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Next Generation Optical Access Network: Standardization Outline
and Key Technologies for Co-existence with Legacy Systems
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SUMMARY  This paper reviews next generation optical access network
standardization activities, focusing on 10-Gbps class TDM PON, and intro-
duces key technologies for their co-existence with deployed systems.
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1. Introduction

Users are increasingly demanding broadband services, and
fiber-to-the-home (FTTH) is the main technology to an-
swer these demands. Gigabit-class passive optical network
(PON) systems, IEEE802.3ah GE-PON [1] or ITU-T G.984
G-PON [2] have been widely deployed and used by many
network operators. The number of FTTH users in Asia
is increasing and has exceeded 30 million [3]. Especially
in Japan the number of FTTH users surpassed the number
of digital subscriber line (DSL) users in 2008. Recently,
the number of FTTH users topped 15 million, and the ra-
tio of FTTH services among broadband services went above
50 percent [4]. This means FTTH supports most Japanese
broadband services.

With the emerging applications such as multi-channel
high-density television (HDTV) distribution, broad band-
widths wider than those of the current system will be re-
quired. To respond to wider bandwidth demand, sev-
eral kinds of technologies such as 10-Gbps class time
division multiplexing (TDM), wavelength division multi-
plexing (WDM) [5], optical code-division multiple access
(OCDMA) [6] and orthogonal frequency-division multiple
access (OFDMA) [7],[8] have been developed and dis-
cussed as next generation PON (NG-PON) technologies.

As 10 Gb/s Ethernet [9], which was approved in 2002,
has been already widely used and 10-Gbps TDM technolo-
gies have become mature, the 10-Gbps-class TDM PON
system is the most attractive candidate for NG-PON sys-
tems. Therefore, standardization development organizations
(SDOs) have been discussing 10-Gbps-class TDM PON
standards. Recently, the IEEE802.3 committee approved the
10G-EPON standard [10] and ITU-T has been developing
an XG-PON standard [11].

This paper reviews NG-PON standardization trends fo-
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cusing on 10-Gbps-class TDM PON and introduces key
technologies for their co-existence with current systems.
First, Sect. 2 describes requirements for NG-PON systems.
Second, Sect. 3 introduces a standardization outline, focus-
ing on PHY of 10G-EPON and XG-PON. Finally, Sect.4
introduces key technologies for co-existence with Gigabit
class PON, optical filter for WDM approach, and dual-rate
burst mode receiver for the TDM approach.

2. Requirements for NG-PON System

NG-PONs are mainly expected to deliver multi-channel IP
TV and other advanced video services. The bandwidth per
channel of IP TV is increasing; for example the bandwidth
of SDTV, HDTYV and 3DTV are about 2 Mbps, 10-20 Mbps,
and 50-90 Mbps, respectively. For GE-PON with 32 users,
the average data bandwidth is about 30 Mbps, which seems
not enough for multi-channel HDTV distribution. More-
over, more bandwidth is required for subscribers in multi-
ple dwelling units (MDUs). For 16 MDUs with 2448 sub-
scribers per ONU, a total of 384-768 subscribers per PON,
PON needs 10 Gbps capacity [12]. PON is expected to not
only deliver IP TV but also support other applications that
require wider bandwidth. Next generation mobile backhaul
such as fourth generation is one candidate. Fourth genera-
tion wireless communication will require data throughput is
up to Gbps class. The access point coverage will decrease
and the number of access points will increase. PON with
10 Gbps capacity is applicable for its backhaul.

In addition to the high capacity demand, maximum uti-
lization of installed optical distribution networks (ODN5s)
for existing PONs and smooth migration from current sys-
tems are required for NG-PON systems as shown in Fig. 1
[13].

The ODNs for existing PONs have a loss budget of
about 30dB, 20km reach, and more than 32 split ratio.
Therefore, NG-PON systems satisfy the loss budget of cur-
rent ODNs. The IEEE802.3av 10G-EPON (PR30/PRX30)
and the ITU-T XG-PON are currently specifying the classes
that have a power budget (loss budget + power penalty) of
about 30dB [10], [11].

