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Abstract: The standardisation of the 10 GB-capable passive optical network (XG-PON) system is accompanied by a
rigorous set of recommendations. Power reduction in XG-PONs is considered a quite important topic by the
telecommunication standardisation sector (ITU-T), thus, with importance of energy saving, XG-PON recommendation
describes power management processes in detail. The core power management process comprises distinct states
representing the desired power management transitions, while two modes: namely, the doze and the cyclic sleep
mode, are defined. This study provides an analytical model for power consumption computation of an optical network
unit (ONU), assuming that the two modes are enabled in the ONU operation. The presented analytical findings are
verified by conducting extensive simulation experiments. Concurrently, the average time spent on doze and cyclic

sleep states is provided.

1 Introduction

Optical access networking technologies not only bear high rates of
user bandwidth, but also look quite promising in the context of
energy efficiency. Next-generation passive optical network
(NG-PON), the most popular candidate of optical networking, has
been considered as one of the most deliberate power consumer
among all the access network technologies. Nevertheless, the
proliferation of the NG-PON technologies involves a progressively
increasing number of subscriber terminals, optical devices, and
transceivers; thus, the related power consumption is expected to
increase to a great extent [1].

Recently, the 10 GB-capable PON (XG-PON) was introduced as
one of the most promising NG-PON systems. One of the most
advanced features enhanced in the XG-PON system is the power
saving support for efficient energy management. Specifically,
low-power mode operation of network elements is enabled,
switching specific network components of the access network to
sleep mode so as to reduce energy consumption.

Considering the generic tree topology PON architecture, the
optical line terminal (OLT), located at the central office,
constitutes the tree ‘root’ providing access to the multiple optical
network units (ONUs) via a point-to-multipoint optical fibre
connection. Thus, a broadcast data delivery from the OLT to the
ONUs is established, known as downstream direction, while data
delivery from the ONUs to the OLT is referred to as upstream
direction.

The XG-PON transmission convergence layer defines the
specifications regarding power consumption. According to the
ITU-T G.987.3 recommendations, two power saving modes are
defined: the doze and the cyclic sleep modes [2, 3]. An ONU may
experience three types of modes: namely, the normal (or awake)
mode, in which the ONU is completely active, the doze mode, in
which the ONU turns its transmitter off, and the cyclic sleep
mode, during which the ONU deactivates both its transmitter and
receiver.

Motivated by the power management framework, in this paper we
endeavour to provide a rigorous analytical framework for computing
the average ONU power consumption based on the telecommunication
standardisation sector (ITU-T) recommendations. Even though the
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description of the ONU power management is comprehensive, to the
best of our knowledge, a closed-form expression estimating the average
power consumed by an ONU in an XG-PON system is not provided
in related research literature. Accordingly, in this paper we aim to
associate the power consumed by an ONU with the ONU traffic
arrivals, mathematically modelling the power management state
machine by using a discrete time Markov chain (DTMC). Beyond the
average estimated power consumption of the ONU, we further estimate
the average time spent in the doze mode and the cyclic sleep mode.
The remainder of this paper is organised as follows. Section 2
presents an overview of the related research literature. Section 3
describes the XG-PON power management process according to the
ITU-T specifications. Section 4 elaborates on the proposed DTMC
model along with the analytical framework. Section 5 validates the
proposed model by means of extensive simulation experiments,
considering several performance metrics. Finally, Section 6
concludes this paper and outlines our plans for future work.

2 Related work

Today, traditional energy resources such as hydrocarbon energy
provide most of the energy demand, but this kind of energy is not
renewable, and it is expected to be finally used up in the
not-too-distant future. Moreover, the combustion of hydrocarbon
materials releases large amounts of greenhouse gases, a major
cause of global warming [4]. In [5], Zhang and Ansari discuss
challenges and scheduling frameworks of the 10 Gbps Ethernet
Passive Optical Network (EPON) (10G-EPON). Then, they focus
on sleep-aware scheduling schemes for 10G-EPON systems. A
power saving mechanism was proposed in [6]. The mechanism
intends to apply a variable low-power period based on current
traffic conditions. The performance of the proposed framework is
assessed by simulation results. Adaptive link rate (ALR) control
functions are discussed and proposed in [7]. The work is focused
on 10G-EPON. ALR functions govern the downlink rate between
the OLT and the ONUs based on the ongoing traffic density.
Depending on the quantity of traffic, the line rate is switched to 1
or 10 Gbps. Simulation results validate the performance of the
proposed functions. The trade-off between the energy savings and
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Fig. 1 XG-PON network model

