 ms
cycle time. In addition, the energy consumption with a
1.0 ms cycle time was also higher. When the traffic load
was more than 70%, there were no energy savings in the
system because the SDN controller activated all available
wavelengths.

IV. CONCLUSION

In this paper, we proposed an OLTenergy-saving scheme
for TWDM-PONs where an SDN controller orchestrates
the dynamic resource provisioning to arbitrate the trade-
off between energy savings, active wavelengths, line-rates,
timeslot assignments, and QoS performance. The SD con-
troller monitors the global traffic conditions, activates just
enough OLT transceivers at certain link-rates, and pushes
those configurations to the ONUs. Furthermore, the SD
DBA assigns appropriate timeslots according to the packet
priorities to maintain the QoS requirements. The proposed
architecture reduced the OLT transceiver energy consump-
tion by 75% compared to the system with no energy-saving
consideration. The simulation results proved that the
proposed architecture and its mechanism were capable
of managing the energy consumption while still satisfying
the QoS boundary requirements. Moreover, in more granu-
lar traffic conditions, the proposed system was capable of
further reducing the energy consumption by selecting
suitable transceivers and link-rates.
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