Realizing such a large power budget requires high-
power optical transmitters and high-sensitivity optical re-
ceivers that operate under a wide input power range.

To smooth migration from existing systems, NG-PONs
must be able to co-exist with installed systems such as G-
PON or GE-PON and the RF-video distribution system. Co-
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Coexistence with G/GE PON, RF-video
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Split ratio >32 G-OLT
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V-OLT: Video OLT

Fig.1 Requirements for NG-PONs.

existence can be attained using wavelength division multi-
plexing (WDM) or time division multiple access (TDMA).
For WDM, the wavelengths of NG-PONs must be assigned
in accordance with the technical feasibility of optical filters.
Since PON systems inherently use TDMA technology for
upstream signal, co-exist legacy signals and next generation
signals via TDMA can be applied for the upstream using
a dual-rate burst-mode receiver [14] at optical line termi-
nal (OLT). Since the dual-rate burst-mode receiver receives
the legacy and the next generation signals, the receiver is
required to satisfy both specifications.

3. 10 G-bps Class PON Standard Outline

This section introduces a standardization outline, focusing
on PHY of 10G-EPON and XG-PON. At first, wavelength
plans of both standards are introduced, and then each stan-
dard outline is described.

3.1 Wavelength Plan

Both 10G-EPON and XG-PON have almost the same wave-
length allocation plan as shown in Fig.2. The downstream
uses L-band and the upstream uses wavelength range of
1260-1280 nm (O~ -band) in accordance with the wave-
lengths of the existing systems.

The downstream wavelengths of both G-PON and GE-
PON were 1480 to 1500 nm, and RF-video uses 1550 to
1560 nm. The upstream wavelength allocation of G-PON
was originally 1260 to 1360 nm, the same as GE-PON, al-
lowing use Fabry-Perot laser diodes (LDs). However, prac-
tical G-PON transmitters have used DFB-LDs and the wave-
length bandwidth was able to narrow down to 40 nm (1290-
1330 nm).

Since in the O™ -band dispersion of single mode fiber
(SMF) is a small negative value and optical pulse is slightly
compressed after 20-km fiber transmission, direct modula-
tion DFB-LDs can be used for 20km transmission at the
speed of 10 Gbps with little dispersion penalty. In addition,
the wavelength range of 20 nm is large enough to use DFB-
LDs without a temperature controller. The downstream
wavelengths of both 10G-EPON and XG-PON are 1575 to
1580 nm. For XG-PON with outdoor OLT, it is allowed to be
1575 to 1581 nm. In L-band the dispersion of SMF is large
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*In the case of outdoor OLT, it is allowed for the operating wavelength to span between 1575-1581 nm
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Fig.2  Wavelength allocation of G/GE-PON and 10G-E/XG-PON.

Table 1  Optical power budget class.
Split ratiol:16 Split ratio 1:32
Distance 10 km PR10, PRX10 PR20, PRX20
Distance 20 km PR20, PRX20 PR30, PRX30
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Fig.3  10G-EPON co-existing with GE-PON and RF-video.

and external modulators such as electro absorption modula-
tor integrated DFB-LDs (EML) are used as the transmitter
for the downstream.

3.2 IEEE802.3av 10G-EPON

IEEES802.3 finished standardizing 10G-EPON in September
2009. 10G-EPON provides two types of physical layer spec-
ifications:
- 10 Gbps downstream/1 Gbps upstream (PRX-xx).
- 10 Gbps downstream/10 Gbps upstream (PR-xx).
As shown in Table 1, the standard defines up to three optical
power budgets that support split ratios of 1 : 16 and 1 : 32,
and distances of at least 10 and at least 20km. 10G-EPON
can coexist with GE-PON and RF-video, as shown in Fig. 3.
WDM is used for overlay in the downstream, and TDMA is
used in the upstream.

