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Abstract Next-generation passive optical networks
(PONs) demand power conservation to create a green
environment. A reduction in power consumption of the
traditional Ethernet passive optical network (EPON) can
be achieved by increasing the sleep count in optical
network units (ONUSs). In this paper, this is accomplished
by introducing a first-in-last-out (FILO) polling sequence
in the place of a fixed polling sequence to increase the
number of ONUs entering sleep mode (sleep count). In a
fixed polling sequence, the optical line terminal (OLT)
allocates idle time to the ONUs based on the overall load of
the ONUs. This leads to a situation that whenever the idle
time does not meet the wakeup time threshold of sleep
mode, the ONUs are put into doze/active mode, which
consumes more power. In the FILO polling sequence, the
first polled ONU in the current cycle is made to be polled
last in the following cycle. Polling continues in this way,
and by this rearrangement, the idle time of delayed poll
ONUs increases; hence, it helps to reduce the power
consumption. Additionally, a modified load adaptive
sequence arrangement (MLASA) method is suggested,
where the ONUs are categorized into doze ONUs and sleep
ONUs. A numerical simulation of the FILO polling
sequence with a vertical cavity surface emitting laser
(VCSEL) ONU shows a maximum reduction in power
consumption of 15.5 W and a 20% improvement in energy
savings compared with the traditional fixed polling
sequence. The MLASA method results in better power
consumption with minimum delay than that of the
proposed FILO and existing LASA methods.
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1 Introduction

Today, the demands for green, eco-friendly, energy-
efficient systems are increasing daily. In optical networks,
the scope for improving energy efficiency is wider in
access networks than in metro/core networks [1]. Further-
more, due to upraising services such as video on demand,
internet of things, and multimedia applications, there is a
need for bandwidth. A point-to-multipoint access network
called a passive optical network (PON) helps in attaining
more bandwidth and energy efficiency [2].

In the Asia-Pacific region, the installation of the Ethernet
passive optical network (EPON), a standard of PON, has
been observed [3]. The EPON, which is an Ethernet-frame-
based technology, is analogous to well-established local
area network technology [4]. As shown in Fig. 1, the
EPON comprises major subsystems, namely, an optical
line terminal (OLT) and optical network units (ONUs),
which are located at the central office and the user
premises, respectively. The process of communication
from the OLT to the ONUs is downstream transmission,
while the reverse is upstream transmission. During down-
stream transmission, the broadcasted signal from the OLT
is received by a particular ONU based on the hardware or
medium access control (MAC) address. Upstream trans-
mission, in contrast, involves time division multiplexing
(TDM), and each ONU is allocated a particular timeslot to
access the OLT. Although the EPON is an energy-efficient
network, further power conservation in the EPON is more
probable at the ONUs. This can be made possible by
switching the transmitter and (or) receiver off within the
idle time available. The mode with the ONU transceiver off’
is known as sleep mode, whereas the mode with the
transmitter alone in the off condition is known as doze
mode [5]. Hence, the spontaneous noise effects are also
compromised.

In the EPON, many methods are available to achieve
power conservation and to improve energy efficiency by
switching the ONUs to sleep or doze mode. Wong et al. [6]
analyzed the energy efficiency by allocating static
bandwidth and dynamic bandwidth to the ONUs. In
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Fig. 1 Basic EPON architecture [2]

addition, a comparison of a vertical cavity surface emitting
laser (VCSEL) ONU and a distributed feedback (DFB)
laser ONU was discussed. To satisfy the bandwidth
requirement of ONUs by switching in between the 1G-
EPON and 10G-EPON techniques, Zhang et al. [7]
proposed a double sleep state and dynamic double
threshold receiver selection mechanism through which
the power consumption was controlled and the quality of
service was achieved. Energy efficiency with asymmetric
traffic was discussed in Refs. [8,9], with respect to the
active, sleep and doze modes and their interstate transi-
tions. Stating the possibility of another power saving
mode, namely, transmission mode, the calculation of
energy efficiency was explained in Refs. [10-12], using
different possible states of the ONU. To change the
common procedure of allocation of the sleep mode by the
OLT, Hwang et al. [13] described decentralized service
interoperability in Ethernet passive optical network
(SIEPON) mechanism, which highlights the importance
of energy-efficient systems by meeting the delay time of
various classes of services. Butt et al. [14] reported an
energy-efficient bit interleaved PON (Bi-PON) by varying
the frame structure through the introduction of a decimator
unit to distinguish between data sent to different ONUs.
Van et al. [15] proposed an energy saving passive optical
network (ESPON), where the insertion of sleep/doze mode
was discussed by rescheduling the GATE, REPORT, and
data transmission duration. Lv et al. [16] suggested a load
adaptive sequence arrangement (LASA) method using a
DFB laser ONU and the optimum sequence arrangement
reference (SAR), that represents the number of delay
polled ONUs resulting in sleep mode. The wireless-optical
integration mechanisms were reported in Refs [17,18],
where they were used to take advantage of their mobility
and flexibility. Shi et al. [19] described a service level
agreement (SLA)-based scheduling scheme that involves
dividing the traffic at the ONU into packets according to
priority and then allocating a guard time to serve high-
priority packets. Garfias et al. [20] deliberated the energy-
efficient dynamic bandwidth and wavelength allocation
(DWBA) mechanism by switching the receivers off

