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1 Introduction

1.1 Recent research developments in optical communication

networks

Along with human beings stepping into the Information Age, communication network
is becoming a basic demand of people and an important sign of civilization. Optical
fiber is the best candidate to transmit high capacity of data (supported bandwidth as
high as 25 THz) to ultra long distance (thousands of kilometers). With the
development of modern technology, trans-ocean fiber deployment has been replacing
satellite voice communication since 1980s and 1990s. In late 1990s, the exponential
growth of the emerging Internet traffic greatly stimulated the research, development,

and investment of optical communications.

Although people have acquired huge achievements in developing communication
networks, people are still at the beginning stage of the “informationization” process.
The following forthcoming problems are challenging the research and development of
optical communication networks. First, the data flow on the Internet doubles around
every eight months, which suggests continuously increasing bandwidth of backbone
transmission networks; Second, the increasing bandwidth is exceeding the capability
of electronic processing in network nodes (such as routing, switching, etc.), and thus
much faster processing mechanism such as all-optical processing is expected; Third,
video traffic experiences significant augmentation in recent years. Internet-protocol
based ielevision (IPTV) has been developing very quickly, and high-definition (HD)
video is the future trend of video casting, which requires high-bandwidth enabled
access solutions. Fig. 1.1 shows the bandwidth demand for various applications versus
the capacity of different access technologies [1]. It is obvious that optical access

technology, or namely fiber to the premise (FTTP), is the unique solution in the future.
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Therefore, the main research efforts lie in the following: increasing the network
capacity by improving transmission performance and data modulation; pondering
better network architecture that is more low-latency, bandwidth-efficient and flexible;
speeding the information processing by all-optical means; and so on. Nowadays,
researchers have achieved 25 Tb/s in backbone transmission [2], 10 Gb/s in access

networks [3], and 640 Gb/s in signal processing {4] in research laboratories.
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Fig. 1.1 The bandwidith demand of various end-user applications (upper) and
the available bandwidth provided by various access technologies (lower) [1].

1.2 Utilization of optical phase modulation in optical

communication networks

Optical phase modulation for data communications first attracted much attention in
late 1980s and early 1990s. Most of the research work was focused on coherent
system and the main emphasis led in the receiver sensitivity. With optical amplifiers
having become mature in 1990s, research and development efforts returned to on-off

keying (OOK) modulation format, in either nonreturn-to-zero (NRZ) or return-to-zero



Chapter 1 Introduction

(RZ) form. With the data encoded on the intensity of the optical carrier, an QOK

signal can be directly detected at the receiver.

Recently, with the continuous increase of the data rate per wavelength channel,
people started to revisit optical phase modulation, especially the optical differential-
phase-shift keying (DPSK) modulation format. Intensive rescarch efforts have been
paid in studying the DPSK format, and its superior transmission performance has been
proven. Using balanced detection, DPSK signals require about 3-dB lower optical
signal-to-noise ratio {OSNR) to achieve the same performance compared with OOK
signals [5, 6]. Moreover, DPSK has alse been shown to be very robust against the
degradation due to fiber nonlinearities [2, 5]. It is not surprising that many of recent
transmission records at per-channel rates of 10 or 40 Gb/s are held by optical systems

based on DPSK.

In next chapter, we shall review the fundamental concept of optical phase
modulation and the signal performance of optical phase modulation. Coherent PSK or
DPSK system will be introduced first, and then noncoherent DPSK system with direct
detection will be discussed in detail. After that, we shall summarize the current
research status of DPSK applications in optical communication networks of different

scales, including backbone, metro and access networks.

1.3 Major contribution of the thesis

Optical phase modulation, especially the DPSK modulation format, is very promising
modulation technology for next-generation optical communications. Previously, the
main research efforts have been paid to the transmission and receiver performance of
optical phase modulation. In this thesis, I concentrate on the investigation of the

signaling and processing of optical phase modulation in network applications.

My research in optical phase modulation, especially in the DPSK modulation
format, is focused on their functions, applications and signal processing in future
optical networks. Up to now, only a little research has been carried out in this aspect,

in spite of the comprehensive study of optical phase modulation in terms of the
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Fig. 2.1 The respective constellation diagrams of an optical (D)PSK. and an
optical OOK signal.

To generate an optical DPSK signal, the data signal should first be differentially
pre-coded. A direct implementation of the differential pre-coder is shown in Fig. 2.2,
which consists of an XOR logic gate and a feedback tap of one-bit delay. The output
of the pre-coder is

¢, =y D d, (1.2)

where dy is the k™ input original data bit and ¢, is the &™ output data bit.

