











LS

""" < PREREE R B T DN FF AR AL 25 S B A 5 4S9 75 SRR » SmER
WLEIN T TR SE 2 PR - 20 RIRFEAE4E (WDM-PON ) 1E B i ARV 4845
iz Rpot&dm (OLT) MR P Z Ry s s i (SRt 7 A ReIfgis i
K - AN D - £ WDM-PON (YEEFAEY (remodulation ) 5| T B %015
B > NR TN EITEEE 0 DUE RER ST ULEIN RS T T RS0 - %
R EAE T Plm 2B PIR EITsRSAYCIE - B R AE SRR AT ) 4
$BEIC (ONU) MYREA - 6 H FEFF fReE S BIHIE & - 105 » KBARNH
78 WP AN EIRSERVES R S DI BT E0RAVEM S - LEE R
[FI{EERIEEEE T - BZENY £ T7 m A RS & S AR A R B3 (1B

SRR (10 Gb/s BAE) WSS ERSERRES (RSOA) » SRS
PERE TR UGS SRy P RSN ES (REAM-SOA) %% | thaiE R [EryHEd
x> PINRIECL B (SCM) > Z=HHE#%0S (DPSK) » K aE#ZER (IRZ)

Vi
& o
:

FEE A S i b B FECH (RB) N3RS0 E ki E R -

B R e TR B R e S e A B 52 - & MR (5 SR A FAR SRRy
B REA AT AR QLA o RyILt > 3F S IHSEAE I B b S U HR R

SRR T 1A [ERIMRR Tk EEA eI IO sS R B Ty g0k -



TEAR L » FMTESLORET WDM-PON - ONU Ayt » B Laay
SRR B IS A ST SRR ZA&ETEm T ERANIEH S WDM-PON rEEaR N
PHIRAER » FMRHA BB E 7 —ERVERETT > EEMARREZRNS
DPSK ##dig X « ¥ TTEETETEE R  EEERRTTATH
T _EATEWRE N TS SRR B SR - MR E TRV AR - BEREEINY
BIEEAYIEERERS (NRZ-OOK) 1F Ry LiTeR%Us R ERRESMLL - EEE
BT AR T WA R ATRI(EA - Hamotr « (T EESRHER
G AT R E R T A FE R -

& BRIl - fEiER RSO PR T —IERTAVE IR RIS T RY DPSK %A =
EEFRE 7% - A B T Erv S e s FIRr R -



Table of Contents

Chapter I INrodUCHION ..........c..iiiiiieeee e I

I.I Overview of wavelength division multiplexed passive optical network

(WDM-PON) and colorless optical network unit (ONU).........cooovvvovoio 1

1.2 Implementation of colorless ONU ...........cocoooiiiiioiiieeeceeeeeeeeeeeeeee e, 4
1.3 Rayleigh:backscattering in/WDMPON...omsimmsmismmnamssssmasmmismg 6
1.4 Motivation of this theSIS .......cccooioiiriioieeee e 9
L3 OLline @F A S SIS cunsnunsonsssnisrntsmnossssins svxsmmmnsssss s s AT 11
Chapter 2 Previous works of remodulation for WDM-PON ............cocoooovvvvreen. 12
2 IO N C B . ccosssimessomtmiosenssensnsmasindsistioss s e a GO LTS S 12
2.2 Devices utilized by colorless ONU in remodulation schemes ............................ 13
2.2.1 Injection-locked Fabry-Perot laser diode at ONU ................cc.cc.co.......... 13

2.2.2 Reflective semiconductor optical amplifier ................ccoooovovvvevccercnnn. 15

2.2.3 Reflective electro-absorption modulator and semiconductor optical

amplifier (REAM-=SOA) ......oooeeeeeeeeeeeeeeeeeeeeeeee e, 17
2.3 Modulation methods in remodulation SCheMES .........covoeveoeeeeeeeeeeeeeeeeeoeeee 18
2.4 SUIMIMATY ¢ttt 23

