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Abstract—Power management has been advanced on a crucial
factor in the design of modern access networks. Furthermore,
the proliferation of optical networking in the last mile led major
Telecom unions, such as the International Telecommunication
Union (ITU), to emerge energy consumption as a critical objective
of the next generation passive optical networks (NG-PONSs). In
particular, the standardization of the 10-gigabit-capable PON
(XG-PON) entails well-defined specifications towards power
management and energy reduction, especially regarding the
power control of optical terminal devices such as the optical
network units (ONUs). In this way, the optical line terminator
(OLT) along with ONUs are able to cooperate with each other
in order to succeed energy reduction, by applying doze or
cyclic sleep periods to idle ONUs. However, the sleep period
determination remains a quite challenging research area. In
this study, we endeavor to provide XG-PON networks with an
effective forecasting mechanism that is capable of estimating the
time duration of the forthcoming sleep session. To this end, we
apply the exponential smoothing technique to best estimate the
sleep duration based on the monitoring time series observations.
The obtained evaluation results sound quite promising, since the
proposed model accomplishes to advance the trade-off between
the energy reduction and network efficiency.

Index Terms—bandwidth allocation; energy efficiency; expo-
nential smoothing; passive optical networks; XG-PON

I. INTRODUCTION

Optical networking offers high rates of bandwidth to end
users and allows the fulfillment of modern service provi-
sioning. As the optical fiber continuously gains ground in
the access network arena, the next generation passive optical
networks (NG-PONs) pose as the most promising architecture
to realize a cost effective all-optical access network. The
vast growth of the PONs is accompanied with an analo-
gous increasing in subscriber terminals, optical devices, and
transceivers [1]. Inevitable, as the optical access network is
spread across the last mile the power needs become more
demanding. For various reasons such as the cost reduction,
the environmental balance, and the maintenance overhead,
both industry and academia push for scaling down the energy
consumption in modern access networks. Hence, the energy
efficiency remains one of the most challenging topics in the
agenda of telecom companies and suppliers.

In deploying a PON the tree topology is the most typical.
The main network components are a) the optical line termi-

nal (OLT), which is located at the central office (CO) and
provides the end users with access to the backbone network,
b) the optical network units (ONUs), which are responsible
of connecting end users to the OLT and vice versa, and c)
the passive optical connector/splitter, which is a green device
without consuming power and realizes an all-optical network
deployment by multiplexing various optical signals to a single
one and vice versa. End users are directly connected to the
ONU and utilize the uplink direction, from the ONU to the
OLT, to send data to the CO. In reverse, data originated
from the backbone network are collected by the OLT which
broadcast the incoming data to the ONUs in the downlink
direction.

The 10-gigabit-capable PON (XG-PON) has been identified
by the full service access network (FSAN) group as the most
promising optical network for cost effective deployment [2].
One of the major assets of the XG-PON architecture lies in
its powerful configuration regarding the power management. In
particular, the International Telecommunication Union (ITU)
indicates a flexible configuration of the ONUs in relation
with the power management. Given that the ONU is a core
device that interconnects the final user with the OLT, which
constitutes the gateway to the backbone, it could vigorously
contribute towards energy reduction. According to the T-
REC-G.987.3 specifications [3], the ONU is configured to
enter into a low power mode provided that it remains idle.
This low power mode entails either a doze or cyclic sleep
mode. Entering an ONU in doze mode entails that no traffic
exists in its uplink interface. Practically, this means that the
uplink queue, which gathers data packets from the end users
connected to the ONU, remains empty. On the other hand,
a cyclic sleep session is rather more rare, since it requires
idleness in both uplink and downlink ONU interfaces. A power
management scheme is responsible of handling the behavior
of the ONU in mode switching. Under optimal conditions, this
scheme succeeds as much as possible energy savings without
harming the network operation. However, the determination of
the sleep period is not a straightforward objective, because of
the traffic variations and network dynamics.