Input Output
dx

Ck

ce1— D

T

Fig. 2.2 A direct implementation of the differential pre-coder. D: one-bit delay.

For experimental investigation using commercial bit error rate test set (BERT), the
differential pre-coder can usually be ignored. This is due to a special property of the
commonly used pseudorandom binary sequences (PRBS) generator in a BERT. For a
2"-1 PRBS sequence, the generating polynomial implemented in a BERT is of the
form: 1+x"'+x". The output from the differential pre-coder would be the exact same

sequence as the input except that the whole sequence is shifted by (n-1) bits.
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Compared with the commonly-used direct detection, though coherent detection can
offer advantages as better receiver sensitivity and narrower permissible frequency
spacing of the optical PSK signals, it requires accurate local oscillator’s
frequency/phase control and sophisticated electronic circuits after the photodiodes. In
late years, non-coherent detection has become prevailing for optical DPSK reception
for its simplicity. A general optical DPSK receiver comprises a demodulator and a
photo-detector. An optical delay-line interferometer (DI) [1, 6, 7], or an optical
bandpass filter (OBPF) [8, 9], can serve as an optical DPSK demodulator. It converts
the phase modulation into intensity modulation so that the output signal can be

directly detected by a photodiode.

Fig. 2.5 Optical delay interferometer for DPSK demodulation. (a) based on
fiber or PLC structure, (b) based on free-space optics [7].

The delay tap in a DI is usually made of a piece of fiber or a planar lightwave
circuit (PLC). Since the refractive index of the delay tap is sensitive to temperature
variation, the transmission response of a DI and the demodulated DPSK performance
are also very sensitive to temperature variation. Therefore, .accurate temperature
control must be incorporated to stabilize a DI In 2005, a new D1 based on free space
optics was proposed, which was almost independent on temperature changes [7].
Based on free-space Michelson interferometer, the DI consists of an optical beam

splitter and two reflection mirrors, as shown in Fig. 2.5. As the length difference

13
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between the two paths varies less than 10 nm over a temperature range between 0°C

and 70°C, the demodulation performance change is negligible,

After demodulation, both of the DI output ports carry full logically-complementary
information, and either of them can be used for detection, which is so-called single-
ended detection. To achieve better detection performance, balanced detection can be
employed by connecting the two output ports with two balanced photodiodes, as
shown in Fig. 2.6. A balanced receiver requires identical path lengths between the
output point and the point of subtraction of the two branches. In a linear
communication channel dominated by amplifier noise, DPSK with balanced detection
requires approximately 3-dB lower OSNR than OOK for the same bit error rate (BER).

In the following we analytically explain the reason based on the analysis in [1].

diagrams

=2 Ry
| ' g;}"

Fig. 2.6 Balanced detector of optical DPSK signals, DI; delay interferometer,
PD: photo-detector.

In an optical transmission channel where amplifier spontancous emission (ASE)

noise dominates [1,2], the electrical field of a DPSK signal can be expressed

s(f) = I:E au(t—nT)+ z(t)] exp(~jw,t)+c.c. (2.2)

=0
where a, and u(¢ —nT)are the complex amplitude and the waveform function of the
n™ bit, respectively; z(z) is the accompanied noise that is assumed to be additive

white Gaussian noise (AWGN); . is the angular frequency of the optical carrier and
T 1s the bit period. In front of the receiver, a matched filter is employed with an

impulse response function
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2.2 DPSK in Backbone Transmission Networks

Data communications have experienced drastic revolution over the past ten years. In
terms of the scale, communication networks can be classified as backbone networks,
metro networks and access networks. Backbone networks connect the main network
nodes located in the main cities in the world across long distance of land and ocean.
Today’s backbone long-haul networks utilize wavelength-division multiplexing
(WDM) or time-division multiplexing (TDM) technology to realize high-capacity
transmission. They also utilize erbium-doped fiber amplifiers (EDFAs} to compensate
the attenuation in the optical fiber links. In recent years, optical DPSK, as a high-
performance modulation format, has been extensively investigated for backbone

transmission [1, 4, 5, 7, 10-14].

2.2.1 Wavelength-division multiplexing (WDM)

In an optical WDM system, multiple optical carriers at different wavelengths are
modulated by using independent electrical data streams and are then transmitted over
the same fiber. Therefore, the capacity per fiber is greatly increased. For example,
some deployed systems have 160 channels with each channel carrying 10-Gb/s data,
thus the capacity per fiber is easily increased to 1.6 Tb/s. The optical signal at the
receiver is demultiplexed into separate channels by using an optical technique. Fig.

