
Photonic Network Communications
https://doi.org/10.1007/s11107-018-0799-z

ORIG INAL PAPER

Sleep assistive dynamic bandwidth assignment scheme for passive
optical network (PON)

Rizwan Aslam Butt1,2 ·M. Faheem4 ·M. Waqar Ashraf1,3 · Sevia M. Idrus1

Received: 3 February 2018 / Accepted: 30 August 2018
© Springer Science+Business Media, LLC, part of Springer Nature 2018

Abstract
In passive optical network (PON), in addition to efficient bandwidth management, a dynamic bandwidth assignment (DBA)
scheme can also enhance the energy efficiency performance of the optical networks units (ONUs) during sleep mode. A few
such green DBA schemes have been proposed in literature for EPON, however, ITU compliant PONs have not got attention.
In this study, the role of a DBA scheme during the cyclic sleep mode for XGPON has been investigated. A sleep assistive
(SA)-DBA scheme is proposed that not only improves the energy saving performance of cyclic sleep mode but also reduces
the upstream delays and variance for all the type-2 (T2), type-3 (T3) and type-4 (T4) traffic classes. Although, the upstream
delay of type-1 (T1) traffic class slightly increases, the average upstream delay of all the traffic classes remains below the set
target delay limit of 56 ms.

Keywords Bandwidth efficient · Bandwidth assignment · Energy efficient · PON · XGPON

1 Introduction

Today is the era of Information and Communication Tech-
nology (ICT). According to the latest report of the Interna-
tional Telecommunication Union (ITU) [1], 53.6% of the
world population has got an Internet connection at their
homes. In developed countries, this ratio is even higher and
84.4% of the population has access to the Internet. Due to
this widespread Internet use, the demand for the high-speed
broadband services is continuously increasing and a rise of
30% in broadband subscriptions has been recorded in the
last 5 years [1]. For the delivery of broadband services to
customers, passive optical network (PON) has emerged as
the most suitable optical fiber based Access Network which
offers up to 40 Gbps line rates [2].
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This massive expansion of ICT networks has also
increased the power generation requirements of this sector
[3]. Since, still today, most of the power generation plants
are thermal that require burning of fossil fuel resources like
coal, oil, and gas [4], therefore, the carbon footprint of the
ICT sector has also increased and has been estimated to be
2.5%. Specifically, the Telecom sector is responsible for 22%
of the greenhouse gas (GHG) emissions [5] and it is expected
that this situation will aggravate further in future [6]. There-
fore, the energy efficiency of the ICT sector is important and
many studies have addressed this problem and it is still an
active research area.

Most of the power consumption in the Telecom sector
is in the Access Network which is responsible for 70% of
the power consumption. The evolution of Access Network
toward PON has significantly reduced this power consump-
tion due to its passive nature and longer reach. The longer
reach not only reduces the power consumption of the access
loop but also reduces the maintenance costs due to the lesser
number of central offices compared to copper and active opti-
cal networks [7, 8]. However, in PON, the main problem lies
in the optical network units (ONUs) which consume 60% of
the PON power.

The main cause of high power consumption of ONU is
broadcast and select mechanism in the downstream (DS)
direction in all of the present PON technologies like GPON,
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EPON and near future PON technologies; XGPON, 10G
EPON and TWDM PON [9]. This is because a group of
ONUs receive the DS frames on the same wavelength and
are forced to remain in the active state to receive each DS
frame, process it completely and then discard up to 97–99%
of it for not being relevant. To conserve ONU energy, ONU
sleep mode has been widely used to switch ONU to low
power mode when it is idle or its traffic load is very low.
Specifically, cyclic sleep mode (CSM) has been successfully
shown to save up to 85% of the ONU power [10]. Some of
the sleep mode schemes like [11, 12] require newer ONU
architecture but the biggest advantage of CSM is that it does
not require any architectural changes or any new investment.
Moreover, it has been adapted by both IEEE and ITU as stan-
dard energy conservation scheme for their respective PON
standards.