The number of research efforts towards the determination
of the ONU sleep time is deemed as marginal. In [4], the sleep
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duration is extracted using a well-defined cost function which
associates the state transition delay with the estimated power
consumption in an ONU. A Poisson process is considered
to model the inter-arrival procedure. The work examines the
way the cyclic sleep mode affects the network performance.
The work in [5] studies the impact of the ONU buffer size
on the effective implementation of the cyclic sleep mode.
Through analytic modeling, the ONU operation is examined in
a cyclic sleep mode when upstream arrivals exist. Numerical
simulations are used to calculate the optimal ONU buffer size,
while the authors demonstrate the average delay upstream
traffic of an ONU being in a cyclic sleep mode. The authors in
[6] attempt to evaluate various energy efficient methods in NG-
PONSs. None of the above efforts support an efficient power
reduction mechanism with forecasting capabilities. Since the
current access networks experience dynamic changes and un-
expected traffic alterations an effective energy efficient scheme
is necessary to ensure guaranteed energy savings without
network performance disorientation.

In this paper, we aim at addressing this challenge. The subtle
properties of the XG-PON systems are identified and an effec-
tive energy-efficient mechanism is proposed. The added value
of the mechanism lies in its ability to accurately forecasting
the sleep period independently of the sleep mode. The ONU
mode alterations are appropriately modeled and a powerful
prediction technique is devised based on the exponential
smoothing method. The merits of the adopted forecasting
method are identified in the way of computing the data points
taken over time. As will be discussed later, the exponential
smoothing perfectly fits in estimating such periodical data,
like the ONU sleep time, since it is capable of discovering
the underlying trend and seasonality.

The remainder of this paper is organized as follows. Section
II reveals the sleep capabilities in XG-PON systems. In Sec-
tion III, the proposed energy-aware mechanism is thoroughly
described, while Section I'V presents evaluation results accom-
panied by detailed comments. Finally, Section V concludes
this paper.

II. POWER MODES IN XG-PON

In a XG-PON system, the OLT via the ONU management
and control interface (OMCI) mechanism manages the con-
nected ONUs. Among others, the OMCI signaling mecha-
nism deals with the power management message exchang-
ing between the OLT and the ONUs. The XG-PON power
management mechanism consists of a number of power state
machines. A state is defined as a specific mode in which
an ONU operates for a certain time period. The states are
connected with each other and form two mutually exclusive
subsets, the full power and the low power subset. The full
power subset comprises two distinct management states: the
ActiveHeld and the ActiveFree state. During the ActiveHeld
state, the system operates normally with full power consump-
tion. In the ActiveFree state, the ONU monitors the upstream
traffic reaching at its interface and the downstream traffic
that is collected by the Service Node Interface (SNI) located

at the OLT to be sent to the ONU. Based on the collected
information, the ONU decides on whether a sleep mode could
be applied.

The low power subset consists of two low power modes,
the doze and cyclic sleep mode. During the doze mode,
the receiver remains switched on, whereas the transmitter is
switched off. Thus, in this mode the ONU is able to receive
downstream traffic. On the other hand, in the cyclic sleep mode
both transmitter and receiver are switched off. In the XG-PON
power management mechanism, each sleep mode has a pair of
states. The doze mode includes the DozeAware and the Listen
state, while the cyclic sleep mode comprises the SleepAware
and the Asleep state. During the DozeAware and SleepAware
states, it is decided whether these states will transmit to the
Listen and Asleep state, respectively. The DozeAware state
monitors the upstream traffic, while the SleepAware checks
both upstream and downstream traffic.

III. PROPOSED ENERGY-AWARE MECHANISM
A. Motivation and Objectives

Two main implementation directions are distinguished in
the standardization of the XG-PON by the ITU-T. The fairness
provisioning and the extensive power management specifica-
tion. The fairness provisioning could be ensured by designing
a fair, dynamic bandwidth allocation scheduler in both up-
link and downlink directions. On the other hand, the power
reduction issue is much more complicated. Currently, both
industry and academia pose the power switching of the ONU
device in sleep mode as one of the most promising solutions to
provide energy savings at low cost. However, this endeavor is
not a straightforward task, since the frequency and the degree
of a potential sleep period seriously depends on the traffic
needs the ONU handle in both uplink and downlink interface.
A sleep session should be avoided while the ONU carry
through traffic because of network performance degradation.
Hence, the determination of the sleep period is of paramount
importance. In the light of the aforementioned remarks, our
main objective in this study is to improve the trade-off between
energy reduction and network efficiency.