PR30 and PRX30 have power budgets (loss budget
+ transmitter and dispersion penalty) as large as 30dB
as shown in Table 2. To achieve such large power bud-
gets at 10 Gbps, high-power optical transmitters and high-
sensitivity optical receivers with forward error correction
(FEC) are specified. Table 3 shows the FEC parameters.
10G-EPON selected RS(255, 223) code, which has a higher
coding gain than that of conventional RS(255, 239). Input
signal with BER of 107 can be corrected to the BER of
10712; therefore receiver sensitivities are specified at BER =
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Table2  Optical parameters of PR/PRX30 class.
DS Us
PR/X30 PR30 PRX30
Bit rate (Gbps) 10.3125 10.3125 1.25
Operating WL (nm) 1575-1580 1260-1280 1260-1360
Tx Power max (dBm) +5 +9 +5.62
Tx Power min (dBm) +2% +4** +0.62%*
BER 10° 10° 10"
Rx sensitivity (dBm) -28.5 -28 -29.78
Stressed Rx (dBm) -27 -25 -23.38
Overload (dBm) -10 -6 -9.38
Loss budget (dB) 29
Extinction Ratio (dB) 6 6 6
TDP (dB) 1.5 3 1.4

*Minimum average Tx Power is valid for Extinction Ratio =9 dB
** Minimum average Tx Power is valid for Extinction Ratio = 6 dB
Stressed Rx: Stressed Rx sensitivity

TDP: Transmitter and dispersion penalty

Table 3 FEC Code.

Net cording | Correctable
gain * | BER to 10"

Code Overhead

Conventional || RS(255, 239) 7 % ~5.5dB 10"

High-gain | RS(255, 223) 13 % ~6.5 dB 10°
*Ideal estimation in AWGN simulation

Table4  Burst timing.

Laser on/off time <512 nsec

Treceiver_settling (AGC) PR-type < 800 nsec

PRX-type <400 nsec

Tedr <400 nsec

1073,

In the PON system, burst transmission is one of the
most important issues. Relaxed burst timing is needed in
order to reduce optical device costs as shown in Table 4.
Here, Treceiver_settling is time for data level acquisition and
Tcdr is time for clock data recovery. 10G-EPON newly in-
troduces adjustable laser on and off times [15]. Using this
scheme, the ONU with fast on/off LD can reduce the on/off
time, and transmission efficiency is maximized.

In addition, a data-like preamble pattern is adopted
[16], [17] to reduce burst mode penalties at the OLT receiver.
Since in burst transmission at 10-Gbps supports of power
and jitter budget is extremely difficult, a simple preamble
pattern such as “1010” may cause burst penalty due to fre-
quency response characteristics of the receivers. Burst re-
ceivers use peak detectors for fast burst response. The differ-
ence in detected/held peak value for “1010” preamble pat-
tern and following data area causes burst penalty. Moreover,
the extracted clock timing of “1010” preamble pattern and
following data area differs due to pattern dependent jitter
and causes sensitivity penalty.

3.3 ITU-T/FSAN

The Full Service Access Network (FSAN) group issued the
NG-PON white paper [18] in June 2009 and submitted XG-
PON contributions to ITU-T SG15 Q2. As a result, ITU-
T has consented to G.987.1 (Service Requirements) and
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Table 5 Nominal 1 class optical parameter.
DS Us
N1 N2 op. N2 N1 N2
1 op.2
Bit rate (Gbps) 9.953280 2.488320

Operating WL (nm) 1575-1580* 1260-1280
Tx Power max (dBm) +6.0 +8.0 +12.5 +7.0 +7.0
Tx Power min. (dBm) +2.0 +4.0 +10.5 +2.0 +2.0

BER 10° 10
Rx sensitivity (dBm) -28.0 -28.0 -21.5 -27.5 -29.5
Overload (dBm) -8.0 -8.0 -3.5 -7.0 -9.0
ODN Loss (dB) 14-29 16-31 14-29 16-31
Path Penalty (dB) 1.0 0.5
Extinction Ratio (dB) 8.2 8.2

*In the case of outdoor OLT it is allowed for 1575 to 1581 nm

G.987.2 (PMD Layer) in October 2009. Remaining issues
such as the transmission conversion (TC) layer which in-
cludes FEC implementation, scrambling and frame structure
are now under discussion, and consent is targeted by June
2010.