according to the upstream traffic observed at the OLT.
The impact of low power modes on energy efficiency was
discussed by Dixit et al. [21] with various next-generation
optical access (NGOA) architectures; the dependency of
conservation on cycle time was also highlighted. The field
programmable gate array (FPGA)-based dynamic band-
width evaluation was discussed by Pham et al. [22], where
the proposed sleep-aware dynamic bandwidth allocation
(SDBA) mechanism achieves energy efficiency as well as
quality of service. Dourado et al. [23] illustrated the
computation of power consumption at the central office for
different PON topologies for a given split ratio and
bandwidth demand of the user while meeting the quality
constraints.

In the literature, to the best of our knowledge, the energy
efficiency of the ONU has been analyzed under the
constraint of a fixed polling sequence for ONUs (no
change in the TDM sequence). However, Lv et al. [16]
discussed a variation in the polling sequence known as
LASA with a DFB laser for ONUs, though they did not
include the doze mode in the analysis. In LASA, the
number of ONUs that deviate from the existing fixed
polling sequence is represented by the SAR value. The
optimum SAR, a sleep count reference in the LASA
method, is varied to the value at which the total sleep time
of the ONUs in the network is maximum. However, the
power consumption can further decrease if the SAR value
is varied to the extent that the idle time of delay polled
ONUs satisfies the sleep mode threshold. This concept
fueled the idea of the modified LASA (MLASA) method
with the inclusion of the doze mode. Furthermore, the idle
time of delay polled ONUs and non-delay polled ONUs are
unique in the respective association. To provide different
idle times to the ONUEs, in this work, we propose a first-in-
last-out (FILO) method, in which the scheduling sequence
varies in different cycles in an FILO manner. The varied
idle time to the ONUs over the fixed polling sequence
results in a reduction in power consumption due to an
increase in the sleep count. This method is applied to the
VCSEL ONU and DFB laser ONU, and the modes of the
ONU considered are the active, doze and sleep modes. The
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performance of inter-ONU scheduling methods is also
observed with respect to the following parameters: energy
savings (%), maximum delay (ms), and device life time.
The scheduling methods with FILO and MLASA are
unique in terms of the idle times assigned to the ONUs.

The remaining part of this article is structured as follows.
Section 2 discusses the existing traditional polling
sequence. Section 3 deliberates the proposed polling
methods for ONUs. Section 4 describes the simulation
results and offers a discussion. Finally, Section 5
summarizes the paper.

2 Traditional fixed polling sequence

In the 10G-EPON, the traditional (fixed) polling sequence
is used for the scheduling of ONUs. This section
introduces various timing parameters, and the effect of
the constant bit rate (CBR) traffic on time durations is
analyzed. The OLT assigns the upstream channel to the
ONUs through multi-point control protocol (MPCP)
messages known as GATE (G) and REPORT (R), as
represented in Fig. 2. Assuming the bandwidth require-
ment of ONUs is known to the OLT at the very first
instance (cold start), it broadcasts a GATE message with
the following attributes: data transmission duration (7ga,),
polling sequence label and idle time. Upon reception, the
ONU, say ONU 1, transmits the data during the assigned
Tqata and gives the REPORT message stating the
bandwidth that must still be served. Furthermore, each
ONU, as shown in Fig. 2, is assigned a slot duration (Tony)
for processing data with the other attributes considered.
The Tonu covers the data transmission duration (7gaa),
round trip time (RTT) as per the propagation distance, and
control message processing time (7cpu1). The Teng 1 the
time it takes to process the MPCP messages. After sending
the REPORT message, the ONU is idle for the assigned
time duration (Tqic), as in Eq. (1). This assignment occurs
in a cyclic manner from ONU 1 to ONU »n, where n
represents the number of ONUs in the network, and the
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next cyclic sequence restarts from ONU 1. It is also
assumed that the upstream and downstream data (DATA)
transmissions occur at the same time.