B. Exponential Smoothing Forecasting

When a periodic phenomenon is monitored a set of time
series data is formed. Actually, these observed data points may
present some exploitable features such as auto-correlation,
trend, or seasonal variation [7]. If so, a data forecasting
analysis could be feasible. In the present study, we endeavor to
devise a model in order to proceed to forecasting. The model
is incorporated in each ONU and it aims at taking precise
decisions on determining the sleep period of either the doze
or cyclic sleep mode. The exponential smoothing technique is
charged for this specific task. The rationale in adapting the
smoothing operation is that recent observations are given rel-
atively more weight in forecasting than the other observations
[8]. This feature allows an understanding of the underlying
traffic pattern that produces the observed data. In a nutshell,
the smoothing technique can cope with traffic dynamics in an
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access network such as the XG-PON. In addition, it sheds light
on potential underlying trend or seasonal correlation.

The basic smoothing function is based on the following
formula S; = aR;—1+(1—«)S;—_1,i > 2, where S; represents
the smoothed, i.e., estimated value, the R; denotes the actual
data and the parameter « stands for the smoothing constant,
0 < a < 1. The parameter ¢ stands for the current time period.
The aforementioned equation could be expanded to be more
coherent as S; = a > "~ 2(1 —a) 'R+ (1—a)72S,,i >
2. Here, the weights decrease geometrically. Furthermore, the
smoothing constant governs the convergence speed, since the
bigger the value of o a more quick convergence is achieved.
The value of S, is often given by the first actual observation,
i.e., Rl.

C. Double Exponential Smoothing

It is considered that time series which demonstrate trend but
not seasonality is attached to the double exponential technique.
The subtle difference between the double and the simple
smoothing lies in the trend determination equation.
The double smoothing employs a second equation in or-
der to demonstrate the potential trend of the data se-
ries. In this manner, the S; adjustment is given as S; =
aR; + (1 — a)(S;—1 + bi—1). The parameter b; yields the
trend determination equation, b; = v(S; — Si—1) +
(1 —~)b;—1. In essence, the b; equation yields the difference
between two last, consecutive estimating values. Nonetheless,
the parameters a and ~ should be determined for optimal
results. In the method initialization the following statements
take place: S; = Ry and by = Ry — R;.

D. Triple Exponential Smoothing

When both trend and seasonality identities co-exist in
time series data the triple exponential smoothing technique
is more efficient. The seasonal dimension is represented by
the seasonal determination equation: FE; ﬁ% +
(1 — B)E;_p. The parameter 3 is a convergence factor in
function of seasonality. The variable P is associated with the
related period that corresponds to a complete season’s data.
A season could be arbitrarily defined denoting a period time
duration such as a year, a month etc. Accordingly, the complete
smoothing function is given as S; = aERl +(1—a)(Si—1+
bi_1). Lastly, the trend determination equation is de-
rived as b; = (S; — S;—1) + (1 — v)b;—1. Given that
there are P = 3 periods of data of two past seasons, i.e.,
R1, Ra, R3, Ry, R5, Rg actual values, the initialization process
includeS' by = $(fagf 4 Balie 4 Beolla) gnd By = (£ +

My
) Ey = (Ml + ]\42) Es = (R* + R‘”) where M; denotes
the mean value of each season, i.e., M; = T iy ,i=1,2.

