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accommodate emerging services and applicationallyirit
Abstract— Principal requirements and technology trends of s critical that future optical access systems lgglia cost
advanced DSP for high-speed, real-time OrthogonalrEquency  efficient. Unlike long-haul fiber optic networks wte
Division Multiple Access (OFDMA)-based PON are anaized.  gistance bandwidth products are sufficiently lamteverage
Key benefits emerge from component integration, mas high implementation cost, PON-based access netyerk80

production and parallel activity in long-haul fiber systems. km) must maintain low hardware and operational espe to
Future PON technologies are highly cost-efficienta remain . . . P P
remain attractive and practical [1].

attractive and practical. OFDM technology that is vell-suited
for future PON Systems. But it requires advanced RQjital Signal
Processing (DSP). Moreover, we provide an analysi$ primary
cost factors in a practical DSP-based OFDMA-PON II. ORTHOGONAL FREQUENCY DIVISION MULTIPLEXING
implementation and survey the most recent achievemss in this

domain. Due to the combination of highly attractiveadvanced A. Basic Principles of OFDM

features and favorable related trends in long haulfiber o : .

vommisin, CFOMAPON e o0 o 8 V60 (oo o s o ouner vaarionen e
promising solution for future PON-based access. g X ; . ques

divides the available spectrum into many carrieeh one

being modulated by a low rate data stream. OFD&nslar

Keywords—OFDM, OOFDM, Passive Optical Network t© FDMA in that the multiple user access is achieby
(PON). subdividing the available bandwidth into multipleatinels
that are then allocated to users. However, OFDM thse 10

spectrum much more efficiently by spacing the cleésxmuch

. INTRODUCTION closer together. This is achieved by making all ¢heriers

orthogonal to one another, preventing interferelnesveen

DEMAND for high-speed data communication Servicas h .
the closely spaced carriers.

recently been increasing as a result of the poiylaf
Internet services. Optical access deployments Hhépge . )
worldwide, with regional customized flavors buitli generic B. Orthogonality Defined
transmission. Orthogonal frequency division muétiphg  Orthogonality is defined for both real and complexued
(OFDM) is a promising technique for high-data-rateeless functions. The functionsn(t) and Cy(t)are said to be
communications because it can combat inter-symb@rthogonal with respect to each other over thevate <t <
interference (1SI) caused by the dispersive fadihgireless D if they satisfy the condition:
channels. OFDMA-PON technology is novel DSP-based 5 -
platform for speed, flexibility and cost-efficiendy future ngm D@, (DT =0, where n =m 1)
high-speed PON access systems. i

Currently, the main target future ultra-high spge@N ~ OFDM splits the available bandwidth into many
systems is to provide higher per-user data ratas tocreased harrowband channels (typically 100-8000), each wstlown
number of subscribers, and achieve longer tran@miss Sub-carrier. These sub-carriers are made orthogonahe
distances. For instance, the ability of the future@nother, meaning that each one has an integer muafbe
ultra-high-speed PON to deliver arbitrary analod digital ~ cycles over a symbol period. Thus the spectrum asthe
services over a common platform, facilitating asoestwork ~ sub-carrier has a “null” at the centre frequenceacth of the
convergence, has emerged as a h|gh|y desirabldrtai the other sub-carriers in the SyStem, as demonstrﬂtgdg-ure 1
network carrier perspective [4]. Likewise, full-teadaptive below. This results in no interference between the
bandwidth allocation to different users and sewiaith fine ~sub-carriers, allowing then to be spaced as close a
bandwidth tunability has been identified as an #gua theoretically possible. Because of this, therecigreat need
attractive feature [4, 5]. Through such advancedufes, the for users of the channel to be time-multiplexedi tiere is no

ultra-high-speed access network is envisioned ¢aitfly ~overhead associated with witching between userds Th
overcomes the problem of overhead carrier spaeqggired
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Figure 1: Orthogonality of Sub-carriers

C. OFDM Carriers

As-fore mentioned, OFDM is a special form of Multi
Carrier Modulation (MCM) and the OFDM time domain
waveforms are chosen such that mutual Orthogonadity
ensured even though sub-carrier spectra may opetéth
respect to OFDM, it can be stated that Orthogonaditan
implication of a definite and fixed relationshiptiveen all
carriers in the collection.