Tigte = Teyele — Tonus (1)
Tigie = (n—1) X Tonu, 2)
Tigie> Titeep-to-actives 3)
Teep-to-active = Tidle™ T doze-to-actives )
Tgeeponu = Tidie — Tsteep-to-actives )]
Tozeonu = Tidle — Tdoze-to-active> (6)
Toyele =1 X (% + RTT + Tcntrl) . 7
u

The timing parameters, namely, cycle time (7yci) and
idle time (7}qic), are shown in Fig. 2. The cycle time is the
time taken to process the incoming traffic from all ONUs in
one TDM sequence, where the cycle time denotes the
maximum cycle time duration. Furthermore, the idle time
of the ONU is the time duration over which the particular
ONU is not accessing the upstream channel, as given in
Eq. (1) [24]. It can be modified to Eq. (2) by replacing the
cycle time as the total slot duration of # ONUs. As asserted
in the above section, to design the PON to be energy
efficient, the ONUs not accessing the upstream channel
should be granted one of the power saving modes, either
sleep or doze, during their idle time durations. This
scenario is possible provided the ONU idle time satisfies
the wakeup time threshold of the corresponding mode. The
wakeup time is the time required to recover the OLT clock
and to synchronize with other ONUs. Furthermore, the
ONU has to turn its transceiver on just-in-time to receive
the GATE message and begins transmission after it
receives the GATE message [25]. To accomplish this, it
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Fig. 2 Traditional fixed polling sequence [16]
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can be considered that the idle time duration is split into
sleep/doze mode time and wakeup time, as illustrated in
Fig. 3. If the idle time of the ONU is more than the sleep-
to-active time (7Tgicep-to-actives Wakeup time), the OLT transits
the ONU from active mode to sleep mode, as specified in
Eq. (3); otherwise, if it is more than the doze-to-active time
(T gose-t0-active>» Wakeup time), as given in Eq. (4), then it will
be switched to doze mode [26]. The power consumption
during sleep mode is lower than that during doze mode.
Hence, the condition for the sleep mode is checked first. If
the wakeup time threshold of both power saving modes is
not met, then the ONU will stay in the current active mode.
From Egs. (5) and (6), the sleep time (7ecponu) and doze
time (Tyo..onu) Of the ONU can be calculated. The cycle
time duration is represented in terms of the number of bits
granted (Wax), upstream line rate (Ry), Teneg and RTT, as
in Eq. (7).

As mentioned in the above section, at the cold start, the
OLT collects the REPORT message from all ONUs and is
assumed to assign the average of the requested bandwidths
to each ONU. Let us consider the CBR traffic observed at
each ONU. Thus, each ONU sends a REPORT message
with the same bandwidth requirement in all cycles. It is
also assumed that the ONUs are equidistant from the OLT,
that is, 10 km apart [27]. Hence, the RTTs are equal in
value. Furthermore, T, is assumed to be negligible.
Therefore, the cumulative time duration (7oNy) is identical
for all ONUs. Thus, the cycle time and idle time per ONU,
which are functions of Tony, are observed to be equal in
value through the cycles. In this static scenario, the guard
delays are assumed to be negligible, as the OLT at the
central office controls the polling sequence. However,
consideration of another set of CBR traffic ONUs in the
network leads to different idle times. Hence, in this work,
the system response for different idle times is examined.

3 Proposed polling sequence methods

In the traditional polling sequence, the idle time of the
ONUs is fixed and equal in all cycles. This enables all
ONUs to be in the same idle mode. To provide the ONUs
with different idle times (idle modes), various polling
methods are discussed in this paper by varying the TDM
sequence in different cycles. The polling methods include
the FILO method and the MLASA method. As mentioned
in the above section, the idle time needs to be greater than
the sleep mode wakeup time threshold to allow the ONUs
to enter sleep mode. Thus, for the traditional polling idle

time values, which are from 0.2 to 2 ms, the ONU is
switched to doze mode. Therefore, by varying the polling
sequence, namely, FILO and LASA, in the proposed FILO
and MLASA methods, respectively, the idle time of the
delay polled ONUs for this region increases such that this
rescheduling improves the sleep count. The slot duration
and the number of bits assigned for each ONU in the FILO
and MLASA methods are similar to those of the traditional
method. However, the variation in the polling sequence
reflects on the idle time available to the ONUs. It should be
noted that the FILO method is a combination of the FILO
and traditional polling sequences in their suitable ranges
for the system with better power conservation. Similarly,
the MLASA method is the combination of the traditional
polling sequence and LASA polling sequence, with
different SARs than the one considered in the LASA
method.