However, all of the PON technologies described above
require bandwidth management mechanism as in the
upstream (US) direction as all the ONUs cannot simulta-
neously transmit to OLT at the same wavelength as this
will cause a signal collision. Therefore, for the US link, a
dynamic bandwidth assignment (DBA) scheme is used as a
static bandwidth assignment (SBA) scheme is neither band-
width efficient and nor it can assign bandwidth to multiple
traffic classes of an ONU. Thus, the US delay performance
of all the ITU defined traffic classes; type-2 (T2), type-3 (T3)
and type-4 (T4) for PON and IETF DiffServ classes; assured
forward (AF), expedited forward (EF) and best effort (BE)
used by EPON/10G EPON studies is critically dependant on
DBA performance. Generally, in a sleep mode scheme, there
is a trade-off between the energy savings and the US and DS
communication delays [13]. However, the role of a DBA is
also very important as any degradation in DBA performance
will also affect the sleep mode performance.

Many, energy efficient DBA schemes for EPONhave been
proposed [14, 15] that use the DBA process to control the
sleep mode process. However, these schemes require faster
ONU architecture and cannot work with current ONUs. To
the best of our knowledge, all of the current sleep studies,
especially for ITU compliant PONs (GPON, XGPON and
TWDM PON) either assume a SBA [16, 17] or do not con-
sider the impact of the DBA scheme by assuming it to be
perfectly working [18] during sleep studies except our ear-
lier CSM study in [10].

In this study, we have investigated the impact of DBA per-
formance on CSM and used the immediate allocation with
colorless grant (IACG) DBA scheme for the performance
studyof the energy efficient cyclic sleep control (ECS) frame-
work.We have presented a sleep assistive (SA) DBA scheme
and show that compared to IACG, it not only increases the

Table 1 Table of important acronyms and symbols

Parameter Details

BWmap A field in DS XGPON frame that carries
US bandwidth assignments for each
ONU traffic class

RBW Remainder unassigned bandwidth

GPA Guaranteed phase allocation

SPA Surplus phase allocation

BM-CDR Burst mode clock and data recovery

CM-CDR Continuous mode clock and data recovery.

AS Asleep

SLA Sleep aware

AF Active free

AH Active held

ALS Alerted sleep

BWONU The ONU to OLT line rate

DUS/DDS The target average delay limits for
upstream and downstream traffic

TAS ONU asleep state time

TAWARE ONU sleep aware state time

TERI OLT CSM timer. Refer Fig. 3

TAlerted OLT CSM timer. Refer Fig. 3

THold ONU timer for stay in active Held state

BWONU ONU to OLT Line rate

overall ONU energy savings but also reduces the US delays
and variance of T2, T3 and T4 traffic classes as well as guar-
antees adherence to average delay limit of 56 ms delay limit
for both US and DS traffic using the sleep buffer approach
[10]. To assist CSM, a slight modification is also proposed
in standard CSM process of the ONU. Table 1 shows all the
important acronyms and notations used in rest of the paper.

The rest of the paper is organized as follows: Sect. 2
reviews the related work, Sect. 3 explains the ECS frame-
work, Sect. 4 describes sleep assistive (SA)-DBA scheme,
Sect. 5 describes the simulation setup, Sect. 6 presents and
discusses the results. Finally, Sect. 7 concludes this paper
and with future research direction.

2 Related work

The DBA schemes for PON can be broadly classified as traf-
fic monitoring (TM) based or status reporting (SR) based.
The TM approach is used by the ONUs with limited mem-
ory. In this approach OLT estimates, the ONU traffic demand
from its traffic arrival rate and assigns bandwidth accord-
ingly [19–21]. Most of the DBA schemes are SR based in
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which all the ONUs maintain a traffic queue for each sup-
ported traffic class and periodically inform OLT about the
queue length information using the US messaging channel.
Based on the particular DBA scheme and the received queue
reports, the OLT assigns bandwidth to each ONU using the
BWmap field of DS frame, in case of ITU PONs, or the
MPCPGATEmessage, in case of IEEEPONs.Broadly, IEEE
PON DBA schemes can be classified as single thread (ST)
[22] and multi-thread (MT) [23]. The ST schemes only exe-
cute a single DBA process for each ONU, while the MT
schemes executemultiple DBAprocesses simultaneously for
each ONU. These schemes can be executed with an online,
offline or an online–offline hybrid manner. In the first case,
OLT assigns bandwidth to an ONU as soon as it receives the
queue report from it, while in the second case OLT waits for
all the queue reports and in the last case, it only waits for
a group of ONUs. Unlike, IEEE PONs, the ITU PONs are
synchronous in which all the ONUs can send queue report to
the OLT in the single US frame and be assigned bandwidth
accordingly in a singleDS frame; therefore, there is no online
or offline differentiation. However, they can be classified as
fixed SI based c or flexible service interval based [24]. In
both cases, the bandwidth assignment cycle comprises of a
GPA in which a minimum bandwidth is assigned according
to the service level agreement and an SPA in which surplus
bandwidth is assigned as per the agreed service level agree-
ment. In addition to these phases, the DBA schemes in [25]
also assign the RBW to ONUs to further improve the US
performance. A few DBA schemes also utilize the remain-
ing unused bandwidth (UBW) of the lightly loaded ONU
queues and assign it to the heavily loaded queues of the same
traffic class in other ONUs [25, 26]. However, all of above
discussed DBA schemes assume an ONU to be always in
active state and do not consider the ONU low power mode.
A recent detailed review of all such DBA schemes is given
in [27].