the network performance is discussed in [8]. The slow transition of
power from active mode to sleep mode, the recovery and the
synchronisation overhead, and the additional packet delay when an
optical unit is not switched properly are some of the key issues
discussed in this paper. By judging the networks status, effort in
[9] apply an energy-efficient scheme under multiple traffic
scenarios. In [10], the energy reduction is investigated with respect
to multicasting transmission. ONUs that are not included in the
multicast group are switched to sleep mode. Simulation results
indicate that the proposed scheme reduces the energy consumed
subject to the ongoing broadcast transmission. The requirements of
NG-PONs are raised in [11]. In addition, a generic power saving
framework was introduced, based on the network units’
dimensions that maintains the quality of service needs. Similarly,
energy saving techniques are discussed in [12] assuming time
division multiplexing (TDM) PONs. Various scenarios were
considered where TDM traffic was utilised. According to the
paper’s findings, 50% energy saving are possible. In [13], a power
saving algorithm based on the slow start scheme was proposed for
EPON which adjusts the low-power period in accordance to the
present traffic. Simulation results demonstrate the merits of the
algorithm. Effort in [14] presented a downstream system model for
EPONs which is able to calculate the expected mean packet delay.
Then, identical transmission cycles are set in order to maximise
the energy gains.

In [15], Bang ef al. endeavour to determine the low-power period
duration by defining a cost function. Assuming a Poisson process to
model the inter-arrival procedure, the work studies the cyclic sleep
mode impact on the network performance. Similar effort in [16]
aim to determine the required ONU buffer size for effective
implementation of the cyclic sleep mode. Their approach is based
on an analytical model that realises the behaviour of an ONU
being in cyclic sleep mode when upstream arrivals occur.

3 XG-PON power management

The ONU management and control interface (OMCI) constitutes the
core signalling mechanism between the ONUs and the OLT. This
mechanism is mainly governed by the OLT in order to manage the
connected ONUs in the XG-PON system. The OLT is able to
manage ONUSs’ connection and control the user network interface
(UNI) via the OMCI. The UNI is the connection point between
the ONU and the users that are attached to the ONU. The OLT
uses OMCI to discover the ONUs’ power management capabilities
and to configure their power management attributes and modes
[3]. Fig. 1 illustrates the generic XG-PON network model.

The XG-PON power management is structured in power state
machines. The states are interconnected, forming two mutually
exclusive subsets: the full power and the low-power subsets. The full
power subset consists of two distinct management states: the
ActiveHeld and the ActiveFree states. The ActiveHeld period
incorporates awake mode with full power consumption. During the
ActiveFree state, the ONU monitors the upstream traffic that arrives at
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the UNI and the downstream traffic that is collected by the service
node interface (SNI) located at the OLT to be sent to the ONU in
order to decide whether a low-power mode could be applied. The
ONU in the ActiveHeld and the ActiveFree state consumes full power.

The low-power subset is realised by two low-power saving modes
referred to as doze and cyclic sleep modes. During the cyclic sleep
mode both transmitter and receiver are turned off, whereas in the
doze mode the receiver remains turned on and the transmitter is
turned off. Obviously, the ONU in doze mode is capable of
receiving downstream traffic. The XG-PON power management
defines two pairs of states for each low-power mode. In particular,
the DozeAware and the Listen states constitute the doze mode,
whereas the SleepAware and the Asleep states define the cyclic
sleep mode. In essence, the DozeAware and SleepAware states are
preparation states during which a decision is made on transiting or
not to the Listen and the Asleep states by checking the upstream
and both traffic streams, respectively. Even though the ONU
maintains both transmitter and receiver turned on during the
AwareStates, the power consumption is lightly reduced because
the ONU partially operates.