It means that each carrier is positioned suchitleaturs at
the zero energy frequency point of all other casti@he sinc
function, illustrated in Figure 2 exhibits this peaty and it is
used as a carrier in an OFDM system.

fu 1s the sub-carrier spacing

Figure 2: OFDM sub carriers in the frequency domain

Ill.  OPTICAL OFDM IN ACCESS

Spectral efficiency is an important aspect of WDN

systems. Optical OFDM's spectral efficiency is up 1

bit/s/Hz, in principle. This method utilizes thetlygonality

between the spectral profiles of each channel. The
multiplexed signals, whose frequency spacingfiscan be

represented as

(@)

whered,(t) is the data sequence of thin channel T is the
symbol interval and\t = T/N is the sampling interval. The
multiplexed data sequence can be separated ugiisgrete
Fourier transform (DFT),
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We can implement the optical DFT as shown in Fidurén
eq.(3), the terms &4t) and &***™! physically represent an
optical delay line with delay timkAt, and a phase shifter,

respectively. The summation means an optical coupl
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Furthermore, we require bit synchronization atitiput and
an optical gate at the output, because the opb¢al is
effective for the duration of unchanged(t).

Optical Delay Line kat
T
1
Phase Shifter % v
1

. T
Bit Synchronization Optical Gatew
N1 Optical Coupler

Figure 3: Optical Circuit for Discrete Fourier Tefiorm

IV. OFDM BASED PON

As a candidate technology for future ultra-high espe
optical access, optical OFDMA offers significanvadtages
from both the physical layer and networking perspes.
First, as a multicarrier transmission technique ticap
orthogonal frequency-division multiplexing (OFDM)l@pts
a “divide and conquer” approach to ultra-high spébdr
optic transmission. This is achieved by subdividiag
high-bandwidth signal into many partially overlapgiyet
non-interfering lower-bandwidth tributaries, or OWMD
subcarriers, as illustrated in Figure 4. Throughghinciple of
Orthogonality, for a system witN total OFDM subcarriers,
the OFDM subcarrier frequencidn, are selected as

f.=n/T,n=1,2, (4)

TDM service
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}flﬁéq
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A
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Figure 4: Frequency and Time domain partitioningfOFDMA frame

Where T denotes the symbol time on each OFDM
subcarrier. By keepingfixed and increasindy, a high-speed
OFDM signal is generated that exhibits very higdilience to
dominant linear impairments in fiber, including bot
chromatic dispersion (CD) and polarization modgelision
(PMD) [7-9]. Moreover, OFDM boasts a highly effinte
DSP-based implementation based on the fast Fourier
transform (FFT), which also enables straightforward
adaptation of the modulation format on each OFDM
subcarrier. A corollary of this result is that spatefficiency
can be increased cost effectively within a fixedygtal
bandwidth by employing multilevel signaling, suchMrary
quadrature amplitude modulation (QAM) withl > 4.
Consequently, the physical layer benefits of opt@BDM
based PON are analogous to those that have madM@teD

éechnology of choice in high speed wireless systamavell

as copper-based digital subscriber line (D, ther
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information on optical OFDM signal generation, teader is private networks (VPNSs), security channels for ager
referred to [7-9]. networks, and so on.

From a networking point of view, each optical OFDM To complete downstream transmission, the OFDM frame
subcarrier can be regarded as a transparent pipéhédo and any other analog signals are mixed by an éacttr
delivery of arbitrary network traffic. Moreover, aa coupler to drive the optical modulator. At the ONidle,
bandwidth resource with sub-wavelength granula@iyDM  following photo detection, each ONU selects its alata or
subcarriers can also be dynamically assigned tferdiit signal from its pre-assigned subcarrier(s) andiee slots, as
services and/or different users depending on trexiip communicated by the OLT scheduler. To transmit repsh
network demand [4]. This is effectively the fundanta traffic, each ONU maps its data and/or signal $caisigned
paradigm behind dynamic bandwidth allocation an@®FDM subcarrier(s), nulls all remaining subcarrieasnd
heterogeneous service provisioning in OFDM-basedN PO performs OFDM modulation to generate a completendéra
which can also readily be extended to OFDMA-PON, bifor upstream transmission, each ONU maps its datéoa
subdividing an OFDM band between multiple users/@nd signal to its assigned OFDM subcarrier(s), nullsexhaining
combining OFDM and TDMA, such that each OFDMsubcarriers, and performs OFDM modulation to geeesa
subcarrier can be further split among differentiees users complete frame. In Figure 4, for example, ONU-3 idou
in different time slots, also in a dynamic fashigs.a result, assign zeros to the subcarriers carrying the tradfi both
in OFDMA-PON dedicated sub-channels, which can b®NU-1 and ONU-2, and use its pre-assigned OFDM
composed of one or more OFDM subcarriers and/oe tinsubcarriers for upstream Ethernet packet transomsst is
slots, become fine-grained transparent pipes fodidivery also noted that ONUs with a variety of services daih rates
of arbitrary analog or digital signals for bothatiit- and can all be supported in a heterogeneous OFDMA-R®@iith
packet-switched applications. can help achieve a high degree of network flexibiind