3.1 FILO method

In the FILO method with the proposed FILO polling
sequence, the inability of the traditional polling sequence is
overcome by delaying the first polled ONUs in the present
cycle such that it polls last in the next sequence. Similarly,
the second polled ONU is made to poll last but one in the
next sequence, and so on. Thus, the FILO sequence is
employed for the regions in which the sleep count of the
ONU is poorer, while in the remaining regions, the
traditional polling sequence is retained. The FILO method
is used with the VCSEL ONU and DFB laser ONU.

The FILO sequence is a mechanism in which the first
polled ONU that is ONU 1 in the present cycle, is made to
poll last in the next cycle, as presented in Fig. 4. Due to the
rearrangement of the polling sequence, the idle time value
of the ONUs increases/decreases compared with the
traditional idle time. Thus, the ONUs whose idle time is
increased may cause an improvement in the sleep count.
As stated in Section 2, it is also assumed that the guard
delay is negligible. Thus, the ONUs, which are polled last
and last but one in the current cycle, are swapped in their
sequence from the conventional FILO pattern for the next
cycle. Otherwise, the idle time available for the last ONU
would be zero. Each ONU in the polling sequence is
assigned a unique label to demarcate the sequence, and it is
communicated through a GATE message. On the other
hand, the label in the REPORT message is useful to
endorse the polling sequence.

The idle time of the ith ONU, due to the proposed FILO
sequence, is represented by Tiq..;, and the idle time of the
traditional polling sequence is represented by 7jq. During
the traditional idle time (7jq.) that results in a doze mode
that is from 0.2 to 2 ms, the provision to adopt the FILO
sequence is verified. Therefore, the idle time value of the
FILO polling sequence must be related to the traditional
idle time, as given in Eq. (8). Here, the idle time of the ith
ONU in the FILO sequence is calculated based on a value
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proportionate to the number of ONUs that are accessing the
upstream channel.

2 X (n—1i
Tigle—i = # X Tidies ®)
Tigie>1 ms. ©))

The region for the FILO sequence is chosen such that the
longer idle time (7iq 1) resulting from varying the polling
sequence needs to be greater than the wakeup time of the
sleep mode. Thus, the idle time of ONU 1 is also
represented in terms of the sleep mode time and wakeup
time, as shown in Fig. 4. By substituting the i value with 1
in Eq. (8), the lower limit of the traditional idle time for the
application of the FILO sequence is identified as in Eq. (9).
Therefore, during the region of idle time greater than 1 ms
and up to 2 ms, the FILO sequence is considered. The
ONUs that are swapped in their sequence, as mentioned
above, have an idle time that is equal to Tony. This idle
time is equivalent to the doze mode time since the wakeup
time is negligible. The performance of the FILO method is
evaluated by considering the traditional idle time as a
reference. Among the variations of traditional idle time, the
suitable range for the FILO polling sequence is identified,
followed in the cycles. On the other hand, the fixed polling
method is the polling method. The OLT at the central office
controls the polling sequence as well as the swapping
mechanism in the case of FILO.

3.2 MLASA method

The FILO sequence provides unique idle times to all
ONUs and provides the scope for the sleep mode to a
specific set of ONUs by virtue of its nature. On the other
hand, the existing LASA method with the LASA polling
sequence assigns equal idle time to delay polled ONUEs,
and sleep mode is achieved by different sets of ONUs over

several cycles. However, this method considers only the
active and sleep modes and works with DFB laser ONUs.
Therefore, the ONUs that do not meet the threshold for
sleep mode are allowed to switch to active mode, and thus,
the power consumption in the LASA method is greater
than that of the FILO method. Furthermore, the FILO
method is simulated with DFB laser and VCSEL ONUs.

As stated in the introduction of Section 3, the LASA,
FILO and MLASA are considered in the range of values
where the traditional fixed polling sequence fails to meet
the required threshold for sleep mode. Hence, in that
identified range, the LASA polling sequence is executed
by delay polling the first polled & ONUs in the present
cycle in the next cycle [16], where € represents the
sequence arrangement reference (SAR). The optimum
SAR value considered in the LASA method is computed
by varying the number of delay polled ONUs until the total
sleep time of the ONUs in the network is maximum [16], as
in Eq. (10). The equation can be modified in terms of slot
duration (Tony) and the sleep mode wakeup time
(Twakeup)> Which is 2 ms, as given in Eq. (11). Equation
(11) is further modified to Eq. (12) using Eq. (2) to
understand the traditional idle time (7}q)c) reflections on the
LASA method, as discussed in this paper. The computed
approximated optimum value is limited by the fact that the
maximum total sleep time did not include all the SAR
possibilities that also result in sleep mode for the delay
polled ONUs. Furthermore, it also results in the same
maximum total sleep time. Rather than limiting to the
maximum sleep time to achieve a further reduction in
power consumption, the MLASA method is suggested by
including the maximum possible sleep count (maximum
possible SAR).