On entering the ActiveFree state, the ONU begins to monitor the
traffic that arrives. In case upstream traffic is sensed in the UNI, the
ONU remains in full power mode; hence, the ActiveHeld follows
the ActiveFree state. On the contrary, total absence of traffic
during the ActiveFree period signals a potential cyclic sleep mode;
thus, the ONU enters into the (initial) SleepAware state. If the
absence of traffic continues during the initial SleepAware period,
the ONU is set to cyclic sleep mode. Till the arrival of either
upstream or downstream data streams, the ONU experiences an
alternate sequence of SleepAware and Asleep states; during the
SleepAware state, the ONU checks if there was any traffic during
the previous Asleep state and itself for traffic presence. Any kind
of traffic arrival leads the ONU to exit the cyclic sleep mode and
return to the ActiveHeld state in awake mode. On the other hand, a
doze mode is established in case the ONU experiences
downstream, but no upstream traffic arrivals. In a similar manner
to the cyclic sleep mode, an (initial) DozeAware state follows and
an alternate sequence of DozeAware and Listen states is
established, provided that no upstream traffic occurs. Again, the
ONU enters into the ActiveHeld state on the reception of upstream
traffic in the UNIL Fig. 2 illustrates the corresponding states of the
power saving modes. At this point, it should be noted that there
are two types of each Aware state; the initial Aware states decide
on the sleep mode establishment based on the traffic sensed during
the time period the corresponding Aware state lasts. Conversely to
the Aware states during an ongoing low-power mode, i.e. those
that follow a Listen or an Asleep state, wherein the continuation of
the low-power mode in progress is based on the traffic sensed
during the previous Asleep or Listen state plus the Aware state
period itself. Thus, the SleepAware state is responsible for
monitoring the downstream and upstream traffic during the last
Asleep and the ongoing SleepAware state periods in order to
decide on the cyclic sleep mode continuation, whereas the initial
SleepAware state has to reach to a decision on the cyclic sleep
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Fig. 2 Power saving modes in XG-PON systems

A
D
£E
L g Active|Active| Doze Doze Doze Doze |Active|Active
29| Held | Free |Aware|Listen|Aware| """ |Listen |Aware Listen | Aware| Held | Free
~ Downstream o
Traffic < Upstream * Upstream * Upstream ¥ Upstream Time
« Upstream TrafTic Traffic Traffic Traffic
Traffic |
] ] 1 -3 3 & 3
a
A Cyclic Sleep Period
£F
S Z|Active|Active Sleep Sleep Sleep Sleep Active|Active
53
2| Held | Free |Aware(Aslcep|Aware| """ [Asleep|Aware| """ [Asleep| Aware| Held | Free
* Downstream | * Downstream * Downstream * Downstream : "
Traffic Traffic Traffic Traffic ¥ D‘S"“i"f‘:"‘m Time
« Upstream « Upstream * Upstream * Upstream = T:;;::am
Traffic Traffic Traffic Traffic
] -] ]

b

a Doze sleep period. The ONU enters a Listen period when there is absence of upstream traffic
b Cyclic sleep period. The ONU enters an asleep period when there is absence of both traffic streams

mode establishment based on the traffic monitored during its own
time period. The same rationale stands for the Dozedware states.
The duration of each state is expressed as a multiplication of 125
us periods of time (frames). The ONU maintains the ability to wake
up on local stimuli stemming from physical layer operations,
administration, or maintenance messages, also known as physical
layer operations, administration and maintenance messages. On
establishing a low-power mode, the doze or the cyclic sleep mode
states are repeated until a local stimulus triggers the wake-up
operation. Subsequently, the ONU enters the ActiveHeld.

4 XG-PON power management analysis

Let us consider an ONU connected to an XG-PON. The ONU is able
to operate in all supported power management states, i.e. the
ActiveHeld, the ActiveFree, the DozeAware, the Listen,
the SleepAware, and the Asleep states. Let {PM(t), t€ T} denote
the stochastic process reflecting the power management state of the
ONU under consideration, where 7={0, 1, ...}. The state space
of the stochastic process is discrete (the aforementioned six power
management states are adopted in accordance with the ITU-T
G.987.3 [2]). As already noted in the previous section, the initial
SleepAwarel/initial DozeAware state is different from the
SleepAware/DozeAware state that follow an Asleep/Listen state;
thus, they should be distinguished in the stochastic process state
definition. Hence, the state vector of the considered stochastic
process is defined as follows: $={8;, &, S, S S5, 8%, S,
Sg}. This vector represents the ONU power management states as
follows: ActiveHeld (S,), ActiveFree (S,), initial DozeAware (S3),
Listen (S,), DozeAware (Ss), initial SleepAware (Ss), Asleep ($),
and SleepAware (Sg).

