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Compatible TDM/WDM PON Using a Single
Tunable Optical Filter for Both Downstream
Wavelength Selection and Upstream
Wavelength Generation

Zhengxuan Li, Lilin Yi, Yan Zhang, Yi Dong, Shilin Xiao, and Weisheng Hu

Abstract— We propose a hybrid time-division multiplexing/
wavelength-division multiplexing passive optical network
(TDM/WDM-PON) architecture compatible with the traditional
TDM-PON configuration using a power splitter in the
remote node. A tunable optical filter (TOF) is used to select
the downstream wavelength in each optical network unit.
Meanwhile, the TOF plays a second role of seeding a reflective
semiconductor optical amplifier (RSOA) so as to construct a
tunable fiber-ring laser as colorless upstream source. A stable
performance is observed for the upstream laser source tuned
from 1535 to 1565 nm and with a modulation data rate of
1.25 Gb/s. The upstream wavelength has a ~0.1-nm offset with
the central wavelength of the TOF when the RSOA is biased at
its saturation region, which mitigates the Rayleigh backscattering
and back reflection-induced crosstalk in single-fiber bidirectional
PON systems.

Index Terms—Reflective semiconductor optical amplifier
(RSOA), time-division multiplexing/wavelength-division
multiplexing passive optical network (TDM/WDM PON),
tunable optical filter (TOF).

I. INTRODUCTION

S the bandwidth demand of each user in access net-

work increases rapidly, the traditional time division
multiplexing-passive optical network (TDM-PON) has dif-
ficulty in fulfilling the bandwidth requirement. Wavelength
division multiplexing-PON (WDM-PON) has been considered
as a powerful means to meet the ever-increasing bandwidth
demand by introducing multiple wavelengths and using an
arrayed waveguide grating (AWG) at remote node (RN) to
distribute wavelengths [1]. To increase the number of the
users and make full use of the limited wavelength resources,
hybrid WDM/TDM PON has attracted a lot of attentions
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in recent years by combining the features of WDM-PON
and TDM-PON together [2, 3]. Both WDM-PON and hybrid
WDM/TDM-PON configurations require an AWG at RN;
therefore it is necessary to update the traditional TDM-PON
configuration to support WDM operation. Since it’s both
costly and troublesome to reconstruct the existing TDM-PON
configuration, a new WDM-capable PON structure that has no
need of an AWG in the RN is more attractive.

Thisara Jayasinghe et al. has proposed a multi-wavelength
PON (MWPON) without the addition of an AWG in
the RN [4], where multi-wavelength downstream signals
are broadcasted to all ONUs by a power splitter and wave-
length selection is realized by a tunable optical filter (TOF) in
each ONU. Centralized laser sources at optical line terminal
(OLT) are injected to reflective semiconductor optical amplifier
(RSOA) for upstream data modulation. To avoid Rayleigh
backscattering and back reflection induced crosstalk in the
centralized laser case, a 2xn splitter and two sets of feeder
fiber are used for downstream and upstream wavelength distri-
bution. Therefore the traditional TDM-PON configuration still
needs to be upgraded by replacing the single feeder fiber and
1 xn splitter with two feeder fibers and a 2 xn splitter. Besides,
two TOFs in each ONU are employed for downstream and
upstream wavelength selection respectively, which increases
the complexity and cost of each ONU.

In this letter, we propose a novel hybrid TDM/WDM PON
architecture to solve the above problems. The downstream
wavelength distribution and selection are similar with the
MWPON case but using a 1xn splitter and a single feeder
fiber, which is completely compatible with the traditional
TDM-PON configuration. The TOF in each ONU which
is used for selecting the downstream wavelength serves a
secondary role as seeding a RSOA thereby obtaining a directly
modulated tunable fiber ring laser. Therefore only a single TOF
is required in each ONU for both downstream wavelength
selection and upstream wavelength generation. It’s worthy
noting that the laser formed in the loop has a wavelength
offset of ~0.1 nm away from the central wavelength of the
TOF when the RSOA is biased at its saturation region, which
can mitigate the Rayleigh backscattering and back reflection
induced crosstalk in the bidirectional single-fiber PON system.
Bidirectional transmission of downstream data at 10-Gb/s and
upstream data at 1.25 Gb/s per wavelength over 25-km single
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Fig. 1. Proposed hybrid TDM/WDM configuration.

mode fiber (SMF) has been demonstrated with a power penalty
less than 2 dB for both directions when the reflected signal to
noise ratio (RSNR) is 18 dB.