The MLASA method consists of the LASA polling
sequence and the power saving modes, namely, doze mode
and sleep mode. In the LASA polling sequence, it is
observed that the idle time of the delayed poll ONUs
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decreased as the number of delayed poll ONUs increased.
From the aforementioned remarks, if the idle time of the
ONU is greater than 2 ms, then it can switch to sleep mode.
It should also be noted that the idle time of the delayed poll
ONUs is the same. The condition for the idle time of the
delayed poll ONUs (7pasamax) for the LASA polling
sequence, which is represented in Ref. [16], in terms of the
traditional idle time (7q;c) and the SAR (6), is given in Eq.
(13). With the variation in 6, it is evident from the
conditions and observations that the maximum possible
SAR (6) for the MLASA method is the maximum value at
which 7} osamax Satisfies the 2 ms limit as in Eq. (14). The
modified condition of Eq. (14) using Egs. (1) and (2) is
given in Eq. (15). As stated in the above section, the
performances of the LASA and MLASA methods are
evaluated by taking the traditional idle time on the x-axis.
Among those values, the suitable idle time range for both
methods is above 1 ms and up to 2 ms, and for the
remaining idle time duration, the traditional polling
sequence is followed. Moreover, both methods are
considered with the DFB laser ONU only. However, the
major difference between the methods is the consideration
of the idle modes and the selection of 6 values.

Tcycle - Twakeup + (I’l B 1) X TONU

0= 10
2 X TONU ’ ( )
QZ(WXTONU)*zJF(”*l)XTONU’ (11)
2Tonu
0 — (2]’[-1) X Tidle_2 X (n_l)’ (12)
2 X Tidle
Tiasamax = Teyele + Tigle =0 X Tonus (13)
T AsAmax > 2 ms, (14)
(2xn_1)xTidle_(2(n_1))>€. (15)

Tidle

3.3 Algorithm

The algorithm specifies the general representation of all the
scheduling algorithms. This step-by-step algorithm enables
understanding the considered timing values, the perfor-
mance parameters and the polling sequences for this
unified framework. Moreover, the response of the network
parameters with the variation in idle time is discussed. The
idle time variation is, in turn, the resultant of different CBR
traffic sets considered at the ONU. An idle time range
assumed from 1 to 3 ms for the case of the traditional
polling sequence (7Tiq.) is considered in this paper.
Furthermore, for the identified traditional idle time,
which is from 1 to 2 ms, and with the provision of the

FILO polling sequence, the LASA polling sequence is
verified. In the identified range, the variation in idle time of
the ONU due to different polling methods, namely, FILO
and MLASA, is computed accordingly. The idle time
duration of the algorithms considered comply with the
delay constraint of the service. The idle time considered, of
course, attributes the delay of the system. However, as per
the proposed FILO polling sequence, the system will
undergo FILO polling sequences above 1 ms and up to 2
ms. On the other hand, the system will undergo a fixed
polling sequence out of these idle time value ranges. Thus,
at any point in time, the system will undergo FILO/LASA
or a fixed polling sequence. The 4 ms delay constraint
shown in Table 1 is defined as the idle time range
considered in this work. After the calculation of the idle
time, the mode and mode duration of the ONU are
determined using Eqgs. (3), (4) and Egs. (5), (6),
respectively. If the idle time of an ONU is greater than 2
ms, then the state of the ONU will be switched to sleep
mode; if it is greater than 330 ns, it will be switched to doze
mode and active mode otherwise. The time duration over
which the ONU stays in sleep mode (Zeepony) Or doze
mode (Tyo00nu) 18 calculated using Eqgs. (5) and (6),
respectively. The idle time/cycle time range considered in
this paper is limited because the primary objective is to
observe the response with LASA/FILO polling sequences.