To model the stochastic process PM(¢) using a DTMC, the
memoryless property should be ensured. More specifically, it
should be ensured that there is no need to maintain knowledge
concerning past transitions when the ONU makes transitions from
one state to another. For example, the ONU should not maintain
information concerning past transitions such as traffic arrivals. To
this end, the following assumptions are adopted:
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e Given that in XG-PON systems the downstream data delivery
takes place in periodical downstream frames of 125 ps length, it is
assumed that downstream traffic arrivals in SNI within a length of
a downstream frame (125 us) are fully accommodated in the
following (downstream) frame. In other words, it is considered that
buffers located in SNI at the OLT are emptied on the beginning of
each following downstream frame. For example, the downstream
frame has a fixed size of 135,432 bytes. In the context of this
paper, we consider that this size is enough to cover all
downstream traffic requests of all ONU within a downstream frame.
e Given that in XG-PON systems the upstream data delivery takes
place in periodical upstream frames of 125 us length, it is assumed
that upstream arrivals in UNI within the length of an upstream
frame (125us) are fully accommodated in the following
(upstream) frame. Hence, ONU buffers in UNI are emptied in the
beginning of each following upstream frame. Particularly, all
upstream traffic requests are fulfilled within an upstream frame.
For example, the upstream frame has a fixed size of 38,880 bytes.
We consider that this capacity is enough to cover all upstream
requests from all ONUs within an upstream frame.

Assuming the aforementioned remarks, the transition from state i
to state j at time ¢ € T (a) depends on the current state, i.e. state i and
(b) is independent of time ¢#. The ONU may experience any of the
given power management states, i.e. enter any state at any time
instance without any restriction. As a result, the stochastic process
PM(#) constitutes a homogenous DTMC. Therefore, it holds
P(PM(s + 1) = jIPM(1) = i), Vt € T. Accordingly, the transition
probability from state i to state j at time ¢ is given as
py(t) = P(PM(t + 1) =jIPM(@®) =i), V1 ET, i, jES.
Considering DTMC properties, it follows that

8
Y py=1LVies 1)

=T

0<p; <1 YGj)ESXS @)

The main notation of the DTMC model is summarised in Table 1.
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Table 1 Model notation and parameters [2, 3]

Symbol Description

PM(t) the stochastic process of the ONU power
management

T={0,1,...} discrete time

state vector

§5={(8,, 8, S, Su, &, S 57, S}

Pii transition probability from state i to state
J
u stationary probabilities of the DTMC
= one-step transition matrix
A downstream arrival rate
Ay upstream arrival rate
Piotal total ONU power consumed in the
XG-PON
M number of ONUs in the network
P. average power consumption of the ONU
P =4.69 W power consumed in the ActiveHeld state
Pi=4.69 W power consumed in the ActiveFree state
Pya=2.78 W power consumed in the DozeAware state
Rs=17W power consumed in the Listen state
P,=2.78 W power consumed in the SleepAware
state
Ps=09W power consumed in the Asleep state
Toh=125us ActiveHeld state time period
T.s=125us ActiveFree state time period
Tia=125ps DozeAware state time period
Ts=125us Listen state time period
Ta=125us SleepAware state time period
T.s=125us Asleep state time period

Fig. 3 depicts the state transition diagram of the proposed DTMC
model. Initially, an ONU operates in ActiveHeld state. It remains
in ActiveHeld state for a predefined time period equal to 7T, and
then switches to ActiveFree state with probability p;,=1. The
ONU stays in ActiveFree state for T, time. Thereafter, the ONU
transits to one of three possible states as follows. First, it returns to
the ActiveHeld state, if upstream traffic is monitored during T,¢
time with probability p,; =A4. Second, a potential doze period is
‘initiated” with the ONU entering the initial DozeAware state, in
case downstream traffic is sensed in conjunction with the absence

Fig. 3 Proposed DTMC model
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of upstream traffic. This probability is denoted by p,3=B. Third,
the total absence of traffic received throughout 7,¢ time leads to
the initial SleepAware state with probability ps=1—4 — B. The
possible transitions of the ONU being either in the initial
DozeAware or in the initial SleepAware state are similar. In
particular, p34 =D stands for the probability of transiting from the
initial DozeAware state to the Listen state in case no upstream
traffic is monitored for the duration of the initial DozeAware state.
Otherwise, i.e. in the case that upstream traffic is monitored, the
ONU returns to the ActiveHeld state with probability p;;=1—D.
Accordingly, the initial SleepAware state, with time period equal
to Ty, is connected to the Asleep state and to the ActiveHeld state
with transition probabilities ps;=C and pg;=1-C, in case no
upstream and downstream traffic is observed or not, respectively.
Finally, there is a circulation between both Dozedware-Listen and
SleepAware-Asleep state pairs, where in the former case a doze
mode is established and, thereafter, maintained as long as no
upstream traffic appears, whereas in the latter case a cyclic sleep
mode is initiated that persists up to the presence of either upstream
or downstream traffic. To this end, ps4s=F and pg; =F denote the
probability of absence of upstream traffic and total traffic,
respectively. The time period of the Listen and the Asleep states is
denoted by Tis and T, respectively. The transition matrix =
summarises the one-step transition probabilities