3
E. Forecasting Model Formulation

The adopted forecasting model maintains a large set of
data points and tries to effectively estimate the forthcoming
values. The model is incorporated in a distributed fashion,
where each ONU is enhanced with an individual model. This
is attached to the traffic independence, meaning that each

ONU connects different end users providing differentiated
services, so the ongoing traffic differentiates from ONU to
ONU, and therefore the sleep opportunities in each ONU are
variant. The data points represent sleep time periods in terms
of msec. The model consists of two individual forecasting
components, one for each sleep mode. The time series data
are monitored for a time window equal to 1 sec. This time
window is further divided into 20 periods of 50 msec each.
The rationale behind this lies in the sleep period upper bound
according to the standard specifications, where an upper limit
of 50 msec sleep time is defined. The smoothing equation
yields the estimation sleep period for each mode, that is

Sd:adEI;Ei +(1—ad)(SL, +bd

S¢ = « E}fCP + (1 — a) (S, + b5_;) for cyclic sleep
mode. Due to the initial time window, the forecasting model
begins performing estimations after 1 sec of network opera-
tion. Accordingly, the trend determination equation of
each component is determined as b¢ = ~4(S% — S¢ ) +
(1 — Dby and b = 7°(Sf — S7q) + (1 = 99)bi 4
for doze and cyclic sleep mode respectively. Finally, the
seasonal determination equation for each mode are
given as B¢ = ﬁdR +(1—pBHE? , and Ef = peBL 5 +
(1= pB°)ES p, where P = 10.

1) for doze mode while

F. Energy-aware Mechanism

The model described in the previous subsection takes place
in the context of an energy-aware mechanism that is incor-
porated within the ONUs in a XG-PON system. Algorithml
demonstrates the proposed energy-aware mechanism that in-
corporates the introduced forecasting method. The mechanism
takes place in the ONU as the ONU is responsible of deciding
whether and how long a sleep session will be initiated. During
the system setup the OLT investigates the sleep capabilities of
the connected ONUs via the OMCI. Next, the mechanism is
triggered each time a downstream frame coming from the OLT
reaches an ONU. At this time, the ONU checks its buffers to
infer about the ongoing traffic requests for both directions.
Hence, a normal mode can be sustained, a doze mode can be
initialized, or a cyclic sleep mode is launched. In case that
a sleep opportunity exists the ONU applies the exponential
smoothing method to forecast the next sleep period. Upon the
termination of the sleep session the ONU calculates the actual
sleep time. This time could be a) lesser than the estimated
period, so an extended sleep period occured, b) larger then
the estimated period, hence the obtained energy savings are
limited, or c) ideally exact as the estimated period. It is worth
mentioning that the sleep period is counted in times of 125
psec which is the downlink frame length [3].

IV. ASSESSMENT AND NUMERICAL RESULTS

In this Section the assessment environment, the performance
evaluation of the proposed mechanism, and the corresponding
simulation results are presented.
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Algorithm 1 The proposed energy-aware mechanism

The OLT utilizes OMCI to discover the ONUs’ power
management capabilities
for each ONU do
for each received downstream frame do
The ONU monitors its uplink interface for uplink traffic
requests
The ONU monitors its downlink interface for incoming
traffic data
if both interfaces are idle then
The ONU decides to enter into a cyclic sleep mode
The ONU applies either the double or the triple
exponential smoothing forecasting model in order
to estimate the cyclic sleep period S§ as a count of
125 usec
The ONU sends a PLOAM message to the OLT
advertising its intention to enter a cyclic sleep mode
as well as the determined period S
The ONU enters into a cyclic sleep period
The ONU returns to normal mode
The ONU calculates the actual cyclic sleep period
Rf as a count of 125 psec
end if
if uplink interface is idle only then
The ONU decides to enter into a doze mode
The ONU applies either the double or the triple
exponential smoothing forecasting model in order
to estimate the cyclic sleep period S¢ as a count of
125 usec
The ONU sends a PLOAM message to the OLT
advertising its intention to enter a doze mode as well
as the determined period S¢
The ONU enters into a doze period
The ONU returns to normal mode
The ONU calculates the actual doze period R¢ as a
count of 125 usec
end if
end for
end for