However, there are many DBA schemes that have con-
sidered the integration of DBA and sleep mode schemes.
These schemes execute the DBA process in parallel to sleep
process and make an ONU switch to AS state, if idle, dur-
ing a DBA cycle [28] to conserve energy. Some schemes
compute the DBA cycle by only considering the US traffic
termed as upstream centric (UCS) like ALS [11] and GBA
[12]. These schemes provide very high energy savings but
suffer from higher DS delays and are improved by the down-
stream centric approach (DCS) in which both US and DS
traffic is considered for the US time slot allocations. The
SDBA [29] follows this approach and assigns equal US time
slot to ONUs keeping in view the target average delays and
frame loss rates of both US and DS traffic. The ONU sends

the estimated US traffic rates to OLT through the modified
MPCP REPORT message. The DS transmissions are locked
to the same US slot. If the ONUs have low traffic load, they
switch to sleep state and if completely idle then they may be
allowed to sleep in contiguous US slots to conserve energy.
A further improvement in SDBA is EDBA which also offers
an additional provision of Doze mode to an ONU. An ONU
can switch to Doze mode if there is DS traffic being received
by it but no US traffic is available to send to OLT. A simi-
lar proposal in [30, 31] presents a modified IPACT scheme
to support sleep mode termed as sleep mode aware (SMA)
algorithm. The ONU is only active during the transmission
time slot (TS) and during a DBA cycle but in AS state oth-
erwise. This TS is computed keeping in view both US and
DS traffic queues and is selected as the time required to clear
off the minimum (of US and DS) backlog traffic. If the TS is
longer and ONU do not have traffic to transmit US, it goes
to doze mode for the remaining time. The OLT assigns the
TS and the next wakeup time for sending the Gate message
from OLT via REPORT message to ONU. However, OLT
does not know the time of next GATE message and pre-
dicts it based on the current transmission time of the other
ONUs. This prediction may fail due to bursty nature of traf-
fic and may lead to severe US performance degradation. The
study in [32] improves SDBA by assigning unequal time
slots to ONUs. The lightly loaded ONUs are assigned equal
bandwidth according to their SLA but the heavily loaded
ONUs are assigned the available excess bandwidth equally.
For improving the energy efficiency, this scheme optimizes
the ONU polling order during a DBA cycle to reduce the
ONU Active state time. The results show higher energy sav-
ings compared to UCS approach. The study in [33] presents
an upstream DBA (UDBA) scheme in which OLT has a ded-
icated unit at the OLT for deciding the ONU Active, Doze,
Sleep or Transmission mode based on the information of the
US and DS traffic information. The study in [34] suggests
the use of vertical cavity laser (VCSEL) instead of normally
used DFB lasers helps to significantly enhance the energy
efficiency of the DBA scheme by reducing the transition
time and power consumption of ONU AS state to Active
vice versa.

However, most of UCS- and DCS-based schemes require
some physical layer changes in the ONU like BM-CDR
instead of CM-CDR [35]. Moreover, these schemes have
been presented and tested with IEEE compliant PONs. The
ITU compliant PONs have significant MAC layer differ-
ences, thus, their DBA process. For ITU compliant PONs,
a DBA scheme that can work with CSM is more feasible as
it is a standard energy conservation scheme for these PONs.
To the best of our knowledge, no such DBA scheme for ITU
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compliant PONs has been proposed. The DBA scheme pre-
sented in our earlier work in [36] improved the scheduling
mechanism to improve bandwidth assignment to higher pri-
ority traffic classes. An updated version presented in [37] also
improved the performance of lower priority traffic classes by
utilizing the used bandwidth of the ONUs for XGPON and
for LR-PON in [26]. However, none of these schemes con-
sidered the energy saving mode of the ONUs. Therefore,
this study presents an improved DBA scheme that assists
the CSM process and helps an ONU to prolong it’s AS state
and, thus, improve its energy saving performance due to least
power consumption of ONU in AS state.