Figure 5 illustrates the downstream transmission dffectively manage cost.
heterogeneous services in OFDMA-PON. The frequamcy
time domain partitioning of an OFDMA frame is first
performed by the optical line terminal (OLT), withe V. OFDMA-PON TRANSMISSION USING POLARIZATION
resulting time/frequency schedule broadcasted ltofathe MULTIPLEXING WITH DIRECT DETECTION

optical network units (ONUs) over non-reserved OFDM 0 g data rate limitations imposed by currenttetmic

subcarriers and preconfigured time slots. I_n fo_gnihe digital-to-analog converters (DACs), increasing cipm
schedule, the OLT can reserve some subcarriersdisated efficiency by polarization multiplexing — transniity

transparent pipes and encapsulate packet-basedirdata ,jenendent data streams in both orthogonally pzeldr
remaining OFDM bands and time slots, accordingh® t o5 nqnents of the optical signal — is of great gaiu 100
specific frequency and time domain scheduling tss#or /s OFDM-based PON. Moreover, the inherent coniylex
example, dedicated subcarriers (denoted by reck@nQuqs conerent optical receivers restricts their use i
OFDM sub-bands in Fig. 5) can be reserved as ooi@lg (g sensitive access and metro application, matlinegt
transparent pipes for legacy TDM (T1/E1) serviaes @dio o _coherent) ONU-side photo detection of the fizdion
frequency (RF) mobile base station signals, resmgt o, inlexed (POLMUX)- OFDM signal preferable. Indear
Conversely, the remaining subcarriers in Figgre &n Cto implement POLMUX-OFDM with direct detection,
transparently support packet-based Ethernet traffe the  q\wever, a challenge that is not present in coltigréatected
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Figure 5: OFDMA PON architecture for delivery otéigeneous services. ’J_‘ ﬁ ﬁ ﬁ XL#YL—/ A Ldf/v
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same platform. As the traffic load, type, or usedfipe of the
network change, the subcarrier assignment can
reconfigured accordingly. With this approach, OFDRON Figure 6: Proposed POLMUX-DD architecture (top) &mdjuency domain
is both flexible and extensible to any emergingifat description of POLMUX-OFDM signal generation (battp
applications, including legacy analog lines, digitaPOLMUX transmission must first be addressed. Smediy,

multimedia transmission, cellular backhaul, layewviual ~ Wwith coherent receivers polarization informatiopieserved
such that full post-photo detection separa# bé t

d (o) d (d) (g
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polarization-multiplexed data bands can readilableieved.
Under direct detection, however, the polarizatidorimation
is lost during the non-coherent photo detectiorcess. As a
result, destructive interference can occur betvggnals on
incoming polarization components [5]. At the phdegector
output, this interference can translate to padfatomplete
signal fading [5]. Consequently, a DSP-based algarithat
solves the cross-polarization interference probiscribed
here, while also maintaining the cost-efficienustare of a
traditional direct detection receiver, emergeshasdptimal

transmission rate experimentally demonstrated i RON
system.

VI. UPSTREAM OFDMAPON TRANSMISSION USING
SOURCEFREE ONUS AND COHERENT DETECTION

In order to achieve high ONU-side cost efficienityis
desirable that ONU-side operation, including higleed
upstream transmission, be “colorless” rather thdopa an
architecture that is wavelength-specific to eacHJJNO].