P c = ACcount X P act T DZCount X P doze T SLcount X P sleep»

(16)

(1_Pact X Tact +Pdoze X Tdoze +Psleep X Tsleep)
Pact X (Tact + Tdoze + Tsleep)

x 100%, (17)

n= <(Pact_Pdoze) X Tdoze + (Pact_Psleep) X Tsleep>
Pact X (Tact + Tdoze =+ Tsleep)

x 100%. (18)

The performance metrics, namely, the power cumulative
(P.) and percentage of energy savings (1), within the idle
times between cycle, are computed using Eqgs. (16) and
(17), respectively. Equation (17) is rearranged to yield Eq.
(18). It should be noted that the idle time of the ONUs
varies for different polling methods; however, the slot
durations of the ONUs in each method are equal. Hence,
the mode of the ONU in respective idle time is identified.
Therefore, the total number of ONUs in the doze, sleep and
active modes is denoted as DZ, .. (doze count), SLcount
(sleep count), and ACqun (active count), respectively. The
overall time duration in which the ONUs stay in power
saving mode is represented by Ty,,e and Tgjeep. Similarly,
the active time (7,) is a total wakeup duration and is the
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time duration either from doze to active mode or from sleep
to active mode. However, the slot duration, where the
ONU is in active mode (i.e., the duration of mutual
communication between the ONU and the OLT as well as
the RTT and the control message processing time) is
denoted by Tonu. This scenario is explained through the
stepwise algorithm given below. P,c, Pgjeep, and Pgoze
represent the active, sleep and doze power, respectively. In
general, for the TDM sequence, one ONU will be in active
mode, while the other ONUs will be in either sleep/doze or
active mode.

Stepwise algorithm:

1. In each cycle, the REPORT Messages in CBR traffic are sent from the
ONU to the OLT.

2. For the chosen MLASA FILO or fixed polling methods, compute Tigje
and Teycic of the ONUs based on the average bandwidth.

3. The variations in the CBRs lead to variation in the idle time of ONUs
with constant cycle time/variation.

4. for Tige= 1 ms:0.2 ms:3 ms

5.if (Tidle >2 ms)

6. Ts]cchNU: Tidlc72: SLcounl: SLcounlJ" 1;

7. else (Tigie> 330 ns)

8. TdozeONU: TidI37 3309 DZcount: Dchum+ L

9. end.

10. Tieep= total sleep time of ONUs, Tg,,.= total doze time of ONUS, T~
total wakeup time of ONUs, including sleep to active time and doze to active
time.

11. Compute network (power cumulative, energy savings, and maximum
delay).

4 Results and discussion

The algorithms of the proposed FILO method and the
MLASA method are simulated using MATLAB software
to evaluate their performance metrics. The parameters
considered for analysis are given in Table 1. The traffic
considered for the simulation is CBR traffic. In this work,
the types of ONUs considered are VCSEL and DFB laser
ONUs due to their advantages, including wavelength
selectability, tunability, sensitivity to temperature varia-
tions and commercial availability [6,28]. From the
aforementioned remarks for the idle time range from 0.2
to 1 ms, the fixed polling mechanism can be availed.
However, the consideration of a distance of 10 km limits
the plot from 1 ms.

As the idle times of the FILO and MLASA methods are
computed in terms of the traditional fixed polling idle time,
the x-axis caption of all figures is the traditional fixed
polling idle time. The power cumulative comparison of
various polling methods is illustrated in Fig. 5. The
percentage of emergy savings of the various polling
methods for various values of the idle time is shown in
Fig. 6. When the idle time of a VCSEL ONU lies from 1 to
2 ms, the observed power cumulative with traditional
polling is constant at 38.5 W, where all 10 ONUs are in
doze mode. However, for energy savings, as per Eq. (17),

Table 1 Parameters considered for analysis [6]

S. No. parameter value

1 number of ONUs 10

2 upstream line rate (R,) 10 Gbps
3 delay constraint 4 ms
4 VCSEL P,five 3.985 W
5 VCSEL Pgeep 0.75 W
6 VCSEL Pyoze 385W
7 VCSEL sleep to active time 2 ms

8 VCSEL doze to active time 330 ns
9 DFB laser P,ye 5.052 W
10 DFB laser Pyjeep 0.75 W
11 DFB laser Pgoye 3.85W
12 DFB laser sleep to active time 2 ms
13 DEFB laser doze to active time 760 ns
14 distance reach 10 km
15 idle time variations 1 ms:0.2 ms:3 ms

the total sleep time (7ieep) is zero (i.e., due to all ONUs
being in the doze mode), and the active time (7,) (i.e., the
total doze to active wakeup duration) variation is trivial.
Thus, the variation in the idle time reflects only a shift in
the doze time (7y4,,.) in the case of traditional polling,
which results in energy savings that are constant at
3.385%. Similarly, the energy savings for the DFB laser
ONU would be constant at 23.7%. Table 1 shows that the
active mode power consumption (P,gve) in the case of the
DFB laser is greater than that of the VCSEL ONU. Hence,
the selection of doze mode power savings during the idle
time duration resulted in more energy savings in the case of
the DFB laser ONU.