2.8 shows the system architecture of an optical WDM system.

trans- Al 2
mitter 1 \ l receiver 1%*
trans- A2 Q P
. mitter 2 g 3 |22 receiver 2\}*
= o
H ]
trans- A n - 2
mitter N receiver NR;

Fig. 2.8 System architecture of an optical WDM backbone transmission network.

As mentioned in previous sections, almost all the transmission rccords, in terms of

the capacity, spectral efficiency, distance, are held by WDM systems based on phase
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modulation. Table 2.1 summarizes the most recent transmission results reported in the
Optical Fiber Communication Conference and the National Fiber Optic Engineers
Conference (OFC/NFOEC) 2007. All the investigations support high-capacity long-
distance transmission, but they also have their respective specific features. For
example, the first experiment achicved extremely high spectral efficiency of 3.2
b/s/Hz, which was realized by differential quadrature phase-shift keying (DQPSK)
and polarization multiplexing, within a 50-GHz spacing WDM system. On the other
hand, the last two experiments were focused on the physical-layer transmission of
next-generation 100-Gbit/s Ethernet, which is a promising network architecture

compatible with the wide use of Ethernet.

Table 2.1

Bitrate No. of | Transmission | Modulation | Spectral | Reference | Highlight

(Bitrate | A distance technique | efficiency

per ch.)

25.6 Th/s | 160 3%x80 km RZ-DQPSK | 3.2 b/s/Hz | Bell Labs | Highest

(85.4Gb/s) | (50GHz & Pol, [10] capacity&
spacing) Multiplexin efficiency

20.4Tb/s | 102 (100 | 3x80 km CSRZ- 2b/s/Hz NTT Widest

(111Gb/s) | GH=z DQPSK & [11] optical
spacing) Pol. Multipl. spectrum

2 Th/s 100 49x156 km RZ-DPSK 60% Tyco Long

(10Gb/s) [14] repeater

spacing

1 Tb/s 10 25%95 km RZ-DQPSK | 2 b/s/Hz Coreoptics | For 100G

(55.5Gb/s) | (S0GHz & Pol. Siemens Ethernet
spacing) Multiplexing 12

1 Tbis 10 (200 | 6x80 km NRZ-OOK | 50% Alcatel- For 100G

(107Gb/sy ( GHz Lucent Ethernet
spacing [13] 100G

ETDM

DQPSK is a multi-level format of DPSK, and its constcllation diagram and

example waveform are presented in Fig. 2.9. Each symbol of a DQPSK signal carries
two bits of information. For instance, the phase difference of “0” may stand for bits 00,
“n/2” for bits 01, “n” for bits 10, while “3x/2” for bits 11. The main advantage if
DQPSK is its improved spectral efficiency of as twice as that of DPSK. However, the
main difficuity of implementing DQPSK is that a set of complicated transmitter and

receiver is required, and the frequency offset of the transmitter and receiver needs to
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by a fiber loop whose ends are connected to the two output ports of a 3-dB fiber
coupler [19]. Altematively, OTDM demultiplexing can also be achieved by using
four-wave mixing (FWM) in a nonlinear medium [20], which actually serves as a
logic AND operation between the recovered clock signal and the OTDM signal. The
three kinds of QTDM demultiplexers mentioned above are depicted in Fig. 2,12.

OTDM signal

EAM 1——p
T Demultiplexed
: - signal
Clock signal {electrical)
(a)
Nonlinear
Clock signal fiber
. Demultiplexed
OTDM s_u@al > signal
(b)
OTDM signal
~——3»1 Nonlinear Demultiplexed
——» medium |@l > signal
Clock signal
()

Fig. 2.12 OTDM demultiplexers based on (a) EAM, (b) NOLM, (c) FWM.

OTDM multiplexing, demultiplexing and transmission has been extensively
studied for more than ten years. Major efforts were put into the OTDM systems at 80
or 160 Gb/s, since such systems can achieve stable and good performance of
transmission and demultiplexing. Higher-bit-rate OTDM systems involve much more
consideration and difficulty in demultiplexing and transmission. For demultiplexing,
extremely narrow switching window and highly precise timing control should be
guaranteed; for transmission, higher-order dispersion compensation should be adopted.
There are also a lot of reports about 320-Gb/s or 640-Gb/s OTDM systems [19, 21,
22]. The highest bit rate realized by OTDM on a single wavelength is 1.28 Tb/s [23].