A. Assessment Scenario

In order to ensure a robust evaluation scenario we imple-
mented a XG-PON architecture in OPNET. For comparison
reasons we devised five total energy-aware mechanisms: a)
a first fixed energy efficient mechanism, denoted as Fixedl,
where the doze and cyclic sleep times are fixed and equal
to 10 msec, b) a second fixed energy efficient mechanism,
denoted as Fized2, where the doze and cyclic sleep times are
fixed and equal to 20 msec, c¢) a third fixed energy efficient
mechanism, denoted as Fized3, where the doze and cyclic
sleep times are fixed and equal to 30 msec, d) the 2ESM,
where the doze and cyclic sleep times are dynamically adjusted
by applying the double exponential smoothing mechanism,
and e) the 3E.SM, where the doze and cyclic sleep times are

dynamically determined by functioning the triple exponential
smoothing mechanism. It is important to mention that both the
2FESM and the 3ESM initially operate like the Fizedl until
a reasonable sleep times record is formed. Then, they apply
the exponential smoothing technique.

The inter-arrival time of the generated traffic follows a Pois-
son distribution, with an average value of lambda, while each
generated packet is formed as an Ethernet frame of [64, 1518]
Bytes. Each ONU is supplied with a buffer of 100MB, which
is large enough to avoid buffer overflows. The operation of
the buffer does not consume energy. Moreover, it is assumed
that each ONU is needed 5 psec time for responding to each
downstream frame. The power consumption of an ONU is set
to 4.69W for the ActiveHeld and ActiveFree states, 2.76 W for
the DozeAware and SleepAware states, 1.7W for the Listen
state and 0.9W for the Asleep state [3].

The RTT of the ONUs follows a uniform distribution
within [4000,44000] meters far from the OLT. The uplink
transmission rate is set to 2.48832 Gbps whereas the downlink
rate is 9.95328 Gbps. Each simulation scenario has been
conducted for 20 min of network operation. It is considered
that no PLOAM messages are exchanged between the OLT
and the ONUs. All smoothing parameters are set to 0.5, i.e.,
a¢ = a? = p¢ = p? = 4¢ = 4% = 0.5. Table I summarizes
the main simulation parameters.

The performance of the energy efficient mechanisms
under comparison is investigated in the context of two main
efficiency metrics. The first one is called green impact
and it is obtained by combining the energy consumption in
conjunction with the induced packet delay due to extended
sleep periods. An extended sleep period occurs when the ONU
is set to a doze or asleep mode and uplink or/and downlink
traffic arrives. For instance, if an ONU remains in doze mode
for 10 msec and a data packet arrives in the 8th msec, then
the induced packet delay is equal to 2 msec. Hence, the
green impact equally combines the energy consumption
in Watts and the mean packet delay in msec indicating the
trade-off between energy reduction and efficiency. Thus, the
green impact is defined as follows: green impact =
average ONU energy consumption *
average packet delay. For example, the green impact
for a strategy that offers an average ONU energy consumption
of 4.1 Watts and causing an overhead of 0.8 msec of delay is
3.28. Obviously, a strategy that succeeds a green impact of
3 is better than the previous one, since it offers either a more
energy efficient method or limited overhead. The second
performance metric is the mean percentage error,
which reveals the accuracy of the applied energy-aware
method. The mean percentage error is defined as
100|estimatad value—actual wvalue|  The actual value is

actual  wvalue
given by the actual sleep time, whereas the estimated value is
the outcome of the applied mechanism. The percentage error
of a mechanism that yields a sleep period of 10 msec while
the optimal length was 8 msec is 25%.
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Parameter | Value
ONUs distances [4000, 44000]meters
Downlink Transmission rate 9.95328 Gbps
Uplink Transmission rate 2.48832 Gbps
ActiveHeld consumption 4.69W
ActiveFree consumption 4.69W
DozeAware consumption 2.76W
SleepAware consumption 2.76W
Listen consumption 1.7W
Asleep consumption 0.9W
ONU responding time 5 usec
Simulation time 20 min
ONU Buffer size 100MB
ac,ad,gc’ﬁd’,}/c,,\/d 0.5

TABLE I
MAIN SIMULATION PARAMETERS
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B. Numerical Results

Simulation experiments have been conducted to assess the
impact of the compared energy-aware mechanisms in terms