Chapter 3 A remodulation scheme based on time-interleaved DPSK modulation

FOTIIIAL ...ttt s oot s e 25

............................................................................................................................................ 27
B T o O TG 3 OO RO 28
3.4 Expénmental results/anid diSCUSSION . vnimmummmsimsssmimsansomiimssiomsiimsms 31
3.5 Effect of timing misalignment on proposed remodulation scheme....................33

vi



Chapter 4 Enhanced Tolerance to Rayleigh Backscattering in Remodulation Scheme

Using Time-Interleaved DPSK Format..........ccococoevovorececccececeeeceee 37

Al IO OO cuwyssouessusssvsssnassrims s T e A S S e A s 37
4.2 Studies on Rayleigh backscattering suppression in optical domain................... 39
4.2.1 RB suppression in carrier-distributed schemes............cccccooiiviicriinin 39

4.2.2 RB suppression in remodulation SChemes............c.oocceennrcnccennnne. 40

4.2 BExperimiental Setup and resultsummamnsmnsnsimnassnemnhaennns 42
4.3 Discussion on RB suppression effect of the proposed scheme ... 46
4.3.1 Theoretical study and simulation results.............cococoviivniivrcneccce 46

4.3.2 Experimental demonstration of spectral relationship between signals

ald RB/CIOBSTALK. .....cooecxossemmmsssmeminssimemnstsint i s e s e s s ssdons 49

B SUUETNIIURIEY s s A S S R W OR AR AN 53
Chapter 5 Conclusion and Future WOorks ..., 55
5.1 CONCIUSTOTOL S SIS cuxuasucuon sy e A A s i 55
S.2 FULUIE WOTKS ...ttt 57
LIStOT PUBIERIIOIS  socsssmvosssssssmmansais visssssn s s st e s s s A s s aasiavin 59
BIDIIOGIAPRY ...t 60

Vil



Table of Figures

Fig.1.1.
Fig.1.2.
Fig.1.3.
Fig.1.4.

Fig.1.5.
Fig.1.6.
Fig.2.1.
Fig.2.2.
Fig.2.3.
Fig.2.4.
Fig.2.5.
Fig.2.6.
Fig:3.1.
Fig.3.2.

Ilustration of optical network hierarchy . ... 1
Typical architecture of optical access NEtwork. ... 2
Typical architecture of WDM-PON. ... 3

Demonstration of carrier-distributed colorless ONU in a bidirectional

WDM-PON. Light sources were supplied and controlled by CO. ................ 5
Ilustration of Rayleigh backscattering in optical fiber . ..o 7
Schematic of RB contributions in a carrier-distributed DWDM-PON............ 8
Demonstration of a dual-fiber remodulation scheme in WDM-PON........... 12
Architecture of ONU based on a Fabry-Perot laser diode . ............cooeeiene 14

Spectrum properties of (i) free-running and (ii) injection-locked FP-LD ..14

(a) Frequency response and (b) gain profile of a RSOA. ..., 16
Structure of a REAM-SOA . ...ttt 17
Demonstration of XOR-based DPSK remodulation ... 22
Operation principle of time-interleaved DPSK signal........c.cooooiiinninn. 28

(a) Network architecture and (b) experimental setup of proposed

remodulation scheme. SMF: single mode fiber; AWG: arrayed waveguide

grating; DCM: dispersion compensation module; CR: clock recovery; VOA:

variable optical atteNUALOL. .......c.coiiriiiiiniie 29
Fig.3.3. Eye diagrams of time-interleaved DPSK and NRZ-OOK signals before and

after bidirectional transmission. BTB: back-to-back. ........ccccccoiiiinin 31
Fig.3.4. BER curves of time-interleaved DPSK and NRZ-OOK signals before and

after bidirectional transmission. DS: downstream; US: upstream. .............. 32
Fig.3.5. Eye diagrams under different timing misalignment. ... 34
Fig.3.6 Receiver sensitivity under different timing misalignments. .........cccooooveenee. 335
Fig.4.1. RB suppression by using wavelength shifting ... 39
Fig.4.2. (a) Schematic and (b) spectra of phase scrambling at ONU ... 40
Fig.4.3. Rayleigh backscattering suppression based on subcarrier modulation. DS:

viii






























downstream light with data modulated is broader than that in carrier-distributed
schemes, making it more difficult to remove the in-band crosstalk. Efforts have been
conducted on modulation methods to suppress RB noise, such as optical carrier
suppression to separate the spectrum of signal and RB noise plus on optical notch
filter. Electrical DC blocking, electrical notch filter plus line coding (intensity
modulation/direct detection) and electronic equalization have also been successfully

demonstrated with enhanced RB tolerance of transmission system [16-18].