For idle times greater than 2 ms, all the ONUs are in
sleep mode. Hence, the power cumulative is constant at 7.5
W, as per Eq. (16). This sleep and doze mode power
consumption holds irrespective of the ONUs (i.e., either
DFB or VCSEL), as stated in Table 1. Thus, the power
cumulative trends for the DFB laser and VCSEL ONUs are
similar, although the doze mode wakeup time is different
for both types, and the variation in the value is trivial. On
the other hand, for energy savings, with both types of
ONUs, the doze time (T4oy.) is zero (i.e., due to all ONUs
being in sleep mode). However, the active time (7, (i.e.,
the total sleep to active time duration of the sleep mode
ONUs) is constant throughout the region. Thus, the
variation in the idle time reflects only on the shift in the
sleep time, which results in an abrupt increase in the energy
savings according to Eq. (17).

To improve the power conservation during the idle time
of the traditional method that results in doze mode, a new
polling sequence called FILO polling, as described earlier,
is introduced to vary the idle time of the ONUs to increase
the sleep count. This is possible if and only if Eq. (9) is
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Fig. 6 Energy savings of polling methods against idle time

met, which necessitates that the idle time range must be
above 1 ms and up to 2 ms. However, outside this idle time
range, that is, from 0.2 to 1 ms and greater than 2 ms, the
ONU follows the traditional polling method.

During the FILO range, for a variation in idle time from
1 to 2 ms, the sleep count is increased. Due to this increase,
there is a reduction in the power cumulative, as per
Eq. (16). Therefore, at an idle time of 2 ms, as per the
traditional polling method, all 10 ONUs would be in doze
mode. On the other hand, in the case of the FILO polling
method, 5 ONUs alone would be in doze mode, while the
remaining 5 ONUs, in sleep mode. The fifty percent
reduction in the doze count or increase in the sleep count
resulted in an approximately 15.5 W reduction in power
cumulative in the PON network. For the energy savings, in
both ONU types, the increase in the number of sleep mode
ONUs resulted in an increase in the sleep time (7jeep) and

active time (7, and a decrease in the doze time (7goyc)
The substitution of the corresponding timing values in
Eq. (18) disclosed the increased energy savings behavior
with respect to the variation in idle time, as shown in
Fig. 6. Thus, at an idle time of 2 ms, the adoption of the
FILO polling sequence instead of the traditional method
resulted in a 20% improvement in the energy savings with
the VCSEL ONU.

The comparison of the power cumulative (P.) and the
percentage of energy savings (i) for the idle times 2, 1.6
and 1 ms of different polling methods is described in
Table 2. In the LASA method, the ONUs stay in active
mode for the idle time range less than or equal to 1 ms. On
the other hand, at 1 ms, due to the FILO method, the ONUs
are in doze mode, thus resulting in 12 W reductions in the
power cumulative when compared to the LASA method, as
shown in Table 2. Similarly, there is an improvement of
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Table 2 Performance comparison of different polling methods

method idle time=2 ms idle time=1.6 ms idle time=1 ms
PJ/W n/% PJ/W n/% PJ/W n/%
traditional fixed polling DFB 38.5 23.7 38.5 23.7 38.5 23.7
traditional fixed polling VCSEL 38.5 3.38 38.5 3.38 38.5 33
LASA method 29.0 23.6 29.0 12.9 50.5 0
FILO VCSEL method 23.0 233 26.0 14.6 38.5 33
FILO DFB method 23.0 28.9 26.0 22.1 38.5 23.7
MLASA method 10.6 8.4 16.8 6.4 38.5 23.7

23.7% in the energy savings due to the FILO DFB method
compared to that of the LASA method.

The sleep count (number of sleep mode ONUs) with
respect to the variation in the traditional idle time (7q) for
the LASA method and MLASA method (that are
calculated as per Egs. (12) and (15), respectively) is
shown in Fig. 7. During the idle time range considered
(from 1 to 2 ms), the sleep count due to the MLASA
method is observed to be greater than that due to the LASA
method. The 50% to 100% increase in the sleep count
resulted in a 30.1% to 63.46% decrease in the power
cumulative. However, the ONUs other than those in sleep
mode are in doze mode and active mode for the MLASA
method and LASA method, respectively. The substitution
of the corresponding mode counts results in a better power
cumulative (as per Eq. (16)) for the MLASA method
compared to that for the LASA method, as shown in Fig. 5.
The adoption of the doze power saving mode and variation
in mode timing results in better energy savings with the
MLASA method at an idle time of 1 ms than that with the
LASA method, as shown in Fig. 6.