3 Energy efficient CSM framework

The performance of the CSM process depends on the opti-
mized configuration of TAS, LWI events and various ONU
and OLT timers. This study uses the energy efficient CSM
(ECSM) framework, presented in our earlier work in [38], to
optimally configure the CSM process according to the target
US and DS delay limits; DUS and DDS. The ECSM scheme
follows a sleep buffer approach to optimize the performance
of the CSM process. An ONU entering the AS state quits it
when any of the US or DS buffer is full due to triggering
of the respective LWI event. All the optimal values for the
ONUUS andDS sleep buffers and other CSMcontrol param-
eters and timers are computed using ECSM framework so as
to maximize the ONU energy savings while still adhering
to target average delay limits. To ease the CSM configura-
tion, a comprehensive algorithm (Algorithm 1) is presented
in this study that summarizes the working of ECSM frame-

work and shows the step-by-step computation of all the CSM
parameters and timers. This algorithm can be used by a PON
operator to configure the CSM process for both the OLT and
the ONUs according to the desired target US and DS arrival
rates; λUS_T and λDS_T according to its agreed data rates for
a user group as per its SLA. Here for simplicity it is assumed
that all the ONUs have same SLA. In the first step, the algo-
rithm computes the required US and DS sleep buffer sizes
NUS and NDS at the ONUs and the OLT. These additional
memory buffers will be required to store the traffic arrivals
during theAS state of theONU.Where theT init is thewakeup
time required by ONU to transition from AS state to Active
state and SI is the time period after which the OLT computes
the dynamic bandwidth assignment (DBA) process accord-
ing to newly received queue reports from the ONUs. Since
the US service rates for T1, T2, T3 and T4 traffic classes are
different due to different bandwidth guarantees as per SLA.
Therefore, in step 2, the NUS is divided to NUS1, NUS2 and
NUS3 in proportion of the maximum guaranteed bandwidths
ABmin1 and ABmin2 to T1 and T2 traffic classes and to T3
in proportion to the sum of maximum guaranteed (ABmin3)
and surplus bandwidths (ABsur3). Since T4 works on best
effort basis, it is only allowed a maximum surplus bandwidth
ABsur4. Thus, the T4 traffic class will only get US bandwidth
allocations if the maximum load is less than system capacity.
Thus, NUS4 is assigned in proportion to the difference of the
maximum expected load per ONU and BWONU. The ECSM
scheme allows an ONU to remain in AS state unless any of
the US or DS buffer is full which leads to the triggering of
LWI event at the OLT or ONU. Thus, at low traffic rates an
ONU remains in AS state for longer time due to slow filling
of the US and DS sleep buffers.
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The US and DS traffic arrival process at the OLT and the
ONU may be modeled as an M/G/1 queueing system with
the ONU and OLT acting as server, respectively. The ONU
stay in AS state may be considered as the vacation time of
the server [39]. Therefore, in steps 4 and 5, the ONU TAS is

computed based on the value of ONU mean vacation time
(V̄ ) for λUS_T and λDS_T. This sets the upper limit for ONU
to terminate AS state to guarantee compliance to target aver-
age delay limits because at lower traffic arrival rates ONU
sleep buffer fills slowly and delays the ONU sojourn in AS
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state and triggering of LWI events. In steps 6 and 7, the sleep
aware time (TAWARE) is computed as the maximum of the US
and DS buffer clearance time (TClear) so that ONU is able to
clear off the US and DS sleep buffers in Sleep Aware state
and able to maximize its sojourn in AS state and avoid fre-
quent interruption ofAS state where 155530 bytes and 38880
bytes are the capacity in bytes of the DS and US XGPON
frames. TheGemSizeDS andGemSizeUS is the traffic frame
carrying capacity of DS and US frames and can be expressed
by Eqs. (1) and (2), where Favg is the average traffic frame
size. It is possible that the computed value of TAWARE for US
and DS is different due to different values of NUS and NDS.
In that case, ideally, TAWARE with larger value should be cho-
sen but at least it should be greater than TAWARE for US so as
not to impact the performance of the DBA process. Thus, the
computed values of TAS and TAWARE from Algorithm 1 are
optimized and lead to maximum ONU energy savings with
delay guarantees.