In early years, OTDM systems mainly adopted RZ-O0K as the modulation format.
In recent years, OTDM systems based on RZ-DPSK, RZ-DQPSK have been reported
[15-16]. It was observed that the system based on DPSK format had better
performance than that on OOK format. Moreover, the waveform of a DPSK OTDM

22
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3 A Novel OTDM Scheme with
Hybrid Modulation Format

3.1 Demultiplexing issues of OTDM signals

With the ever-increasing demand on communication bandwidth, optical time division
multiplexing (OTDM) is an cffective approach to upgrade the capacity of cach
wavelength channel in current optical systems [1-8]. At the receiver side, an
aggregated high-speed OTDM signal has to be time demultiplexed to the base channel
rate before detection. All of the demultiplexing techniques require a clock signal at the
base repetition rate. Therefore, a clock recovery circuit is essential at the OTDM
receiver. Chapter 2 has introduced several OTDM demultiplexing approaches.
Generally they can be classified into electro-optical approaches [1-4] and all-optical
approaches [5-8]. For the former, the recovered electrical clock is used to control an
electro-optical switch to extract the target demultiplexing channel; for the latter, the
recovered clock is in optical domain and is used to control an all-optical switch, which

is usually realized based on nonlinear effects in fiber or semiconductor devices.

Fig. 2.12 depicts an electro-optical demultiplexing scheme based on EAM and two
all-optical schemes based on NOLM and FWM, respectively. Generally, although the
latter ones could realize narrow switching window, the EAM based demultiplexer is
more preferred in practice, because of its simpler configuration and better
controllability. Moreover, EAM based demultiplexers may be the best choice for

medium-bit-rate OTDM demultiplexing due to its proper width of switching window.

The switching window of an OTDM demultiplexer should have a reasonable width
to avoid crosstalk from the adjacent channels and to have some tolerance against
timing misalignment in demultiplexing. That is, the switching window cannot be

either too wide or too narrow, as described in Fig. 3.1. Usually, EAM based
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Chapter 3 A Novel OTDM Scheme with Hybrid Modulation Format _

demultiplexers can meet such requirements, as they offer switching window a little

smaller than or comparable to the bit period of a medium-bit-rate OTDM signal

{3,8,10]. Thus, even with a small amount of timing misalignment At in demultiplexing,

the signal pulse of the target demultiplexed channel can still be contained in the

switching window. However, part of an adjacent bit may still be included in the

misaligned switching window, and the target channel would be degraded due to the

crosstalk from the adjacent channels.

Swifching
window

time
Channel 1 2 3 N
(a)
A % A > time
Channel 2 N
(b)
time

Channel 1 2 3 N
(c)

Proper width and
alignment of the
switching window

The switching
window is foo wide
-> adjacent bil is
gated (crosstalk)!

The switching
window is too narrow
-> no tolerance to
timing misalignment!

Fig. 3.1 Considerations on the switching window of OTDM demultiplexing.
(a) a proper switching window. (b} If the switching window is too wide, part
of the bit in the adjacent channel(s) may be gated and crosstalk occurs. {c) If
the switching window is too narrow, there is no tolerance to any timing
misalignment in demultiplexing. Most all-optical techniques can produce a
relatively narrow switching window as (c) while EAM based demultiplexers

have a switching window like (a) or (b).

To reduce the channel crosstalk due to timing misalignment in demultiplexing, a

scheme was proposed by altering the pulse position of different OTDM channels {3].
The authors added an optical phase modulator (PM) and a dispersion medium in the

OTDM demultiplexer, as shown in Fig. 3.2. The recovered clock was used to drive the
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Fig. 34 Proposed OTDM with hybrid modulation formats and its
demultiplexing in case of timing misalignment. (a) an example waveform, (b)
demultiplexing of an ASK channel, {c) demultiplexing of a DPSK channel, in
case of timing misalignment.

In our proposed hybrid OTDM scheme, every even channel is in RZ-ASK format
while every odd channel is in RZ-DPSK format, as illustrated in Fig. 3.4(a). In other
words, the RZ-ASK channels are interleaved with the RZ-DPSK channels. One of the
main advantages of this hybrid OTDM system is that every channel suffers much less
crosstalk induced error from its two adjacent channels, in case of improper
demultiplexing. Fig. 3.4(b) shows the demultiplexing of an RZ-ASK channel in which
the time gating (switching window) has some timing misalignment. The width of the
switching window is comparable with a bit period. With some timing misalignment,
part of the signal in the adjacent channel is also gated in the window. In a
conventional ASK OTDM case (all channcls in ASK format), the gated adjacent bit
may have no power (ASK “0”) or may have some power (ASK “17). This crosstalk
causes the target channel to become having multiple levels, which would mmduce
significant errors in detection. However, for an ASK channel in the proposed hybrid
OTDM case, the gated adjacent DPSK bit always have the same power, which would
not lead to crosstalk induced erronecous decision. Similarly, for a DPSK channel,