14 w w
- Fixedl
12+ +F1Xed2 1
=JFixed3
101 --2ESM |
-@-3ESM
g
Q‘ |-
g°
8
o 6of
O
4,
2,
04 06 08 1 12 14 16 1.8 2
Upstream traffic (lambda)
Fig. 3. Green impact vs uplink load.
250 w
- Fixed1
—»-Fixed2 e —
2004 +Fixed3 i
S --2ESM
b -@-3ESM
3 150} ]
5 > : -»>
g Vk‘f >
[0}
[}
e 100+ 1
5
>
< pe——t— -0
50r 1
—o—0—0— —e
O 1 1 1 1 1 1
0 5 10 15 20 25 30 35

Number of ONUs

Fig. 4. Mean error vs number of ONUs.

of the green impact and mean percentage error. Fig-
ure 1 demonstrates the green impact as the number of
ONUs in the XG-PON system alters. The number of ONUs
changes from 2 to 32 ONUs, while both the uplink and
downlink traffic (inter-arrival time) remains stable and equal
to lambda = 1 (data packet per 1 msec). In general, the
green impact is kept steady for all schemes. However, the
3ESM achieves the most efficient impact in the network.
On the contrary, both Fized2 and Fixed3 seriously fail
to ensure an acceptable trade-off since they define a large
sleep period. The Fixedl scheme offers similar results as the
2FESM technique; this is attached to the fact that it succeeded
to select a fixed and predefined sleep period quite near to
optimal. However, this is a ’lucky’ option, since upon network
traffic alterations this option could be also impaired. It is clear
that both the proposed scheme attain a good outcome. The
3ESM presents better results, since it exploited the revealed
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periodicity of the underlying network traffic. Figure 2 and
Figure 3 illustrate the green impact outcome when the
downlink and the uplink inter-arrival time varies respectively.
Once more the results indicate the superiority of the 3E.SM
method. In Figure 2 the uplink traffic remains stable and equal
to lambda = 1, while in Figure 3 the downlink traffic is kept
steady and equal to lambda = 1. As the network traffic presses
the energy-aware mechanisms exploit less sleep opportunities.
Nonetheless, both exponential smoothing methods accomplish
a balanced trade-off without knowing a priori the network
conditions. Thus, they are able to cope with unaware traffic
parameters and accurately determine the proper sleep period in
order to avoid overwhelming the ongoing network operation.

The next three figures shed light on the error rate variation.
Figure 4 examines the forecasting error rate as the number of
ONUs becomes large. Again, both inter-arrival times remain
lambda = 1. As a general observation, it is clear that the error

rate is mostly high. For example, the function of the Fixedl

mechanism results in a quite high error over 200%, because
the selection of the sleep period is quite erroneous. The error
observed in the curve of 3ESM is the lowest one and it is
deemed as acceptable since it is below 35% at average. The
reason behind this lies in the 3£SM intelligence; it manages
to effectively utilizes the potential feasible features of the time
series. Figure 5 depicts the error rate as the downlink traffic
changes. The error rate degree is presented higher when the
traffic load is low. This happens because the data points ob-
tained by the observation are limited, so the estimation is based
on lesser data. Nonetheless, the smooth techniques manages
to keep the error limited, yet the error of the 2ESM method
tends to be shrink as the traffic becomes pressing. Lastly,
Figure 6 presents similar remarks by comparing the error rate
with the uplink traffic alterations. It is worth mentioning that
in this case the 2ES M manages to limit the error sooner, since
the number of samples permit a more effective forecasting.

Summing up, the exponential smoothing enhancement is
proven beneficial to the XG-PON systems since it supports
quite accurate predictions as well as balanced trade-off be-
tween the energy savings and network efficiency.

V. CONCLUSIONS

A rigorous forecasting framework was presented in this
study for determining the ONU sleep period in XG-PON sys-
tems. The rationale behind the forecasting utilizes the powerful
exponential smoothing technique. The provided estimations
proved quite precise and effective compared to methods that
sustain a predefined sleep time. The main merits of the
proposed mechanism is the ability of acquiring the trend as
well as the periodicity of the underlying network dynamics.
Extensive simulation results indicated that the impact of the
proposed method is beneficial to the network performance
providing guaranteed energy savings.
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