XG-PON (XG-PON1) specifies asymmetrical physical
layers of 10 Gbps downstream/2.5 Gbps upstream. 10-Gbps
downstream/10-Gbps upstream (XG-PON2) will be speci-
fied in the future.

Two loss budget classes of Nominal-1 (N1: 29 dB) and
Nominal-2 class (N2: 31 dB) were defined as shown in Ta-
ble 5. In addition, extended class that has a loss budget of
more than 31 dB has been discussed. Just like 10G-EPON,
to realize such a large loss budget, FEC needs to be imple-
mented and used in the downstream as well as implemented
and optionally used in the upstream. For downstream the
FEC code of RS(248, 216), which has gain as large as that
of RS(255, 223), and for upstream RS(248, 232), which has
gain as large as that of RS(255, 239), will be consented in
June 2010.

4. Key Technologies for Co-existence

As described before, WDM and TDMA technologies are in-
dispensable for smooth migration. This section introduces
WDM filters in central office and ONU for co-existence by
WDM approach and dual-rate burst receiver for the TDMA
approach.

4.1 WDM Filter in Central Office and Wavelength Block-
ing Filter in ONU

To overlay NG-PON on G-PON using WDM, WDM filters
are required, as shown in Fig.4. The WDM filter, called
WDMIr, combines and isolates the wavelengths of NG-
PON (DS: 1575-1580 nm, US: 1260-1280 nm) and G-PON
(DS: 1470-1500 nm, US: 1290-1330 nm) signals in the cen-
tral office. The filter that is implemented in ONU and iso-
lates G-PON signals and RF-video signal is called the ONU
wavelength blocking filter (WBF). Unlike a conventional
WDM transmission system, both wide pass band and nar-
row guard band are required.

Figure 5 and Table 6 show two kinds of WDMIr con-
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Fig.4  Co-existence of deployed system with NG-PON via WDM.
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Fig.5 Examples of WDM filter for co-existence G-PON and NG-PON:
(a) Single pass band type, and (b) Combination of two kinds of band pass
filter.

figuration using thin film optical filters. There are two im-
plementations for the WDMIr: single pass band filter (type
(a)) and band pass filter combination (type (b)). Type (a)
is required in both flat pass bands over 200 nm and narrow
guard bands of 20 nm between O~-band characteristics. It is
difficult to make such wide pass bands without ripples less
than 0.5 dB, which is not suitable for mass production. On
the other hand, for type (b), no filter is required for such a
large pass band, and so is suitable for mass production. The
insertion loss for deployed G-PON is less than that of type
(a). In addition, dual fiber transceiver can be used without
WDM c. Therefore, we developed a type (b) filter.

Figure 6(a) shows optical transmission characteristics
of the filter NG-PON ports and (b) shows characteristics of
the filter G-PON port. As you can see, low insertion loss
less than 1dB is realized for G/NG-PON ports, and high
isolation as large as 35 dB is realized for NG-PON ports.

WBF in ONU is also required for NG-PON and G-
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Table 6 WDMIr architecture comparison.
Max Insertion Loss (dB) Cost | Remark
G-PON NG-PON
1290-1320nm 1260- 1280 nm
1480-1560 nm 1575-1580 nm
(a) 1.5 0.8 High | Pass band 200 nm
Guard band 20 nm

Ripple ~1.0 dB
Mass productivity
Small impact on
legacy G-PON
Excluding connector’s loss, Temperature range:0-40 deg.C,

All state of Polarization

(b) 0.8 1.6 Low
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Fig.6  Transmission characteristics of the WDMIr; (a) NG-PON ports,
Solid line shows port Pa and dashed line shows port Pb, (b) G-PON port.
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Fig.7  Isolation characteristics of the WBF for ONU.