demultiplexing with timing misalignment will gate part of the adjacent ASK bits.
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Without employing such sophisticated scheme, in this section, we experimentally
demonstrate that our proposed hybrid OTDM can support 8:1 demultiplexing with an
EAM based demultiplexer operated at normal condition. The success benefits from the
demuitiplexing performance improvement because of the enhanced tolerance to
adjacent-channel crosstalk by using the hybrid OTDM approach. Fig. 3.8 shows the
principie of the performance improvement by using hybrid OTDM. In a conventional
OTDM signal, all channels employ either RZ-ASK or RZ-DPSK formats. However, in
our proposed hybrid OTDM scheme, every even channel is in RZ-ASK format while
every odd channel is in RZ-DPSK format, as illustrated in Fig. 3.8(a). In other words,
the RZ-ASK channels are time-interleaved with the RZ-DPSK channels. Fig. 3.8(b)
shows the 8:1 demultiplexing of an RZ-ASK channel in which the switching window
covers not only the target demultiplexed channel but also part of its two adjacent
channels (The switching window of an EAM at normal operation is between 1/4 and
1/8 of the base bit period). In a conventional ASK OTDM signal in which all channeis
are in RZ-ASK formats, such demultiplexing would induce severe crosstalk from
adjacent channels and may severely deteriorate the target demultiplexed channetl.
However, for an ASK channel in our proposed hybrid OTDM signal, the crosstalk
from adjacent channels are part of the adjacent DPSK bits, having the same amount of
power for either DPSK “0” or “1”. This 1s equivalent to add a small amount of
constant power into the target ASK channel, which may alter the detection threshold

but will not induce erroneous detcction due to crosstalk from adjacent channels.
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Fig. 3.8 (a) The signal format of the hybrid OTDM approach (8 channels), (b)
demultiplexing of an ASK channel, {c} demultiplexing of 2 DPSK channel.

Similarly, for a DPSK channel in a hybrid OTDM signal, the demultiplexing will

gate part of the adjacent ASK bits. However, after DPSK demodulation, the gated part

of the ASK bit will destructively interfere with that of its previous bit, That is, the

gated power of the ASK bit will disappear or become as little as a quarter of its

original power, depending whether its two consecutive bits are the same or not,

respectively. Therefore, the DPSK channel demodulation process can greatly alleviate

the crosstalk from the adjacent ASK channels, as compared with the demultiplexing of

a conventional RZ-DPSK OTDM signal.
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measured before the p-i-n photodiodes. The back-to-back receiver sensitivities for the
ASK and DPSK tributaries were measured to be around -16 and —-19 dBm,
respectively and error-free operation was achieved in both cases. There were about
4.5-dB or 1.5-dB power penalties compared with the measured conventional RZ-ASK
or RZ-DPSK sensitivities, respectively. For the ASK tributary reception, the average
power of the DPSK pulses, which was twice that of the ASK tributary, was counted
into the received power of the ASK tributary signal. Therefore, two thirds of the
received power was useless for ASK detection and led to degraded extinction ratio,
which corresponded to ~4.5 dB of power penalty. Similarly, for DPSK reception, the
power penalty could be attributed to the degraded eye due to the presence of the
residual ASK pulse.
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Fig. 3.14 BER measurements of the DPSK and ASK tributaries of a 21,22-
Gb/s hybrid OTDM signal.

After 40-km transmission with corresponding dispersion compensation, both the
received RZ-DPSK and RZ-ASK tributaries had a power penalty of about 0.5 dB,
which might be caused by the wide spectrum of optical pulses and the residual fiber
dispersion. In the above measurements, the two tributaries were evenly time-

interleaved. It is expected that the detection performance depends on proper
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by means of orthogonal modulation. However, the extinction ratic of the OOK
payload had to be reduced to optimize the performance of both the label and the
payload. In [15-17], bit-serial return-to-zero (RZ)-DPSK labeling was proposed to
guarantee the performance of both the label and the payload signals. However, this
approach required careful adjustment of the guard band between the label and the
payload. Moreover, dedicated optical processing might be required to separate the

label and the payload at the core router [17].