0 1.0 0 0 0 00
4 0B 0 0 1—-4—B 0 0
1-D 0 0 D 0 0 00

= | 0o 00 01 0 00

==l1-F 00 F o0 0 00
1-C 00 0 0 0 c 0

00 0 0 0 0 1
[ 1—E 0 0 0 0 0 E 0

The vector u={u,, u», us, us4, us, us, u7, ug} is defined,
representing the stationary probabilities of the DTMC. This vector
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Table 2 Traffic parameters

Scenario Service Direction Metric Value
first Poisson downstream  arrival rate (Aqg) 0.05:0.1:3
arrival arrivals per
process 125 us
average burst 1000 bytes
size
upstream arrival rate (A,) 0.05:0.1:3
arrivals per
125 us
average burst 200 bytes
size
second Poisson downstream  arrival rate (Ay) 0.05 arrivals
arrival per 125 us
process average burst 1000 bytes
size
upstream arrival rate (A,) 0.05:0.1:3
arrivals per
125 us
average burst 200 bytes
size
third Poisson downstream  arrival rate (Ay) 0.05:0.1:3
arrival arrivals per
process 125 us
average burst 1000 bytes
size
upstream arrival rate (A,) 0.05 arrivals
per 125 us
average burst 200 bytes
size
fourth VolP downstream average 0.02s
inter-arrival
time (1/Aq)
average burst 133 bytes
size
upstream average 0.13s
inter-arrival
time (1/A,)
average burst 87 bytes
size
real-time downstream average 0.003s
video inter-arrival
time (1/Aq)
average burst 1365 bytes
size
upstream average 0.14s
inter-arrival
time (1/Ay)
average burst 88 bytes
size
streaming downstream average 0.001s
video inter-arrival
time (1/Aq4)
average burst 1450 bytes
size
upstream average 0.09s
inter-arrival
time (1/Ay)
average burst 66 bytes
size

expresses the probability of the ONU being in a specific state of the
DTMC after a long time or equivalently when the system reaches
equilibrium. According to Chapman—Kolmogorov equations the
following linear system holds

u=ul = [uy, uy, ..., ug)=[up, uy, ..., ug]-E ()
The algebraic multiplication of (3) yields the following eight

equations

—uy+ A1y +(1=D) -ty +(1 = FYus+(1— Cpg+(1 —E)-ug =0 (4)

Uy 1ty = )
B-uy—u3;=0 (6)
D-uy—uy,+F-us=0 @)
Uy—Us= (®)

Uy (1—A—B)—ug=0 ©)
Coug—u;+E-ug=0 (10)
u; —ug=0 (11)

In addition, the following equation stands (the summation of all
stationary probabilities is one)

Uy Uy iy +uyFus+ug+u,Hug=1 (12)

By selecting nine equations, e.g. (4)—(12), the computation of the
unknown variables becomes a straightforward task. In particular,
assuming see (13)

the stationary probabilities are computed as follows
see (17) and (18) at the bottom of the next page

4.1 Average power consumption computation

Since the arrival-counting process is independently and exponentially
distributed with the inter-arrival time gaps, a Poisson process is used
to approximate the stationary probabilities [14, 16]. The upstream and
the downstream arrival rates are expressed as A, and A4, respectively.
1/A, and 1/A4 denote the inter-arrival time of data bursts at the UNI
and the SNI, in accordance with the ITU-T recommendations [17].
Accordingly, for each time r€7, the upstream (A=A,) and
the downstream (A= /\2 arrival probabilities are defined by
PriN@®) =i} =\ /ile™, t >0, i €N. Therefore, the
probabilities 4, B, C, D, E, F can be expressed by the above Pr

A-2-C+3-E+2-4-C+2-B-C—A-E-2-B-D—A-F

13
+2.-C-F-3.E-F--2-4-C-F-2-B-C-F+2-B-D-E4A-E-F-3#0 (13)
o E4+F—-—E-F—-1 14
M= Y T C¥3 E42 4 C+2 B C—AE—2BD—A-F (14)
+2.C-F-3-E-F--2-4-C-F-2-B-C-F+2-B-D-E+A4A-E-F-3
_ —B+B-E+B-F—-B-E-F (15)
T U2 C+3 E+2A4-C+2B-C—A-E—2BD—A-F+2-C-F
-3.E-F--2-4-C-F-2-B-C-F+2-B-D- E—I—A E-F-3
-E—B-D
Uy =us = (16)
A-2-C+3-E+2-4-C+2-B-C—A4-E-2-B-D—A4-F+2-C-F
—-3-E-F--2-4-C-F-2-B-C-F+2-B-D-E+A-E-F-3
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Fig. 4 Scenario 1: performance evaluation when the upstream and downstream loads are increased identically

a Scenario 1: average power consumption
b Scenario 1: portion of Listen period
¢ Scenario 1: portion of Asleep period

distributions as follows

A=1—e Nt (19)