GemSizeDS � 155530

Favg
(1)

GemSizeUS � 38880

Favg
(2)

Finally, in the step 8, the values of CSM control timers
are computed. The CSM standard do not specify any cri-
teria for the selection of THold timer reload value. This is
the time an ONU waits before transitioning to Active Free
(AF) state when it receives the sleep aware (SA)ONmessage
from the OLT. At minimum it should be one XGPON cycle
(125 us). We set it to 0.5 ms as in [40] as being a reasonable
choice. TheOLT timer TEri is used to keep check onunusually
delayed response from ONU to avoid any communication
break. Another OLT timer is TAlerted that determines the OLT
sojourn in ALS state when the LWI event has occurred at
the OLT. Both the TEri and TAlerted are set in accordance to
the guidelines provided in the XGPON transmission conver-
gence layer standard G.987.3.

4 Sleep assistive DBA scheme

Similar to other IACG scheme, the SA-DBA scheme also
comprises of Guaranteed, Surplus and RBW allocation
phases. The bandwidth allocation process of SA-DBA is
elaborated with the help of flowchart in Fig. 1. During the
GPA, it assigns the bandwidth according to the SLA limits
and respective queue reports to T2 and T3 traffic classes.
Similarly, during the SPA, surplus bandwidth is assigned to
T3 and T4, if available, as per their SLA and queue reports.

The frame bytes (FB) and the available byte countersVB2,
VB3, VB3, VS3 and VS4 of T1 to T4 traffic classes are only

Fig. 1 DBA cycle of SA-DBA scheme

recharged to maximum bandwidth values; 38880, ABmin1,
ABmin2, ABmin3, ABsur3 andABsur4, respectively, after every
SI to ensure the committed data rates.

During the RBW phase, IACG assigns any residual band-
width equally to all the ONUs through the T5 traffic class.
This surplus bandwidth is received by each ONU and used
by its T2, T3 and T4 traffic classes in a strict class priority
order.

However, when theONUs use theCSMscheme for energy
conservation, some ONUs may be in Asleep (AS) state and
assigning surplus bandwidth to such ONUs during RBW
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Fig. 2 Cyclic sleep state diagram for ONU

phase will actually be wasted. If this surplus bandwidth can
be assigned to the other ONUs in Active state, it will not
only reduce the US delays but also increase the overall ONU
energy savings. This will happen due to longer AS state time
of such ONUs due to early emptying of sleep buffers because
of higher bandwidth availability. This will help these ONUs
to retain AS state for longer time. This will also lead to com-
paratively reduced delays of T2, T3 and T4 traffic classes as
theywill get the opportunity of additional bandwidth through
T5 traffic class. The highest impact will be on T2 traffic class,
and it will get the highest bandwidth share due to strict class
priority based division.

The SA-DBAscheme, therefore, considers only theONUs
inActive state and assigns the surplus bandwidth to only such
ONUs during the RBW phase. However, the problem is the
correct knowledge of ONUs in AS state at the OLT. With the
present CSM process of ONU and OLT, as shown in Figs. 2
and 3, the OLT is exactly aware that when does an ONU
enters the AS state during the CSM process. This because of
the fact that the OLT only receives the/SR(Sleep) message
from the ONUwhen it enters the AWARE state first time and
transitions to low power sleep (LPS) state. TheONUdoes not
inform the OLT when it enters the AS state. Similarly, OLT
is also not aware of the ONU state transitions from AS to
AWARE state and vice versa during a sleep cycle, while it is
in the LPS state, unless the sleep cycle is interrupted though
a local wakeup indication (LWI) event at the OLT or ONU.
At this point the ONU either sends the/SR(Awake) message
to OLT or the OLT transitions to alerted sleep (ALS) state
to force the ONU to quit sleep cycle and transition to active
held (AH) sate.

To solve this problem, a slight modification is proposed in
the standard CSM process of the ONU. The modified ONU
sleep state transition diagram is shown in Fig. 4. The ONU
sends a SR(Aware) message to OLT when it transitions from
AS state to AWARE state and SR(Asleep) message when

Fig. 3 Cyclic sleep state diagram for OLT

Fig. 4 Cyclic sleep state diagram for OLT

it is moving to AS state from the AWARE state. Based on
these messages, the OLT sets/resets the AsleepFlag [i] for
the ONU (i). These changes do not impact the working of
the CSM process and only help OLT to be exactly aware of
the ONU AS and AWARE states during the sleep cycle.