Signals in different modulation formats suffer from dissimilar levels of RB
degradation in bidirectional transmission. According to the analysis above, since RB
crosstalk is an in-band noise, the larger the spectral overlap between transmitted
signal and RB crosstalk is, the severer the degradation will be at the receiver side
[19]. For example, symmetric transmission system using the same modulation format
both on downlink and uplink will result in poor upstream transmission performance
at the receiver end in OLT because the signal spectrum of RB noise has nearly the
same spectral width as upstream signal. [19] proposed an approach applying phase
modulation in each ONU to broaden the spectrum of intensity modulated upstream
signal, thus reducing the spectral overlap. From this aspect, novel modulation
formats with unique characteristics of RB tolerance are worth studying, especially
for cost-effective bidirectional remodulation scheme in need of robust performance.
Detailed reviews and studies of RB crosstalk suppression will be carried out in

Chapter 4.

1.4 Motivation of this thesis

As discussed in 1.1, though a promising candidate of future metro/access network
advantaging in high data rate transmission, real implementation of WDM-PON in
industrial approach requires flexibility as well as reduction of network cost.

Colorless ONU can fulfill these two requirements by providing network with
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2.2 Devices utilized by colorless ONU in remodulation

schemes

Remodulation can be done on light source carrying downstream data either by an
optical modulator or a semiconductor optical amplifier at ONU [9]. Various novel
devices which can be used for colorless ONU construction have been proposed and
experimentally demonstrated, including injection-locked Fabry—Perot laser diodes
(FP-LDs), reflective  semiconductor optical amplifiers (RSOAs), and

electro-absorption modulators integrated with optical amplifiers (REAM-SOAs), etc.

2.2.1 Injection-locked Fabry-Perot laser diode at ONU

Fig.2.2 shows the architecture of a FP-LD-based ONU. Part of the downstream
signal is used to injection lock FP-LD so as to suppress the downstream signal and
allow reuse of optical power at the same time. Large side-mode suppression ratio
(SMSR) enhanced by injection locking in FP-LD erases downstream data and single
mode operation can be achieved, leading to great improvement in dispersion
tolerance. Fig.2.3 shows the output spectrum of free-running and injection locked
FP-LD. High SMSR can be seen after injection locking, indicating erasure of original

signal for further upstream modulation. [8, 21-24].

Since the reused optical power for upstream modulation is with the same
wavelength of downstream signal (or within a certain detuning range) in
remodulation scheme based on injection locked FP-LD, wavelength registration is
not needed at ONU [22]. Upstream data modulation can be done by applying
electrical data directly on FP-LD. When the wavelength of downstream light source
changes, this remodulation scheme has its own limitation since only carriers
matching specific wavelengths of modes generated by FP-LD can perform injection

locking for the following remodulation stage, which hinders the flexibility of
























modulation flexibility of upstream signal [38].

Downstream Manchester

Another option using Manchester coding for downstream data modulation was
proposed. Similar to the pre-coding procedure of IRZ modulation format,
Manchester code can be obtained by XOR operation between downstream NRZ data
and RF clock after synchronization in electrical domain. It can also be generated
optically by using a delayed Mach-Zehnder interferometer (DMZI). Transition
occurs in every bit so that low frequency fluctuation of optical power can be
efficiently suppressed. The remodulated 2.5-Gb/s upstream OOK signal showed
negligible penalty after 20-km single mode fiber (SMF) transmission when 5-Gb/s
downstream Manchester-code-modulated signal in [38]. In [39], 13.5-Gb/s
single-sideband (SSB)-Manchester IM downstream signal with reduced ER was
utilized for upstream NRZ remodulation at ONU. The dispersion tolerance of SSB
Manchester was robust in 100 km transmission. However, generation of
Manchester-coded signal requires relatively complicated electrical circuit for logic

operation and synchronization control.