II. HYBRID TDM/WDM-PON ARCHITECTURE

The configuration of the proposed hybrid WDM/TDM PON
is shown in Fig. 1. Downstream wavelengths are multiplexed
by an AWG in OLT and distributed into N groups of ONUs by
a 1xn splitter in the RN. N denotes the number of wavelengths
and n represents the number of users. A TOF in each ONU is
employed to select the downstream signal by tuning its central
wavelength aligned with the desired downstream wavelength.
The ONUs in one group share a downstream wavelength in
TDM way by tuning the TOFs on the same wavelength, while
different ONU groups own different downstream wavelengths
in WDM way. The user number in each ONU group is
determined by each user’s bandwidth demand, which can be
dynamically allocated according to the requirements by tuning
TOFs.

As for the upstream link, a RSOA based tunable fiber ring
laser is used as the upstream laser source. The fiber ring laser
consists of a coupler, a TOF, two optical circulators (OCs) and
a RSOA. The TOF is also used for downstream wavelength
selection. When the RSOA is biased at its saturation region,
upstream data can be directly modulated on the RSOA based
tunable fiber laser [5]. As TOFs in the same ONU group
are tuned on the same wavelength, the upstream lasers in
the ONUs also operate at the same wavelength, differing
from other ONU groups. With the help of the power splitter,
upstream signal from the same group is multiplexed in TDM
way, while different groups are multiplexed in WDM way.
After passing through the AWG in OLT side, upstream signal
from different ONU groups are divided into multi channels
and detected by burst mode receivers.

We set up an experiment to investigate the performance of
the proposed configuration as shown in Fig. 2. At the OLT
side, a tunable laser source (TLS) serves as the downstream
laser source. A Mach-Zehnder modulator (MZM) driven by
Pseudo-random bit sequence (PRBS) data is used to generate
a 10-Gb/s on-off-keying (OOK) downstream data with 13-dB
extinction ratio (ER). After 25-km SMF fiber transmission,
the signal passes through a coupler, a TOF and OC2, finally
detected by an optical receiver. The central wavelength of the
TOF is aligned to the downstream wavelength for minimizing
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Fig. 2. Experimental setup.

the downstream loss. For a higher power budget for both
downstream and upstream reception, a 10/90 coupler is used.
The coupler launches 90% output power of the fiber laser into
the transmission fiber as the upstream source. By tuning the
bias current of the RSOA at its saturation region, the RSOA
based tunable fiber ring laser can be directly modulated with
a data rate up to 2.2 Gb/s, which is limited by the RSOA
electrical bandwidth. In the experiment, we use 1.25 Gb/s
upstream data rate to meet the GPON requirement. Higher
modulation data rate such as 10 Gb/s could be achieved
by employing forward error correction (FEC) and electrical
equalization techniques at OLT.

III. EXPERIMENTAL RESULTS AND DISCUSSION

We first investigated the performance of the proposed fiber
ring laser as the upstream colorless source. The TOF has a
3-dB bandwidth of ~0.4 nm and a laser is formed in the fiber
ring with the help of TOF. By increasing the bias current,
the RSOA gain linearly increases firstly and then achieves
saturation at its high gain region. We discovered that the output
wavelength of the fiber ring laser shifts accordingly with the
tuning of the bias current as shown in inset (a) of Fig. 3, and a
~0.1-nm offset is observed at its saturation region, the exact
region where upstream data can be directly modulated on
the RSOA. The frequency red-shift is attributed to self-phase
modulation (SPM) induced frequency chirp in the saturated
RSOA, which has been observed in saturated SOA [6]. The
clear upstream eye diagram with 1.25-Gb/s data rate is shown
in inset (b) of Fig. 3, with an ER of around 8 dB. We only take
1535 nm and 1550 nm as examples in Fig. 3, but the measured
performance is the same for wavelengths tuning from 1535 nm
to 1565 nm. Fig. 4 shows the optical spectra of the upstream
tunable fiber laser from 1535 nm to 1565 nm with a measuring
step of 5 nm. Within the entire range, the laser features side
mode suppression ratio (SMSR) higher than 60 dB, output
power higher than —1.5 dBm and power ripple less than 1 dB,
which is a perfect upstream colorless source.

We then investigated the proposed hybrid TDM/WDM-
PON configuration by testing the transmission property. To
investigate the flexibility of the fiber ring laser within the
whole bandwidth of the RSOA, we measured the bit error rate
(BER) and eye diagrams of upstream signals at 1535 nm and
1550 nm as shown in Fig. 5 (a). The sensitivities are similar
and almost no power penalty is observed after transmission,
verifying a stable performance of the upstream laser source
on different operation wavelengths.
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Fig. 4. Optical spectra of the laser output.