PON to co-exist because it isolates the wavelengths of NG-
PON wavelengths of 1575-1580nm from G-PON signals
and RF-video signals. Figure 7 shows the isolation charac-
teristics of WBFs provided by NEC Electronics. As you can
see, 35-dB isolation is achieved at 1560 nm, which allows
co-existence with RF-video.

4.2 Dual-Rate Burst Mode Receiver

A burst mode receiver needs to operate wider dynamic range
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Table 7  Dual-rate receiver configuration.
(a) Parallel (Static) (b)Serial (Dynamic)
(a-1) Split in the (a-2) Split in the
optical domain electrical domain
1:2' —_— 10G —_ 1G/10G TIA
splm: 108 TG Lm AFD '-'M APD Lim
to 10G PMA to 10G PMA T to PMA
APD| 16 TA AGLIM GLm Control
t0 1G PMA to 1G PMA
Pos. Simple Fewer optical |High sensitivity.
components. Fewer optical
components.

Cons. |Receiver sensitivity|Receiver sensitivity|Dynamic control is
degrades due to|degrades at 1 Gbps|required.

optical splitter. signal.
More optical
components.

for dual-rate operation compared with single-rate opera-
tion. As shown in Table 2, 10G-EPON requires sensitiv-
ity of —29.78 dBm at 1.25 Gbps and —28 dBm at 10 Gbps
and overload of —9.38dBm at 1.25Gbps and —6dBm at
10 Gbps. Therefore, dual-rate receiver is required to oper-
ate from —29.78 dBm to —6dBm. Table 7 details dual-rate
burst mode receiver architectures. The dual-rate receiver ar-
chitecture is classified into parallel and serial types. The
parallel architecture splits received signal in to each receiver
circuit. The parallel configuration that splits in the optical
domain (a-1) is the most simple. However, receiver sensi-
tivity degrades due to optical splitter and so requires more
optical components. The parallel configuration that splits
in the electrical domain (a-2) uses fewer optical compo-
nents. However, since in this configuration the bandwidth
of a trans-impedance amplifier (TTA) is as wide as 10 GHz,
receiver sensitivity degrades at 1 Gbps signal. On the other
hand, serial configuration is expected to realize high receiver
sensitivity at both speeds, and it uses fewer optical compo-
nents. However, since it requires dynamic switching mech-
anism on gain and bandwidth, the technical hurdle is higher
than that of the parallel.

Therefore, we adopted the configuration (a-2) as a
proto-system. The receiver consists of a Mesa-structur APD
[17], a TIA that has a bandwidth of more than 7 GHz, limit-
ing amplifiers (LIMs), and a 4-th Bessel-Thomson low pass
filter (LPF). A 10- and 1-Gbps signal can be correctly input
into 10 and 1-G bps physical medium attachments (PMA)
respectively. To achieve —30 dBm sensitivity at 1 Gbps, an
LPF was inserted to suppress high-frequency noise. The re-
ceiver used an AC-coupled circuit, and its time constant was
designed to satisfy the settling time of 400 ns. We evaluated
the dual-rate burst receiver characteristics. In the exper-
iment, 1300-nm high-power direct modulated AlGalnAs-
multiple quantum well DFB-LD (MQW DFB-LD) [18],
which has launch power of more than +4 dBm, was used as
high-power burst transmitters. 10-Gbps burst frame contain-
ing of a preamble of 400 nsec and 64B66B coded payload of
1 msec was used and 1-Gbps frame containing of a pream-
ble of 400 nsec and PRBS 27-1 coded payload of 1 msec
was used. The guard time including the laser on/off time
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Fig.8 BER characteristics of the dual-rate burst mode receiver.

was 100-140 nsec. These frame structures are short enough
for evaluating the burst response as shown in Tables 4. The
burst receiver alternately received the 10-Gbps and the 1-
Gbps burst frame. We evaluated the bit error rate (BER) of
the payloads and burst responses less than 400 ns were con-
firmed. Figure 8 shows BER performance of the receiver. A
wide dynamic range was observed of 25.6 dB for 10 Gbps at
a BER of 10~ (empty circle) and 28.0 dB one for 1 Gbps at
a BER of 107!2 (solid circle). Both the burst-mode sensitiv-
ities and the burst-mode dynamic ranges are good enough
for 10-G/1-G co-existing PON systems.