Downstream DPSK, upstream DPSK with XOR operation

In order to improve receiver sensitivities at both ONU and OLT sides, DPSK
format can be applied to both downstream and upstream modulation. In this case, it
1s important to correctly detect upstream phase-modulated signal while avoiding the
disturbance of downstream phase information. Despite conventional data-erasure
method which complicated ONU structure, [40] proposed an effective solution by
introducing exclusive-OR (XOR) logic operation on upstream data with the
demodulated downstream data. The proposed ONU structure is demonstrated in Fig.
2.9. After pre-coding and XOR operation at ONU, the actual transmitted upstream

signal is:


















3.2 Operation principle: time-interleaving technology for

phase-modulated signal

Technology introducing time-interleaving to signal modulation can function as
high-data-rate signal generator both electrically and all-optically by combining
several low-data-rate signals to one single channel, enhancing the spectrum
efficiency as well as the per-channel capacity without introducing expensive
high-speed modules [43, 44]. It can also provide access network system with
downstream broadcast traffic multiplexing without additional sources [45]. The
operation principle of time-interleaved DPSK signal in our proposed remodulation
scheme is illustrated in Fig. 3.1. Symmetric transmission is considered, meaning that
downstream and upstream data have the same data rate. Conventional DPSK format
is used for downstream and upstream modulation. After transmission, downstream
light is phase-remodulated with upstream data directly at ONU. Fig.3.1 depicts
binary data (“0” and “1”) and respective encoded phase information (“0” and *“ 7 ™)
of downstream and upstream signals. The introduction of a 7/2 offset (T is the bit
period of signal) performs as an XOR operation on the two independent phase
modulated patterns [43] and the phase difference between the leading half of a bit in
the upstream DPSK signal and the trailing half of the previous bit will not be affected
by the original phase modulation of the upstream data [45]. By using a half-bit-delay
differential interferometer (DI) at OLT, the received upstream signal can be simply
demodulated and the upstream data (blue-colored) can be correctly detected on the

trailing half bits of the demodulated signal.

Above all, in our proposed remodulation scheme, time-interleaved DPSK
modulation can efficiently superimpose upstream signal into received downstream
signal while maintaining a relatively simple detection method. The differential
pre-coders for the two tributaries are operated independently compared to [40], and

synchronization of two data is needed at ONU.






upstream data is demodulated by a 7/2 DI at OLT, following an electrical

threshold-decision detection stage.
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Fig.3.2. (a) Network architecture and (b) experimental setup of proposed
remodulation scheme. SMF: single mode fiber; AWG: arrayed waveguide grating;
DCM: dispersion compensation module; CR: clock recovery; VOA: variable optical

attenuator.

Fig.4.3 (b) depicted experimental setup. One-channel operation and symmetric
transmission were considered in our experiments. In this remodulation scheme,

5-Gb/s 2°'-1 pseudorandom binary sequence (PRBS) downstream data was

29
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Fig.4.5. Experimental setup. ATT: optical attenuator.

According to previous studies, the value of RB is approximate ~ -33 dB lower than
power of downstream light, so in the analysis SCR is calculated by following
equation:

SCR (dB) = Pupsiream — (Pdownstream— 33 dB)

When the power of downstream light is fixed, corresponding power of upstream
light can be calculated. The power variance of upstream signal can be achieved by
tuning optical attenuator. The proposed remodulation scheme was examined under
different SCR values. Experimental results are depicted in Fig.4.2 (a) and (b) with
eye diagrams and Fig.4.2 (c) with receiver sensitivities when SCRs were set at

different values.

When SCR remained in a high value, as discussed in Chapter 3, negligible
distortion was observed on upstream signal after transmission. This can be verified
by the clear eye diagrams in Fig.4.2 (a). Compared to the case using SGb/s
NRZ-OOK signal that error floor was seen when SCR was around 23 dB, eyes of
upstream signal on the trailing half bits widely opened in our proposed remodulation

scheme, indicating enhanced tolerance to RB crosstalk.

Fig.4.2 (b) shows that although the eyes kept open, upstream signal degraded as
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