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Abstract %’
In an orthogonal frequency-division multiple access passive optical ne FDMA-

the cycle time is the time duration between the current and next upst transmissions.
S % optical network

unit (ONU). Available subcarriers are limited dug mentation cost, but

the small number of upstream subcarriers increases the cyﬁ e in sending the same
amount of data. In this paper, we determm%e number of”upstream subcarriers to

guarantee low delay under a gated servit line. \
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1. Introduction

Next-generation passw tlcal n (PONs) need to provide a large capacity in
an extended coverage rder to the operation expenditure by decreasing the
number of central alongt ptical link [1]. However, the deployment cost of 40+
Gb/s time-divisi tiple S TDMA) PONSs is expensive due to the scarcity of
available hi optical components and burst-mode receivers [2-3]. Wavelength
division mul ing ( PONs require modifications for network expansion due to
the lack of flexibility namicity [4]. To overcome these problems in an economical

way, hybrid WD A PONSs, time- and wavelength-division multiplexed (TWDM)
PONSs, and orthépk\m frequency-division multiple access (OFDMA) PONs have been
studied [3 e of next-generation optical access technologies, the OFDMA-PONs
enlarge th %ﬂurces (i.e., network bandwidth) by efficiently utilizing available spectra

and e helr transmission distances with the advantage of high resilience to fiber

[3].

%FDMA PONSs, a medium access control (MAC) ensures collision-free access by
llocating subcarriers and time resources to ONUSs [3-4]. In simulations of [3], it is found
that the number of upstream subcarriers for an optical network unit (ONU) is related to
the network delay. In [4], the delay is analyzed with cycle time in accordance with the
number of upstream subcarriers, by using averaged value approaches in [5-6], at an
OFDMA-PON using an interleaved polling method, where the cycle time is the time
duration between the current and next upstream transmissions. According to simulation
results of [4], the cycle time is increased when the number of upstream subcarriers is too
small or big. Finding the number of upstream subcarriers to guarantee a tolerable cycle
time is meaningful. In this paper, the estimation to the cycle time in [3] is simplified to
approximately and quickly determine the number of upstream subcarriers to guarantee

low delay.
The remainder is organized as follows. In Section IlI, mathematical formulas are
presented to find the effective number of upstream subcarriers by considering the cycle
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time at light and heavy load conditions under a gated service discipline, which grants the
amount of bytes requested from ONUs to the corresponding ONU. In Section I, the
simulation results are shown. Section IV concludes this paper.

2. Number of Subcarriers to Minimize Cycle Time

To estimate cycle time, we start from the well-defined OFDMA-PON MAC framework
presented in [2-3]. The MAC framework supports two-dimension (2-D) resource (i.e.,
subcarriers, time) allocation based on the report/gate mechanism of 10-gigabit Ethernet
PON (10G-EPON). In this mechanism, a report message is used to convey the queue
status information of each ONU to the optical line terminal (OLT) and a gate message to
inform the 2-D bandwidth-map (i.e., low subcarrier index, high subcarrier indgx, start
time, and stop time) to the ONUs. We assume the OFDMA-PON with N ON&Qbe
logically located in the same distance (after a ranging process). Here, let S and S) be
the total number of upstream subcarriers controlled by the OLT and the MAXi number

ONUs occurs when the number of subcarrlers ' cont Iess than the total
number of subcarriers (i.e., S < M-N). For S > eachﬁ can use M subcarriers

regardless of access time. For the estimat e used % erleaved polling method
under a gated service discipline to dlstﬁ he upstre ndwidth among the ONUSs,

which is the same as the basic EPON a ch I MA-PON, the cycle time to an
ONU is determined by the time du eqw mterleaved bandwidth grants of
other ONUs. However, the c must b% r than the minimum cycle time Cpy
determined by adding proce ime fqr erating and interpreting the report and gate

light and heavy Ioads hown re 1, denoted using subscripts L and H,

messages round-trip time (RTT). ThErefo«qaE e divided the cycle time into two cases,
respectively.