In this work, we propose to employ the idea of hybrid OTDM in the application of
optical labeling. We time interleave the optical RZ-DPSK label signal into the optical
payload, instead of placing it in front of the payload. As the label is interleaved in the
payload, the packet structure is more compact and thus the effective network
bandwidth is improved. No guard band between the label and the payload is required.
Both of the label and the payload signals can be detected without any time-division
demultiplexing technique to separate the two signals. We have experimentally
demonstrated optical packet generation at 21.22-Gb/s line-rate, with 10.61-Gb/s
DPSK labels and 10.61-Gb/s OOK payloads. 40-km transmission and optical label

swapping have also been demonstrated with small induced power penalty.

The proposed labeling scheme and the packet format are depicted in Fig. 3.16.
Both the label and the payload signals are in RZ formats and are of the same tributary
bit rates. Therefore, an optical RZ-DPSK label can be attached with an optical RZ-
OOK payload by simply time-interleaving the label bits with the payload bits, via an
optical delay line circuit. Such packet format can also be regarded as an optical time-
division-multiplexed composite signal, with hybrid modulation formats of DPSK and
OOK and at a doubled aggregate bit rate. The reception of such packet signal is simple
and it requires no dedicated optical processing for separation of the label and the
payload. The RZ-OOK payload tributary can be retrieved by directly detecting the
composite packet signal at its tributary bit rate. The presence of an additional
constant-intensity RZ-DPSK pulse in every tributary peried only produces an offset to
both the “zero” and the “one” bit levels of the RZ-OOK signal during power
integration at the detector. Thus, by optimizing the detection threshold, good detection
performance of the RZ-O0K payload can be achieved. On the other hand, a traditional

optical DPSK receiver, comprising an optical delay interferometer (DI) and a
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photodiode, can be used to demodulate and detect the RZ-DPSK label tributary signal.
In addition to the demodulated RZ-DPSK pulses, the RZ-OO0K pulse at the destructive
output port of the DI, in every detection time period, would lead to no pulse or a

residual pulse with power being a quarter of the input pulse power [15], depending on

EPﬁK label

its bit pattern.

0 06 n 1 O DPSK Receiver
Label %
Optical | Laenerator | = \ 4
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source Payload \;g. * diode
qgenerator OK load
A . A Q Apay o OOK Receiver
1 'o' [ '0. 1 .
Packet Generation Packet Reception

Fig. 3.16 The proposed DPSK-interleaved labeling scheme and the
corresponding optical packet generator and receiver.

In the above description, every RZ-O0K bit is assumed to be accompanied by an
RZ-DPSK bit, which means the payload might have the same length with the label.
However, in a practical optical packet, the length of the label may be smaller than that
of the payload. In this case we may attach a few unmodulated pulses to the original
RZ-DPSK label to make the label have the same length as the payload, in order to
assure packet reception with a stable performance. Another important issue in an
optical packet-switching network is label swapping. According to the old label and the
expected new label patterns, a control pattern can be computed, which is the binary
exclusive-OR logical result between the old label and the new label. The control
pattern is used to modulate the intensity of a locally generated optical pulsc train at the
label’s pulse rate. This optical control signal will be used to medify the incoming
optical RZ-DPSK. label pulses via cross-phase modulation (XPM), thus this realizes
all-optical label swapping, without any label/payload separation processing. Under
proper operation conditions, only the phase of the DPSK label signal is changed;
while both the intensity and the phase of the OOK paylcad can be preserved.
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All-optical label swapping for such an OOK/DPSK interleaved packet has also
been experimentally demonstrated. A 10.61-GHz optical pulse train at 1545-nm and
with 20-ps FWHM was encoded by the control pattern via an intensity modulator to
form the local control signal. The optical intensity-modulated control signal was
properly delayed to align with the incoming DPSK label pulses. It was amplified to
about 20 dBm before being fed into a 4-km dispersion-shifted fiber (DSF) together
with the 21.22-Gb/s OOK/DPSK interleaved packet signal for the recoding of the
DPSK label signal via XPM. The label-recoded QOK/DPSK signal was then extracted
by an optical bandpass filter (OBPF). At the receiver, the received OOK/DPSK packet
signal was detected by the receiver unit, as shown in Fig. 1. The DI used had a relative

arm delay of 94.3 ps.