B=e i (1 -7l 20)
C= e*(/\uﬂd)-Tsa (21)
D=¢ Nl (22)

E = ¢ WtAa) (TutTo) 23)
F = e M TatT) 4)

Now, we are able to estimate the average power consumption of an
ONU, denoted by P, in terms of watts, assuming that P,,, Py,
Pga, Pis, Psa, P, stand for the power consumed during the
ActiveHeld, the ActiveFree, the DozeAware, the Listen, the
SleepAware, and the Asleep states, and combining the stationary
probabilities of (14)—(18)

Po=uy - Py +uy - Py +us - Py, +uy - Pyg
+us - Pyy +ug - Py, + 1y - Pyg + ug - Py, watts (25)

The total ONU power consumed in an XG-PON can be derived by
individually summing the overall power consumed at all ONUs. In
case the traffic handled by each ONU is identical, the total power
consumed in an XG-PON is defined as

M
P = Y _ P, watts (26)
i=1

where M is the number of the ONUs in the XG-PON.

5 Model validation and discussion
5.1 Simulation environment and parameters

To wvalidate the proposed model, we have implemented an
event-driven simulator in MATLAB. The operation of an
XG-PON system with 32 (identical) ONUs was simulated. Each
ONU receives downstream traffic in the SNI and forwards
upstream traffic from the UNI. Our paper was focused on the
power behaviour of each ONU. Hence, the obtained numerical
results were captured and then verified with the analytical ones
based on our analytical formulas. The values of the parameters
used to obtain numerical results are summarised in Table 1, where

E-1)-F=1)-(A4+B—-1)

o= 4 _2.C+3-E4+2 A C+2- B C—AE—2BD-AdF+2-C-F an
_3.E-F-—2.4.C-F—-2-B-C-F+2-B-D-E+A-E-F—3
—C4+4-C+B-C+C-F—A-C-F—B-C-F
Uy = Ug =

A-2-C+3-E4+2-4-C+2-B-C—A-E-2-B-D—A-F+2-C-F (18)

~3.E-F--2-A-C-F-2-B-C-F+2-B-D-E+A-E-F—3
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Table 3 Scenario 1: evaluation results and confidence intervals

Upstream Average power consumption, W Portion of Listen period, % Portion of Asleep period (95%)
lambda, A,

Analysis, Simulation, Confidence Analysis, Simulation, Confidence Analysis, Simulation, Confidence

W W interval (95%) % % interval (95%) % % interval, %

0.05 2.37 2.38 +0.008 3.59 3.29 +0.52 34.98 34.65 +0.45
0.55 3.81 3.80 +0.009 6.49 6.63 +0.19 3.83 3.95 +0.14
1.05 4.22 4.22 +0.007 3.54 3.53 +0.09 0.59 0.57 +0.04
1.55 4.42 4.42 +0.005 1.62 1.62 +0.09 0.08 0.08 +0.018
2.05 4.54 4.54 +0.003 0.68 0.67 +0.03 0.01 0.01 +0.004
2.55 4.60 4.60 +0.002 0.27 0.26 +0.02 0 0 +0
2.95 4.63 4.63 +0.002 0.12 0.14 +0.02 0 0 +0

the state sojourn time as well as the power consumed in each state in
terms of watts are specified [2, 3]. It is worth mentioning that all state
time periods have been set equal to 125 ps, which is the duration of
the physical downstream/upstream frame.

5.2 Validation scenarios and results

Four different scenarios have been defined based on different traffic
profiles. The traffic parameters of the four scenarios are summarised
in Table 2. In the first three scenarios, both upstream and
downstream traffic arrivals are governed by a Poisson arrival
process. The last scenario involves real traffic traces as an input to
the simulator. In the first scenario, the power consumption of each
ONU is examined when symmetrical traffic is used. The second
scenario investigates the power profile of each ONU when the
upstream arrival probability changes over time, whereas the
downstream arrival probability is fixed. The third scenario keeps
the upstream traffic stable, whereas the downstream traffic varies.
In the first three scenarios, the average burst size (per ONU) is
equal to 1000 and 200 bytes in the downstream and upstream
directions, respectively. Thus, the maximum downstream