OLT
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%e 1. lllustrations of Cycle Times Under (a) Light and (b) Heavy Loads

For the light load, Figure 1(a) shows that the aggregated bandwidth of the ONUs’ grant
is less than the bandwidth during the time added by the minimum cycle time, based on the
time duration of the averaged grant of the ONUs. With the assumption that each ONU
requires a guard time in its turn, the cycle time (Cv) of ONU-#K is determined by the
summation of the minimum cycle time (Cyi,), guard time duration (Tguarg), and averaged
time duration (Gv,) corresponding to the bandwidth grant for upstream transmission, i.e.,
Cu= Chin + Tguara + Gu. Then, the averaged cycle time E[C.] in the network is given by
taking the average of the cycle times of N ONUs, i.e., E[CL] = (1/N)-31,CL,, such that
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E[CLk] = Cmin guard ZGLk (1)

In (1), the grant time duration (Gv,) varies depending on the modulation format of the
ONU upstream subcarriers. With the assumption that traffic loads among N ONUs are
equally distributed, (1) can be rewritten by grouping the ONUs based on their modulation
formats as

E[CLk] = Cmin +Tguard+%'Z(Nm 'GL,m (2)

o

Where m is the number of modulation format levels (e.g., m = 4 for 4 %d N
and G, are the number of groups and averaged grant time duration of thg g with the
same value of m, respectively. To obtain the avera cle ti i
consider the relation between E[CL] and G . Sm%p NU _rep

length for each polling cycle, the averaged roximat gual to the time
duration for transmitting generated bytes at a r@ [bltsﬁr}hg E[C.] through M
subcarriers having a rate R, per single subca‘%| e,G n= Cy]/ (M-Ry). Then, by
substituting G, in (2) and solving forE[@ e avera%@cycle time under light loads

can be obtained as

S AL

E[C, 1- (Cow +T&%@& @ 3
a ‘N-—o- Z" ( \%

Note that smce e tlme Lk must be a positive value, (3) holds for a < M'N'/
(Zallm N /Rm)
For the h d case e time duration required to resolve the aggregated

bandwidth o is larger than E[CL], the cycle time (Cwn,) of ONU-#k
increases based on ti U&quwed for the parallel interleaved grants of other ONUSs, as
shown in Figure 1 g&nce the upstream bandwidth under heavy loads is fully utilized by
the ONUs, the z&d cycle time E[CH,] can be obtained by dividing the time duration
required f I ONU upstream transmissions using a single subcarrier by S subcarriers.
Then, Wh%p NU uses M subcarriers for short delay, E[Ch,] can be expressed as

O, .
&:;'ZM '(Tguard"‘GHk)’ (4)

Where Gu, is the averaged time duration of the bandwidth grant for the upstream
transmission of ONU-#k. Similar to the process of the light load case, (4) can be extended
to a network having ONUs using different modulation formats. By grouping the ONUS,
(4) can be rewritten as

M -N M
E[CH, 1= g Touars+ g SNy -G ()
allm
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Where Gy is the averaged grant time duration of grouped ONUSs with the same value
of m. The averaged time duration Gy, is then determined using Gy n = a'E[Ch,] / (M'Ry).
By substituting Gy, into (5) and solving for E[Cw,], we can also obtain the averaged cycle
time at heavy loads, as

EIC,, ] = e ©)

s—a-3. (N,/R,)

Equation (6) holds for o < S/ (3aim Nm / Ry) to guarantee a positive cycle time value.
Ultimately, the averaged cycle time for both the light and heavy load cases¢can he
determined by max(E[CL,], E[CH,]). \)

3. Simulation Results 62
[ ]

For cycle time estimation, an OFDMA-PON with S = ‘S'égnd N t a distance of
20 km having an RTT of 200 ps (and 100 km having, F fx s modeled. The
processing and guard times are set to 35 us [6] @ 470 us4/], respectively; the guard
time refers to that of a TDM-PON. The transmission rat ingle subcarrier with