solution for enabling 100 Gb/s POLMUX downstréampyis can pe achieved in OFDMA-PON by transmittiflg a

transmission in OFDMA-PON. Figure 6 shows the sciitém

upstream OFDM ONU signals over a common wavelength,

diagram of the proposed OFDMA-PON featuring POLMUX, i case it is necessary to upgrade the OL&-sideiver to

and direct detection [5]. At the OLT, a continuouesve laser
drives an intensity modulator (IM) that is moduthtey a
clock source with frequencyc, generating two optical
carriers, X and Y, separated by two times the clsalrce
frequency, as in Fig. 6a. For example, wifier 12.5 GHz,
the two optical carriers are 25 GHz apart in tregjfrency
domain. Next, an optical interleaver is used toasafe the
two optical carriers, X and Y, as illustrated ig$:i6b and 6c,
respectively. It is noted that in Figs. 6b and e optical
carrier denoted by the dashed lines is in faer#tl out by the
optical interleaver and is only shown as a refezdnexplain

a coherent receiver in order to avoid interferebhetveen
upstream ONU signals that are all operating at mngon
wavelength [10]. It is noted that although such @IT
receiver upgrade may slightly increase cost, it isinor
penalty, since it can be amortized over all ONUstha
network, and can also notably improve upstreanstrégsion
performance by increasing the optical power budgjgtire 7
shows the proposed OFDMA-PON architecture for dess
single-wavelength 100 Gb/s upstream transmissisrshdwn
in Fig. 7, in the OLT there are four continuous wedaser
sources:A1 for downstream (DS) transmissioh? as a

the frequency domain placement of the modulated ®FD wisyipted carrier for upstream (US) transmissamgh3 and

signals. Each individual optical carrier next de\eseparate ;4 tor coherent OLTside detection of the US signéits. DS
IM, modulated by an independent radio frequency)(Rkyansmission, an electrical OFDMA signal generatesd

OFDM signal, which is generated by upconversiorthef
baseband OFDM signal via the in-phase quadraturase
(IQ)-mixer. In the system of Fig. 6, the basebaredDO®!
signal was generated frotdd = 256 subcarriers, withl =
16-quadrature amplitude modulated (QAM) symbolsi&zh
on each subcarrier. The RF carrier frequency of@hmixer

is selected to be the same as that of the clockcsoubiasing the ONU-side

modulating the first IM. Next, the two IM outputgea

combined with a polarization beam combiner (PBC) t
generate a POLMUX-OFDM signal with dual POLMUX

carriers having orthogonal polarizations, as showhigure
6d. Finally, the two outer OFDM side bands aresféd out
with another optical interleaver, as shown in g, and the
resulting output signal is sent downstream. Themgs@ PON
architecture of Fig. 6 adopts a 20 km transmissamge with
a 1:32 passive optical splitter to emulate the ddagized
class B+ optical distribution network. At the regeiside, the
POLMUX-OFDM signal is divided by a polarization ea
splitter (PBS), and the two PBS outputs are diyedéitected
by two separate photodiodes. At this stage, the @B@Qnals

described in [10] is used to drive an IM operatatg\1,
combined with an unmodulated signalidh as shown in Fig.
7a, and distributed to all ONUs through the sarberfpath.
At each ONU, an optical filter separates the DS ®RD
signal §1) from the distributed laser sour@g), as in Fig. 7b,
such that each ONU can reuseas the US optical carrier by
IM to achieve optical carrier
suppression (Fig. 7c). Consequently, since the Odlluse a

Qistributed rather than an internal laser source WS

transmission, they are effectively optical laseurce-free
For US transmission, all ONUs in the network artegarized
into odd and evengroups, with the US signals from each
group combined with a separate optical coupler.tNire
aggregate odd and even group signals are combiiieda
optical interleaver, such that US signals fromake ONUs
occupy the upper optical frequency sideband torigite of
the suppressed optical carri2, Conversely, the US signals
from the even ONUs occupy the lower optical frequen
sideband to the left 6f2, as shown in Fig. 7d. Following 20
km upstream transmission over standard single nfibde

are still RF signals, so following ADC they are dow (ggpF), the signals in the odd and even groupseparated

converted to the baseband by two OFDM receiverslli

at the OLT, and coherent detection is then perfdratethe

the DSP-based polarization demultiplexing (PolDexMu 1 tor even and odd ONU groups, using and 24

processor successfully recovers the original OFDdthdn
each polarization via novel DSP algorithms descriime[5].
It is also noted that the PolDeMux processor isgiesl for
an arbitrary incoming polarization state, such tlaaty
variations among ONU-side polarization states molf affect

algorithm performance. By leveraging advanced D8P t,

simplify front-end optics this way, 108 Gb/s dowesim

OFDMA-PON transmission over a single wavelength Wa%sulting  electrical

experimentally demonstrated via polarization migting

respectively, as in Fig. 7e and Fig. 7f. We not&t thince
OLT-side even and odd coherent receivers each gsoae
single sideband optical signal, there is no interfee
between signals in the two ONU groups during ogtctebnic
conversion, and the electrical OFDM signals frora tud

nd even ONUs can be fully recovered. The optoleict
conversion is done with four photoreceivers, withe t
signals sampled by a real time
oscilloscope. Finally, the US OFDM data symbols are

and direct detection in [5], over 20 km of standarQecoyered through offline DSP work as describeid .