We have measured the bit error rate (BER) of the OOK/DPSK interleaved signal,
and the results are depicted in Fig. 4. Both the label and the payload signals werc
modulated by 2*~1 pseudo random binary sequence (PRBS). We employed the
receiver unit shown in Fig. 1, and the received optical powers were measured before
the 10-GHz p-i-n diode. The back-to-back receiver sensitivities for the OOK and the
DPSK tributaries in the OOK/DPSK interleaved packet signal were measured to be
around —-16 and -19 dBm, respectively. The difference in the sensitivities is
reasonable as the label information is usually regarded to be more critical and
important in label-switching networks. There were about 4.5-dB or 1.5-dB of power
penaity compared with the measured sensitivities of single RZ-O0OK or RZ-DPSK
signals, respectively. For the OOK tributary reception, the power of the DPSK pulses,
which was twice of the QOK tributary average power, was counted towards the
received power of the OOK tributary signal. Therefore, two thirds of the received
power was useless for OOK detection, which was equivalent to about 4.5-dB power
penalty. Similar explanation could be applied to the case of the DPSK tributary signal;
however, the over-counted power was much less, thus led to smaller power penalty

(1.5 dB).
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Again, this revealed that our proposed hybrid OTDM could enhance the tolerance to

adjacent-channel crosstalk and thus improve the demulitiplexing performance. Third,

we demonstrated that a two-channel hybrid OTDM signal could be directly detected

without demultiplexing. This can be used as a simple way to double the channel data

rate without additional complexity. Finally, we reported an application of the hybrid
OTDM in packet switching networks. With the RZ-DPSK label time interleaved in the
RZ-0O0K payload, compact packet signal and simple label/payload separation can be

achieved. Optical labeling and label swapping were successfully demonstrated.
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4 Optical Logic Gate for DPSK Signals
based on FWM in SOA

4.1 All-optical XOR logic gate

In current and future optical digital communication systems and networks, the data
rate per wavelength has been approaching the speed limitation of electronics. Thus,
all-optical signal processing techniques are highly desirable to support the necessary
optical switching functionalities in future ultrahigh-speed optical packet-switching
networks. Moreover, all-optical signal processing can avoid cumbersome electrical-
optical-electrical conversions, and thus can lead to transparent optical network nodes

in spite of different electrical signal formats and protocols.

Since optical logic gate is the basic construction element for all-optical digital
signal processing, it has been extensively studied in recent years. Among various logic
functions including AND, OR, cxclusive-OR (XOR), etc, optical XOR has been
investigated most thoroughly, as it can realize many functions in packet data
processing. Fig, 4.1 shows the truth table of a two-input XOR gate. The useful optical
processing functions include data encoding and parity checking [1], label recognition
and label swapping [2], advanced all-optical processing such as half-adder, full-adder,
ete, [3]. Fig. 4.2 shows the function of label swapping and half-adder implemented
with all-optical XOR logic gate. In the network node of an optical label switching
network, the old optical label should be removed and a new optical label should be
attached with the optical packet payload. With all-optical swapping based on XOR
operation, the label removal and label rewrite can be accomphshed in one step. A
local patterm can be calculated by the network management unit, which is the XOR
result of the incoming label and the new label. Then the incoming label and the local
pattern are synchronized and fed into the all-optical XOR gate, and the output is
exactly the new label. For all-optical half-adder, it is comprised of an all-optical XOR
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4.2 Four-wave mixing in semiconductor optical amplifier

Optical wave mixing refers to the nonlinear interaction among several optical waves
in a medium. 1t is a kind of parametric process because it involves modulation of a
medium parameter such as the refractive index. The origin lies in the nonlinear
response of bound electrons of a material to an applied optical field. The polarization
induced in the medium is not linear in the applied field but contains nonlinear terms
whose magnitude is governed by the nonlinear susceptibilities [10-11]. Four-wave

mixing (FWM) belongs to the third-order parametric process since the third-order

susceptibility x* is responsible.
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Fig. 4.3 Optical frequency of four-wave mixing process: (a) non-degenerate
case, (b) partially degenerate case..

The physical process of four-wave mixing (FWM) can be understood as follows.
When a light field containing multiple frequency components is applied to a nonlinear
medium, it induces in the atoms or molecules of that medium electronic dipoles
oscillating at the beat frequencies of the input field components. Any two input

components can be considered to beat and drive the material excitations. The material
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Fig. 4.13 BER measurements of the three DPSK input (e,0,¥ all 2’-1 PRBS)
and the XOR-output (v 2’-1 PRBS, » 2'°-1 PRBS) signals.