Taking into account the total loss in the system of ~10.5 dB,
including an AWG, the 25-km SMF and an OC, and the worst
sensitivity of the upstream signal of ~—29 dBm, the power
budget is ~17 dB, therefore the proposed PON could support
a 1:32 splitting ratio with a 2-dB power margin. By using
a RSOA with higher linear gain, the power budget can be
improved. Moreover, to verify the shift between upstream and
downstream wavelengths can mitigate the back-reflection and
Rayleigh backscattering induced crosstalk, we set the RSNR
at 18 dB by intentionally introducing reflection at the fiber
end and measured the BER of the downstream and upstream
signals at 1550 nm in back-to-back (BtB) case, after 25-km
SMF bidirectional transmission with and without a 0.1-nm
wavelength shift, as shown in Fig. 5(b). The sensitivities of sig-
nal in both directions are measured by using an erbium-doped
fiber amplifier (EDFA) as a pre-amplifier since a PIN rather
than an APD is used for signal detection in the experiment.
The EDFA is not necessary if an APD is employed for higher
sensitivity. It turns out that without the wavelength shift, both
upstream and downstream signals are severely distorted and
the error-free transmission cannot be achieved, but with the
0.1-nm shift, the eye diagrams are clearly open again and the
error-free transmission is achieved with a power penalty less
than 2 dB in both directions, proving that the offset between
downstream and upstream wavelength can effectively miti-
gate the back-reflection and Rayleigh backscattering induced
crosstalk. Besides, the Rayleigh backscattering of the upstream
signal cannot enter the RSOA for re-amplification due to
the use of the circulator; therefore Rayleigh backscattering
crosstalk induced by the upstream signal itself is also avoided.
All the results above demonstrate the feasibility of using a
same TOF for downstream wavelength selection and upstream
wavelength generation in the proposed hybrid TDM/WDM-
PON configuration.

799

a) 1550 nm BtB
3] e 1550 nm Received
* 1535 nm BtB
41 1535 nm Received
o
w
m 5
g
o 64
g A
= 7
8
9
10
S
33 DS received wio reflection
= DS 0.1nm shift
e USBIB
4 US 0.1nm shift
— 44 US same wavelength
© —o—DS same wavelength
@5 deo—O-0— |
= |
264 " |
ST R
v 7 ‘ J
8 == 5|
9 {
10

Optical power (dBm)

Fig. 5. (a) BER and eye diagrams measurement of the upstream signals.
(b) Rayleigh backscattering and back-reflection mitigation measurement.

IV. CONCLUSION

We have proposed a hybrid TDM/WDM-PON configuration
based on the traditional TDM-PON structure using a directly
modulated tunable fiber ring laser based on RSOA as the
colorless upstream source. Downstream wavelength selection
is achieved with the help of a TOF in each ONU, enabling
a hybrid TDM/WDM-PON compatible with the traditional
TDM-PON configuration. Meanwhile, the TOF serves a
secondary role as seeding the RSOA for upstream laser
generation. The transmission performances of the upstream
laser source are experimentally investigated and it turned out
that the offset between upstream and downstream wavelength
can effectively mitigate the back reflection and Rayleigh
backscattering induced crosstalk. Transmission capacity of
the hybrid TDM/WDM PON can be upgraded by introducing
more wavelengths at OLT and tuning the operating wavelength
of the ONU to another one differing from others according
to the user’s demand.

REFERENCES

[1] A. Banerjee, et al., “Wavelength division-multiplexed passive optical
network (WDM-PON) technologies for broadband access: A review,” J.
Opt. Netw., vol. 4, no. 11, pp. 737-758, Nov. 2005.

[2] C. Bock, J. Prat, and S. D. Walker, “Hybrid WDM/TDM PON using
the AWG FSR and featuring centralized light generation and DBA,” J.
Lightw. Technol., vol. 23, no. 12, pp. 3981-3988, Dec. 2005.

[3] C.-J. Chae and T. Jayasinghe, “bandwidth-efficient capacity upgrade of
ethernet passive optical network systems,” Electron. Lett., vol. 42, no.
16, pp. 938-940, Aug. 2006.

[4] T. Jayasinghe, C. J. Chae, and R. S. Tucker, “Scalability of RSOA-based
multiwavelength Ethernet PON architecture with dual feeder fiber,” J.
Opt. Netw., vol. 6, no. 8, pp. 1025-1040, Aug. 2007.

[5] Z.-R. Lin, C.-K. Liu, Y.-J. Jhang, and G. Keiser, “Tunable directly
modulated fiber ring laser using a reflective semiconductor optical
amplifier for WDM access networks,” Opt. Express, vol. 18, no. 17,
pp. 17610-17619, Aug. 2010.

[6] G. P. Agrawal and N. A. Olsson, “Self-phase modulation and spectral
broadening of optical pulses in semiconductor laser amplifiers,” IEEE
J. Quantum Electron., vol. 25, no. 11, pp. 2297-2306, Nov. 1989.

Authorized licensed use limited to: Shanghai Jiaotong University. Downloaded on January 13,2025 at 06:06:22 UTC from IEEE Xplore. Restrictions apply.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Required"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