(upstream) traffic rate reaches 45,000 (9000) bytes for all ONUs
when A4 (A,), meaning that all traffic requests are fulfilled within a
downstream (upstream) frame. Thus, our initial assumptions
(Section 4) are met. In the last scenario, real traffic traces have
been used in order to assess the validity of the proposed model
under real traffic conditions. In particular, traffic traces captured
from (a) a voice over IP (VoIP) session, (b) a real-time video
session, and (c) a streaming video session were utilised in the
conducted simulations. The fourth scenario encloses three
experiments. In the first experiment, each ONU uses a VoIP
session. The VoIP session generates about 5.5 and 53 kbps in the
upstream and the downstream directions, respectively. The second
experiment studies the ONU behaviour when a real-time video is
served. In this case, 5 kbps and 3.6 Mbps were generated in the
upstream and the downstream directions, respectively. Finally, a
streaming video session was used in the third experiment, where
5.8 kbps and 11.6 Mbps were produced in the upstream and the
downstream directions, respectively.

Three different performance metrics are considered, i.e. the
average estimated power consumption of the ONU in watts, the
average time the ONU spends in the Listen state, and the average
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Fig. 5 Scenario 2: performance evaluation when the downstream load remains stable and the upstream load is increased
a Scenario 2: average power consumption
b Scenario 2: portion of Listen period
¢ Scenario 2: portion of Asleep period
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Table 4 Scenario 2: evaluation results and confidence intervals

Upstream Average power consumption, W Portion of Listen period, % Portion of Asleep period, %
lambda, A,
Analysis  Simulation Confidence Analysis, Simulation, Confidence Analysis, Simulation, Confidence

interval (95%) % % interval (95%) % % interval (95%)

0.05 2.37 2.38 +0.008 3.59 3.82 +0.29 34.98 34.74 +0.34

0.55 3.63 3.64 +0.009 0.69 0.70 +0.05 12.35 12.25 +0.16

1.05 4.14 4.14 +0.007 0.26 0.28 +0.02 4.76 4.83 +0.11

1.55 4.40 4.39 +0.004 0.09 0.09 +0.02 1.84 1.90 +0.05

2.05 4.53 4.53 +0.002 0.04 0.04 +0.01 0.70 0.67 +0.03

2.55 4.60 4.60 +0.003 0.01 0.01 +0 0.26 0.26 +0.02

2.95 4.63 4.63 +0.002 0 0 =0 0.12 0.10 +0.02

time the ONU spends in the Asleep state. The results of the analytical transition probability p,¢ tends to zero, since

framework are represented by the curve named as ‘Analysis’ and are

compared wi@h the. simulation _results, represented by the curve p=1-A—B=1-— (1 _ ef/\uTaf) — oM, (1 _ e*/\dTaf)

named as ‘Simulation’. Regarding the average estimated power AT, . AT

. . = ¢ WA Tar lim e WtAdTa —

consumption, the analytical results have been produced based on AL - 00

(25). The average time the ONU spends in the Listen and the d

Asleep states is given by the stationary probability of the Listen Ay = 0

and the Asleep states, respectively, multiplied by 100.

Concerning the first scenario, Fig. 4a depicts the average ONU
power consumption in watts, Fig. 4b illustrates the average time
the ONU spent in the Listen sleep mode, and Fig. 4c shows the
average time the ONU experienced in the Asleep sleep mode.
Table 3 depicts the exact numerical results and the corresponding
95% confidence interval intervals. As the probability of
monitoring downstream and upstream traffic becomes higher, the
number of transitions from high to low-power mode decreases. In
particular, the transition probabilities p,3; (to a potential doze
mode) and py¢ (to a potential cyclic sleep mode) are getting lower.
As the arrival rates Ay and A, increase, leading to increased
probability of downstream and upstream traffic to be present, the

[o sin

Average power consumption (Watts)
!

ion |

|=— Analysis

From Fig. 4b, it may be observed that the average time the ONU
stays in the Listen state is maximised when A, = A4~ 0.3, reaching
~7.5%; thus, the stationary probability of being in Listen state is
0.075. As illustrated in Fig. 4b, the time period the ONU spends
in doze mode is initially (until A4 and A, reach 0.3) increased; this
may be attributed to the fact that the probability of switching from
ActiveFree state to the Initial DozeAware state (i.e. the transition
probability p,3) gains ground, whereas the probability of transiting
from the ActiveFree state to the Initial SleepAware state diminishes.