The maximum delay experienced (i.e., the ONU having
maximum idle time) by various methods is plotted in
Fig. 8. In this system, other delays are considered to be
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Fig. 7 Performance evolution of the LASA method and MLASA
method

negligible; therefore, the delay is directly proportional to
the idle time. The increase in the SAR (sleep count) for the
MLASA method results in a decrease in the idle time
compared with the LASA method. It is also observed that
the FILO sequence has maximum delay among the
methods [29]. On the other hand, the device life time is
the metric that represents the reparations and cost aspects.
The average off (Tof, idle time) and on (T,,, slot time)
durations of ONUs, as in Eq. (19), are equal in all polling
sequences. The failure rate (y) when the device is in the
active state (7y,,) or in the sleep state (7y¢) is assumed to be
the same in both sequences. The last division term denotes
how frequently the operational state changes. The state
transitions in the LASA method, as explained in Ref. [16],
are less than those in the FILO method. Therefore, the
device life time (1/7) is less in the FILO method than in the
LASA method.

T on T off f

Yon T+ Yoft + - :
o Ttotal ° Nf X Ttotal

Y= 19)
Ttotal
In this work, the considered CBR traffic, with an average
bandwidth of the REPORT messages and equidistant
ONUs, resulted in equal cycle times and the same idle time

per ONU. However, the variable bit rate (VBR) traffic
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results in different cycle times and different idle times per
ONU. Incidentally, to match the real-time scenario, in our
previous work [30], the applicable region of LASA is
identified with VBR traffic by considering two different
cycle times (resultant of fixed polling sequence), with each
cycle time being proportional to the other. As the
proportionality increases, the applicable range of LASA
was observed to be delayed or extended with equal ranges
of values considered for the maximum and minimum idle
times, respectively. The considered average value of the
REPORT messages resulted in equal transmission dura-
tions per cycle. In that work, the distance reach is not
considered. Furthermore, the power consumption (cumu-
lative), depending on the state of the ONU with maximum/
minimum traditional idle time variations, was measured
and compared with the fixed polling sequence. An
empirical model was established to identify the counts,
considering every possible parameter variation. However,
that analysis is carried out by considering part of the
system with due possible limitations. The possible
approaches for the fully elaborated system can be
addressed provided the cycle times over the cycles are
predicted in advance. That prediction mechanism may
possibly be attempted by observing the usage patterns of
users with the help of machine learning algorithms, as
discussed by Frigui and Lemlouma [31]. On the other
hand, the methodology with fixed cycle time is expounded
in the next paragraph.

In Refs. [15,26], the dynamic bandwidth allocation
mechanism was discussed with fixed cycle time by
assigning equal time slot durations per ONU. Furthermore,
the polling sequence of the ONUs is a traditional
scheduling mechanism. The timeslot covers the data
transmission period, RTT and control message processing
time. Therefore, within the timeslot available, the data
transmission duration was assigned as per the REPORT
message and the propagation distance, which results in
variation in the RTT [27,32,33]. In this case, the FILO/
LASA methods can be made possible by considering equal
idle times according to equal time slots as a reference, as
discussed in Section 3.

In this work, the FILO/MLASA methods are limited to
the static scenario. However, a detailed analysis of real-
time traffic may be attempted in future work. One of the
limitations of these scheduling methods is unpredictable
traffic. The other limitation is a lesser network reach or a
limited number of ONUs.

5 Conclusions

In this paper, a new polling method, namely, the FILO
polling sequence, has been proposed for the 10G-EPON; it
has provided a unique idle time for each ONU due to the
modification incorporated in the polling sequence. This has
resulted in ONUs attaining the required idle time threshold

for sleep mode from doze mode. The effective idle time
duration for the FILO sequence under CBR traffic has been
discussed. Among the types of ONUs, namely, VCSEL
and DFB laser ONUs, the observed power cumulative
variation was the same. The FILO DFB method out-
performed the LASA method in both power cumulative
and energy savings. The MLASA method had the best
power cumulative among the different algorithms con-
sidered and the minimum delay compared to that of the
other methods. On the other hand, the MLASA method
with the DFB laser ONU had the least energy savings due
to the lesser time duration in the power saving modes when
compared to the other methods. Therefore, the MLASA
can be selected to meet the requirements for which the
power conservation matters most rather than for how much
time the ONU is kept in the corresponding power saving
mode. On the other hand, FILO remained moderate in
terms of energy savings as well as power conservation and
had the maximum energy savings value with the DFB
laser. However, the percentage energy savings for FILO
with the VCSEL ONU resulted in a better value than did
the traditional fixed polling sequence throughout the idle
time range considered. In terms of idle time assignments,
the selection of the FILO method for uneven idle times to
the ONUs and MLASA is for the other case. Additionally,
the proposed polling sequences may be extended as a
future work for ring topologies with CBR traffic.
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