BPSK modulation is set to 39 Mbits/s, corra@ﬂding.to total network capacity of 10
Ghits/s for 256 subcarriers. . \Q d,?
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Figure 2. Cy@es at Different Distances of (a) 20 km, and (b) 100 km
w8 th

e averaged cycle time as a function of the number of upstream

Figure 0
subcarrier%‘ﬂ averaged traffic generation rates of 10 Mbits/s, 65 Mbits/s, 70 Mbits/s,
and 75@ s for an ONU. Here, BPSK modulation was also assumed. The averaged

c under light load displays relatively low and flat values over the entire range of
subgaryier numbers because the ONU bandwidth grants can be accommodated within the
bandwidth during the minimum cycle time, which is much larger than the averaged grant
time of a single ONU. On the other hand, the averaged cycle times under heavy loads
fluctuated. The cycle time for a small number of upstream subcarriers (e.g., M = 4) is
decreased due to the sufficient number of subcarriers, and then increased with a large
number of subcarriers (e.g., M > 16 at 75 Mbits/s, and M > 32 at 60 Mbits/s and 65
Mbits/s). This increase is due to waste of the upstream bandwidth incurred by assigning
guard bandwidths to surplus subcarriers. In other words, the number minimizing the cycle
time is should be estimated. At the heavy load, this increase is steeper at 100 km than at
20 km because the size of the bandwidth request for the queued data during the cycle time
increases with the transmission distance. In addition, though the dependence on the
number of subcarriers is similar in both cases, the increase for longer distances starts with
larger subcarriers (Figure 2), i.e., M = 32 at 20 km and 128 at 100 km for 70 Mbit/s. This
result also can be utilized in allocating subcarriers, in order to reduce the cycle time. For
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example, when the number of ONU upstream subcarriers is about 128, we can set the
allocation limit to 65 Mbits/s or 70 Mbits/s to prevent the cycle time from being largely
increased.

145 . . . ; ; 1.4 u u
(i) —o— 60Mbits/s (128 ONUs with BPSK) (i) —o— 60Mbits/s
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Figure 3. Cycle Time at Different Modulation Formats for ( @me (60
Mbit/s), and (b) Different (60, 90, 120 Mbits/s?é?%tream ice Rates

Next, we simulated the dependence of the cyc nth mwion format for the
20 km case. Figure 3(a) presents the averaged cycledtirmes f , 4QAM, and 16QAM
to 128 ONUs required to support the upstrg%service rate ©f 60 Mbits/s. The figure
shows that the number of subcarriers cqrre@] ing to®t inimum averaged cycle time
increases with the modulation format I%& at is, the ndmber 64 for BPSK increases to

128 and 256 for 4QAM and 16QAM ctive y\m
We also investigated the ca g}ing divgt odulation formats between ONUSs
(Figure 3(b)). The line (iii) modulatidn matches that of (i) for BPSK because
though the traffic generation rate doubl %om 60 Mbits/s, the performance is also
doubled by 4QAM. However, in the accommodating hybrid formats, e.g., BPSK
and 4QAM, line (ii)edoés‘ot match’@i) and (iii), even though 64 ONUSs use BPSK
and the other 64 G use 4 . This difference is due to the fact that the time

gam tml ion is reduced by using the high-level modulation
formats for 6 Us, whereas\the upstream bandwidth gain in terms of time should be
redistributed te-all 128 C@Js as fairly as possible. In other words, if the upstream
bandwidth gain is providet to the ONUs with 4QAM, the cycle time will match lines (i)
and (iii). As a resu%;: number of subcarriers corresponding to the minimum cycle time

is decreased fro 32, as shown in Figure 3(b).

the same cycle time, and that a large number of subcarriers can be accommodated
without increasing the cycle time by using high-level modulation formats. In
addition, we found that the number corresponding to the minimum cycle time is
decreased when using a hybrid form of different modulation formats. As such, these
results can be applied to OFDMA-PONSs to extend their reach or to support ONUs
using different modulation formats.
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