single-mode fiber and a 1:32 optical split ratichisT is
currently the highest
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Figure 7: Upstream OFDMA-PON architecture with ssdfree ONUs and
coherent OLT-side detection.

Recently, the colorless architecture of Fig. 7 wasd to

demonstrate 108-Gb/s single-wavelength US OFDMA-PON
transmission over 20 km SSMF and a 1:32 opticait,spl

achieved by six simultaneously transmitting ONU][T he
key enabling features were optical laser source @&lUs
and OLT-side coherent detection that enabled dptizable
sideband transmission and full regeneration ofuibgtream
electrical OFDMA signals. It is noted that thisdkso the
highest single-wavelength upstream transmissiaa irainy
PON reported to date.
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VII. OFDM-PON TRANSMISSION
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Figure 8:a) Experimental BER results for 108 Gb/s downstream
OFDMAPON;b) experimental BER results for 108 Glpstteam
OFDMA-PON.

Figure 8 plots the measured bit error rate (BER)ths
optical signal-to-noise ratio (OSNR) for both baokback
(BtB) and class B+ PON transmission (20 km SSMh ait
additional 1:32 optical split) for 108 Gb/s DS (F&p) and
108 Gb/s US (Fig. 8b) OFDMA-PON experiments [5,.10]
Each BER value was based on 106 measurements, and
computed through offline DSP. First considering dsetream
OFDMA-PON transmission performance in Fig. 8a, a
comparison of the BtB and class B+ PON transmissioues
reveals that the fiber chromatic dispersion penafty
negligible. This is directly attributed to the higmear
dispersion tolerance of the OFDM modulation format.
Moreover, for 108 Gb/s transmission over the cBxs$ON,
BER = 1.4 x 10-3 was achieved at OSNR = 21 dB, whic
corresponds to error-free operation after manddimmyard
error correction (FEC). As shown in the inset aj.F8a, the
novel DSP based PolDeMux algorithms for POLMUX
OFDM with direct detection were highly effective in
processing the channel-distorted data to recoveptiginal
16-QAM data symbols in both polarizations. By exjihg
advanced DSP in this way, superior performance and
flexibility were achieved while notably simplifyin@NUside
optical receiver-end complexity. In Fig. 8b the BER.
OSNR performance for 108 Gb/s upstream
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transmission is shown, with measurements made ifor 410] D. Qianet al, “Single-Wavelength Upstream 108 Gb/s OFDMA-PON

simultaneously transmitting ONUSs in both BtB) amalss B+
PON configurations. The slight BER variations am@igUs

were caused by optical device variability and latigns of
the electronic measurement equipment. Nonethelesapte
from Fig. 6b that at OSNR = 21 dB, each ONU acldete

FEC limit BER = 2 x 10-3 after class B+ PON trarssian,
with a total 31.5 dB power budget. This notableréase in
the power budget is enabled by the OLT-side coltere
receiver, indicating that the US architecture carused over
longer transmission distances and/or higher opsigiit ratios
(class C/C+ PON, for example.) Moreover, it is aofeat, as
in DS OFDMA-PON transmission, the chromatic dispmers

penalty is negligible due to the powerful lineaspérsion
resilience of optical OFDM-based transmission.

VIIl. CONCLUSION

By enabling a converged ultra-high-speed multigervi

platform with fine-grained dynamic bandwidth alltioa,
OFDM-based PON can significantly increase the dates
and flexibility of future PON-based access networkss

expected that the significant progress in DSP-basc..

processors for next-generation long-haul fiber eayst as
well as component integration and mass productidhhave

favorable effects on the cost profile of practical

OFDMA-PON implementations. As such, OFDMA-PON
may be viewed as an attractive candidate for futitrahigh-
speed PON systems.
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