5. Conclusion

This paper reviewed standardization trends of optical ac-
cess networks, focusing on 10-Gbps class time division mul-
tiplexing passive optical network (TDM PON), and intro-
duced key technologies for their coexistence with Gigabit
class PON. Optical filters are introduced for a wavelength
division multiplexing (WDM) approach and dual-rate burst
mode receiver for TDM approach, and feasibility is demon-
strated of co-existence with these technologies.

Acknowledgments

We thank Dr. Jun-ichi Kani of NTT Access Network Service
System Labs. for profitable advice and discussion.

References

[1] IEEE Standard 802.3ah, “Carrier sense multiple access with colli-
sion detection (CSMA/CD) access method and physical layer speci-
fications — Amendment: Media access control parameters, physical
layers, and management parameters for subscriber access networks,”
2004.

[2] ITU-T Recommendation G.984 series, “Gigabit-capable passive op-
tical networks (G-PON).”

[3] H. Tauber, “How much will end users pay for more bandwidth and
what will be the best way to deliver it?,” 2009 European Conference
on Optical Communications (ECOC), symposium 4.7.2, 2009.

[4] Ministry of Internal Affairs and Communications, Press Release,
Sept. 2009, http://www.soumu.go.jp/main_content/000039345.pdf,
http://www.soumu.go.jp/menu_news/s-news/14885.html



TAJIMA et al.: NEXT GENERATION OPTICAL ACCESS NETWORK

(51

(6]

(71

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

Q.T. Nguyen, P. Besnard, L. Bramerie, A. Shen, G.H. Duan, C.
Kazmierski, and J.-C. Simon, “Bidirectional transmission in colour-
less WDM-PON based on injection-locked fabry-perot laser at
2.5 Gbit/s using low-cost seeding source,” Proc. 2009 European
Conference on Optical Communications (ECOC), paper 6.5.1, 2009.
N. Kataoka, X. Wang, N. Wada, G. Cincotti, Y. Terada, and
K. Kitayama, “8x8 full-duplex demonstration of asynchronous,
10 Gbps, DPSK-OCDMA system using apodized SSFBG and multi-
port En/Decoder,” Proc. 2009 European Conference on Optical
Communications (ECOC), paper 6.5.5, 2009.

D. Qian, J. Hu, J. Yu, PN. Ji, L. Xu, T. Wang, M. Cvijetic, and
T. Kusano, “Experimental demonstration of a novel OFDMA-based
10 Gb/s PON architecture,” Proc. 2007 European Conference on Op-
tical Communications (ECOC), paper 5.4.1, 2007.

D. Qian, J. Hu, J. Yu, PN. Ji, L. Xu, T. Wang, and M. Cvijetic,
“10Gb/s OFDMA PON for delivery of heterogeneous services,”
Proc. 2008 IEEE/OSA Optical Fiber Communication Conference
(OFC/NFOEC), paper OWH4, 2008.

IEEE Standard 802.3ae, “Carrier sense multiple access with colli-
sion detection (CSMA/CD) access method and physical layer speci-
fications — Amendment: Media access control parameters, physical
layers, and management parameters for 10 Gb/s operation,” 2002.
IEEE Standard 802.3av, “Carrier sense multiple access with colli-
sion detection (CSMA/CD) access method and physical layer speci-
fications — Amendment: Physical layer specifications, and manage-
ment parameters for 10 Gb/s passive optical networks,” 2002.
ITU-T Recommendation G.987 series, “10Gigabit-capable passive
optical networks (XG-PON),” under development.