Fig. 5a shows the average ONU power consumption in the context
of the second scenario, varying the upstream traffic. Table 4
summarises the exact numerical results and the corresponding 95%
confidence interval intervals. The downstream arrival rate is
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Fig. 6 Scenario 3: performance evaluation when the upstream load remains stable and the downstream load is increased

a Scenario 3: average power consumption
b Scenario 3: portion of Listen period
¢ Scenario 3: portion of Asleep period
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Table 5 Scenario 3: evaluation results and confidence intervals

Downstream Average power consumption, W Portion of Listen period, % Portion of Asleep period, %
lambda, A4

Analysis, Simulation, Confidence Analysis,  Simulation, Confidence Analysis,  Simulation, Confidence

W W interval (95%) % % interval (95%) % % interval (95%)

0.05 2.37 2.38 +0.005 3.59 3.562 +0.33 34.98 35.02 +0.32
0.55 2.66 2.67 +0.007 33.92 33.67 +0.40 3.63 3.70 +0.17
1.05 2.58 2.57 +0.006 39.71 39.87 +0.22 0.80 0.79 +0.05
1.55 2.53 2.54 +0.005 41.57 41.49 +0.16 0.23 0.25 +0.02
2.05 2.51 2.52 +0.003 42.37 42.23 +0.10 0.07 0.07 +0.01
2.55 2.50 2.50 +0.004 42.77 42.73 +0.12 0.02 0.02 +0
2.95 2.49 2.49 +0.003 42.95 43.00 +0.09 0.01 0 =0

Table 6 Performance results with real traffic traces

Service Metric Analysis  Simulation
VolP average Power consumption 1.99 W 2.02W
(watts)
portion of Listen time period, % 19.22 % 20.35%
portion of Asleep time period, %  29.14 % 30.71 %
real-time average Power consumption, 1.84 W 1.84 W
video watts
portion of Listen time period, % 0.01 % 0.02 %
portion of Asleep time period, %  49.89 % 49.78 %
streaming average Power consumption, 1.84 W 1.85 W
video watts
portion of Listen time period, % 0.04 % 0.03 %
portion of Asleep time period, %  49.98 % 49.66 %

considered predefined and stable. Once more, the power required is
increased as the traffic becomes more demanding, since fewer sleep
opportunities appear. By observing Figs. 56 and ¢, which depict the
average time the ONU spends in the Listen and the Asleep states,
respectively, we can associate the ONU behaviour with the traffic
present in both directions.

Concerning the third scenario, Figs. 6a—c show the ONU
behaviour varying the downstream arrival rate. The third scenario
considers a fixed very low upstream traffic for the whole
experiment, whereas the first two scenarios assumed that the
upstream traffic progressively increases. As a result, the ONU
experiences a progressively reduced cyclic sleep mode as the
downstream traffic gains ground. On the other hand, the fraction
of time the ONU operates in doze mode is constantly increased,
and as the downstream traffic reaches its upper bound, eventually
overrules. This is attributed to the fact that the doze mode entails
the absence of upstream traffic only; hence, a doze period
establishment becomes increasingly possible as the downstream
traffic grows being at the same time quite unlikely for the cyclic
mode to occur. This phenomenon may be observed in Fig. 6b,
where the average time the ONU spends in the Listen state
continuously increases, reaching the value of 44%. At this time,
the ONU experiences a sequential transition of Listen—DozeAware
states, remaining almost exclusively in doze sleep mode (Table 5).

In the fourth scenario, the results of using real traffic traces are
presented. Table 6 shows the results from the analysis and the
simulation. For example, when all ONUs utilise a VoIP session
the average power consumption is 1.99 and 2.02 W based on the
analytical and the simulation results, respectively. Accordingly, the
portion of the Listen time period is 19.22% based on the analytical
results and 20.35% based on the simulation results. Moreover, the
portion of the Asleep time period is 29.14% in the analysis and
30.71% in the simulation. When using a VoIP session, the error
rate of the proposed model is quite low, that is, about 5%. When a
real-time video session is utilised in the XG-PON, the acquired
results is similar. Analysis and simulation results are totally agreed
when the average power is measured.

6 Conclusion
In this paper, a precise model was presented analysing the ONU power

management in XG-PON systems. The model consists of a DTMC,
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which encloses a set of countable states that describe the power
management states of an ONU. The proposed analytical framework
focused on the ONU average power consumption estimation,
assuming that the ONU is able to support both the doze and cyclic
sleep modes. Extensive validation and evaluation results are
presented, reflecting the model’s accuracy. Concurrently, the
average power consumption, the average time spent in the Listen
state, and the average time spent in the Asleep state were associated
to the traffic an ONU experiences in both directions.
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