In the IACG scheme the ONUs are polled for their queue
reports only oncewhich is not enough for theOLT to be accu-
rately aware ofONUbandwidth demand.Moreover, with this
approach, anONUmight have to wait for the whole SI period
to get the US slot for sending its queue report when awake
from AS state during CSM. Since polling every cycle leads
to bandwidth waste, therefore, a middle approach is followed
by the SA-DBA scheme that all the ONUs are polled in odd
cycles during an SI.
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5 Simulation setup

Similar to our earlier PON studies [10, 26, 41], the sim-
ulation setup comprises of XGPON network in OMNET++
with 16 ONUs with US and DS line rates of 10 and 2.5 Gbps,
respectively. The BWONU is set to 200Mbps as also in [25,
41]. The values of RTT and the ONU processing time (PD)
are set to be 200 and 35 µs, respectively. The traffic gen-
eration follows the Poisson distribution with exponentially
varying the inter-arrival time for each value of network load
as in [37]. The load is varied from 0.1 to 0.87. Each simu-
lation is run for a long time so that the average value of the
recorded mean inter-arrival times converges to within 95%
confidence interval. A separate instance of Traffic genera-
tor works in each ONU and generates on average the same
traffic load. The generated traffic frames follow a triangular
distribution with 60%, 20% and 20% probability of 64, 500,
and 1500 bytes Ethernet frames with an average frame size
Favg � 440 bytes. The generated traffic frames at each ONU
are uniformly distributed between T1 and T4 traffic queues.

For the energy saving analysis of CSM process, only two
power levels for ONU are considered; Active and Asleep.
It means an ONU is assumed to be fully active and con-
sume 100% power in AH, AF and AWARE states as optical
transceiver is ON. In AS state, it is in AS state and consumes
only 5% of the full power as in [10, 18]. The CSM parame-
ters and timers are configured using Algorithm 1 with DDS

�DUS �56ms and λDS_T � 200Mbps per ONU and λUS_T

� λDST
4 . The buffer sizes for each of T1, T2, T3 and T4 traffic

classes are computed from step 1. Thus, the NDS and NUS

are computed as 6125 frames and 1528 frames with. Further
from step 2, the NUS1, NUS2, NUS3 and NUS4 are computed as
153, 687,687,198 frames. The complete details of the DBA-
related parameters and rest of the CSM parameters are given
in Table 2.

6 Results and discussion

The performance results for both IACG and SA-DBA
schemes for T1, T2, T3 and T4 traffic classes are recorded
from the simulation. The results comprise of average US and
DS delays, average ONU energy savings, average ONU AS
state time, average US and DS Delay variance and are shown
in Figs. 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15 and 16.

Both IACG and SA-DBA perform quite close at very low
traffic loads and show very high energy savings of 89% as
shown in Fig. 5. The high energy savings are due to ONU
being mostly in AS state as evident from Fig. 6. The energy
savings decrease as traffic load increases due to the reduction
of AS state time of ONU. However, with an increase in traffic
load, the SA-DBA shows higher energy savings compared to

Table 2 Additional simulation parameters

Parameter Values/details

λDS Varied from 932 frames/s to 38750 frame/s
corresponding to a load variation from 13 Mbps
to 560 Mbps per ONU as in [38, 42]

λUS λDS/4

TAWARE 3 ms

TAS 56–2 ms�54 ms

TInit 2 ms

THold 0.5 ms

TERI TAS +Tinit +SI+RTT�57 ms

TALERTED Should be ≥ (TAS + TSLA + Tinit)�60 ms

ABmin1 = 315 with SImin1 �5 (20 Mbps Bandwidth)

ABmin2 = 7030 with SImin2 �5 (90 Mbps Bandwidth)

ABmin3 = 3515 with SImin3 �5 (45 Mbps Bandwidth)

ABsur3 = 3515 with SImax3 �5 (45 Mbps Bandwidth)

ABsur4 = 315 with SImax4 �5 (100 Mbps Bandwidth)

Fig. 5 Average ONU energy savings

Fig. 6 Average ONU energy savings

IACG scheme and shows 40% higher savings at a load of
560Mbps per ONU with 53% higher average AS state time
forONUs. This is because of higher bandwidth assignment in
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Fig. 7 Average DS delay

Fig. 8 Average US delay of T1 traffic class

Fig. 9 Average US delay of T2 traffic class

RBW phase which results in higher ONU AS state time and,
thus, higher energy savings (ES%). The ES% is computed
as a percentage of Active state energy consumption using
Eq. (3), where the simulation time (TSim) is equal to the sum
of TAS, TSLA and TActive which is the sum of both TAF and
TAH.