K. Tanaka, K. Gadkari, and L. Lamb, “10G-EPON market poten-
tial,” http://ieee802.0rg/3/cfi/0306_1/cfi_0306_1.pdf

A. Otaka, T. Tatsuta, and C.S. Wang, “Requirements for 10G
EPON;,” http://ieee802.0rg/3/10GEPON _study/public/may06/otaka_
1_.0506.pdf

K. Hara, S. Kimura, H. Nakamura, N. Yoshimoto, M. Tsubokawa,
K. Nishimura, M. Nakamura, and S. Nishihara, “A 1.25/10.3-
Gbit/s AC-coupled dual-rate burst-mode receiver without reset sig-
nals,” Proc. 2008 European Conference on Optical Communications
(ECOC), paper We.2.F.1, 2008.

K. Suzuki, A. Otaka, and J. Kani, “Consideration and proposal of
laser on/off time for 10 G EPON,” http://ieee802.org/3/av/public/
2007-11/3av_0711_suzuki_l.pdf

T. Nagahori, T. Okamura, S. Ogushi, and A. Tajima, “Upstream
10G Sync pattern/delimiter for reducing burst mode receiver sen-
sitivity penalty,” http://ieee802.org/3/av/public/2008_05/3av_0805-
nagahori_1.pdf

F. Effenberger, R.W.K. Leung, D. Feng, D. Geng, J. Li, T. Nagahori,
and A. Tajima, “Sync pattern for upstream burst transmission,”
http://ieee802.org/3/av/public/2008_07/3av_0807 _effenberger_1.pdf
F. Effenberger, H. Mukai, S. Park, and T. Pfeiffer, “Next-generation
PON — Part II: Candidate systems for next-generation PON,” IEEE
Commun. Mag., vol.47, no.11, pp.50-57, 2009.

K. Shiba, T. Nakata, S. Watanabe, E. Mizuki, T. Chikuma, T.
Masuta, and K. Makita, “Over-Gb/s mesa-structure APDs with high
relaiability,” Proc. 2006 European Conference on Optical Commu-
nications (ECOC), paper We3.P.45, 2006.

R. Kobayashi, A. Ito, S. Kato, Y. Muroya, T. Koui, Y. Sakata, J.
Shimizu, and S. Ishikawa, “Low drive-current and wide temperature
operation of 1.3-um AlGalnAs-MQW BH-DFB lasers by laterally
enhanced cladding layer growth,” Proc. 2008 IEEE/OSA Optical
Fiber Communication conference (OFC/NFOEC), paper OThK?2,
2008.

1151

Akio Tajima received B.E. and M.E. de-
grees in electrical engineering from the Tokyo
Institute of Technology, Tokyo, Japan, in 1990
and 1992, respectively. In 1992, he joined
NEC Corporation, Kawasaki, Japan, where he
participated in the research and development
of high-speed optical interconnections, ultra-
large-scale optical packet switching systems,
and optical Ethernet transport systems. He is
currently a research manager researching next
generation optical networks including quantum-

crypto-networks, optical access networks and dynamic optical networks in
NEC’s System Platforms Research Laboratories.

v ¥

&

N

Hiroki Yanagisawa received B.S. de-
gree in applied physics from University of
Tsukuba, Ibaraki, Japan, in 1990. In 1990,
he joined NEC Corporation, Kawasaki, Japan,
where he participated in the development of
burst-mode transmitter/receiver and PLC-based
optical transceivers for BPON, GE-PON and
GPON systems. He is currently working on
development of optical transceiver for 10 Gbps
PON as an engineering manager in NEC’s Fiber
Optic Devices Division.

Seigo Takahashi received B.S. and M.S.
degrees in physics from Tokyo Metropolitan
University, Tokyo, Japan, in 1990 and 1992,
respectively. In 1992, he joined NEC Cor-
poration, Kawasaki, Japan, where he partici-
pated in the research and development of opti-
cal cross-connect systems, ultra-large-scale op-
tical switching systems, and high-speed electri-
cal signal transmission. He is currently an assis-
tant manager working on a single photon detec-
tion module for quantum key distribution sys-

tems in NEC’s System Platforms Research Laboratories.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 2.00000
  /EncodeColorImages false
  /ColorImageFilter /None
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages false
  /GrayImageFilter /None
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /MonoImageFilter /None
  /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 ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. 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 Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