ES% � 1

−
(
TAS ∗ PAS + TSLA ∗ PAWARE + TInit ∗ PAH + TActive ∗ PAF

TSim ∗ PA

)

(3)

Fig. 10 Average US delay of T3 traffic class

Fig. 11 Average US delay of T4 traffic class

Fig. 12 Average DS delay variance

Since in both DBA schemes, the bandwidth assignment
is same to the T1 and DS traffic; thus, the prolonged AS
state time in SA-DBA leads to slightly higher delay of DS
and US T1 traffic when traffic load increases as shown in
Figs. 7 and 8. The highest increase in delay is at 200 Mbps
traffic load due to highest traffic queuing as the sleep buffer
gets full. However, further increase in traffic load results in a
reduction of AS state time due to triggering of LWI events.
The delay of SA-DBA is observed to higher due to higher
AS state time as evident from Fig. 6.
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Fig. 13 Average US delay variance T1 traffic class

Fig. 14 Average US delay variance of the T2 traffic class

Fig. 15 Average US delay variance of T3 traffic class

However, due to additional bandwidth assignment in
RBWphase in SA-DBA, the T2, T3, andT4 traffic classes get
comparatively higher bandwidth assignments at medium and
low traffic loads which results in comparatively lower delays
for SA-DBA as evident from Figs. 9, 10, and 11. However, in
both DBA schemes, all the US and DS average delays adhere
to the set target average delay limit of 56 ms which shows
the success of ECS framework. A slight dip is seen in T2,
T3 and T4 delay for SA-DBA at the traffic load of 100 Mbps
due to probably extra bandwidth assignment by the SA-DBA
scheme from the share of the Asleep ONUs compared to

Fig. 16 Average US delay variance of T4 traffic class

IACG scheme. After the traffic load of 200 Mbps, all the
delays start decreasing. This is because of reduction in ONU
AS state time due to ONU sleep buffers getting filled early
and causing termination of sleep cycles due to triggering of
LWI events, as evident from Fig. 6.

All the delay variance results for SA-DBA, except T2, are
observed to be comparatively higher than the IACG scheme.
This is because of the random availability and assignment
of the excess bandwidth by SA-DBA in RBW phase as all
theONUs execute sleep process independently and randomly
and it is least likely that all enter the AS state simultaneously.
For both schemes, the delay variance is higher at low traf-
fic loads and reduces with the increase in traffic load due to
higher ONU sleep activity as evident from Fig. 6. For T2 it
remains lower due to the utilization of RBW in strict class
prioritywhichmostly results in the utilization of excess band-
width by T2 and thus lower bandwidth assignment to T3 and
T4 traffic class, leading to higher delay variance compared for
T2 and T3, especially at low traffic loads due to higher sleep
activity. The DS delay variance for both schemes remains the
same as it is not impacted by the DBA scheme. The rise in
delay variance for T1 at 200 Mbps is due to highest queu-
ing which caused a rise in an average delay of T1 as evident
from Fig. 8 as well as increased delay variance. Overall, all
the delay variance results are observed to be low and do not
exceed 1 ms.

Thus, the combination of SA-DBA with ECS framework
shows an optimized performance for the set target average
delay limits with very high energy savings for the ONUs and
comparatively lower delay and insignificant increase in US
delay variance for the ONUs.

7 Conclusion and future work

This study presents an energy efficient DBA scheme for
GPON and XGPON networks. The proposed SA-DBA
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scheme utilizes the unused bandwidth of the Asleep ONUs
and assigns it as a surplus bandwidth to the Active ONUs.
This results in reduced traffic queue sizes at the ONUs and
thus leads to higher AS state time due to infrequent inter-
ruption of the sleep cycle. This also leads to higher average
energy savings per ONU and reduced upstream delays and
variance results for T2, T3, and T4 traffic classes. However,
the DS delay and variance slightly increases at lower traf-
fic loads due to higher ONU Asleep state time as they do
not utilize the DBA mechanism. In our future work, we will
investigate a similar DBA scheme for TWDM PON.
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