We have performed bit-error-rate (BER) measurements to precisely investigate the
logic integrity and the performance of the demonstrated FWM-based three-input
optical XOR gate. A PRBS sequence with a word length of 27-1 and two of its delayed
versions served as the three data inputs. We computed and edited the XOR result into
the BER tester to evaluate the output XOR data. The measured BER for the three
input and the output signals were plotted in Fig. 4.13. The three input signals had
similar performance and the XOR output signal had less than 2-dB power penalty at
BER=10" compared with the input signals. The power penalty might be attributed to
the noises induced by the EDFAs and the SOA, and the slightly degraded extinction
ratio, as discussed before. Note that the noise variance of the XOR output would be
larger than that of each input, according to Eq.(3). The BER measurements using 2'0.1
PRBS as the input signal source showed similar data records, implying very small
pattern dependence in the XOR performance. The data points for the 2'°-1 PRBS input
signals were too close to those using 2’-1 PRBS and thus were not drawn in the same
figurc. Although this demonstration was at 10.61 Gb/s, such FWM-based all-optical
XOR gate was capable of processing optical signals at much higher bit rate, due to the
ultrafast intraband processes of FWM in SOA.
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DPSK signals should be no greater than one-third of the input pulse width in order to

avoid severe performance degradation.
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5 A Simple Label Pattern
Recognition Scheme for Phase-

modulated Label Signals

5.1 Introduction to all-optical label recognition

As introduced in previous chapters, with the rapid growth of Internet traffic, optical
label switching has been emerging as an attractive technology to maximize bandwidth
utilization and minimize routing latency of future optical networks. Among various
optical labeling schemes, bit-serial labeling can guarantee high signal performance of
both the label and the payload [1-10]. Since the label is placed before the payload in

time, it can be optically processed without influence or crosstalk onto the payload.

A few bit-serial label pattern recognition approaches based on optical signal
processing have been reported [5-8]. One approach employed nonlinear optical
processing (e.g. optical serial-to-parallel conversion) plus successive electrical post-
processing [5-6]. A basic schematic is shown in Fig. 5.1. It could recognize different
label patterns by programming the electronics but both its optical and electrical

modules were quite complicated.

Another method utilized all-optical correlation based on nonlinear optical
processing [7-8], which largely relaxed the requirement on electronics. For example,
the optical label information was coded as the time gap between two specific pulses in
the optical label signal in [7], and it was recognized using an all-optical signal
processing circuit, The circuit contained the time gap information and utilized
nonlinear effects in SOA, If the time gap information in the label matched with that in
the circuit, the label was recognized. Therefore, there was no complicated electronic

circuit required. However, each correlator could recognize only one label pattern and
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incoming label pattern with the local reference pattern bit by bit through XOR
operation, and a third signal was used to carry and summarize the bitwise comparison
results together. This scheme could recognize any label pattern because of the
introduction of the local pattern. However, this scheme would involve N XOR gates
for N-bit label, which was costly, complicated, and might have cascadability problem

due to noise accumulation.

5.2 Proposed label recognition scheme

In this project, we propose a new optical correlator for phase modulated (PM) bit-
serial label recognition. It can recognize any label pattern with the assist of a local
refcrence pattern. Moreover, it handles label bit comparison in parallel, thus offering
much more simple and robust operation. We employ a local optical pattern to
interplay with the incoming label pattern via cross-phase modulation (XPM) in the
dispersion-shifted fiber (DSF). After that the incoming label pattern is fed into a
delayed interferometer (DI). The output will have no optical pulse or at least one
pptical pulse depending on whether the labels are matched or not. Therefore the
decision of successful recognition can be simply achieved by measuring the output
optical power. Moreover, it can recognize any incoming label pattern according to the

local pattern, and can be reconfigured to accommodate variable-length label patterns.

Incon:ning payload label s
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Fig. 5.3 Schematic of the proposed all-optical label recognition scheme. Two

example packet label pattems and their corresponding output are shown.
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Fig. 5.3 shows the principle of operation of our proposed all-optical PM label
recognition scheme. In a network core router, part of the incoming packet power is
tapped off for label recognition. The bit-scrial PM label is aligned and combined with
an optical pulse train, which is intensity modulated by a designated local label pattern.
Then they are fed into a segment of DSF. Since the locally generated optical pattern is
intensity modulated and has strong optical power, it can change the phase of the PM
incoming label signal via XPM in the DSF. If the binary pattern encoded in the
incoming PM label signal is the same with that in the local signal, the incoming label
pattern signal would be changed to have equal phase in all of its puises. By using an
optical delay-line interferometer (DI), which has a relative delay between two arms
equivalent to the label period, the destructive port of the DI would have no pulse
output. On the contrary, if the incoming PM label pattern does not match the local
optical pattern, there would be at least one pulse with its phase being different from
others in the XPM-modified label signal after the DSF. As a result, there would be at
least one optical pulse output from the DI’s destructive port. For common bit-serial
PM labeling, a PM label and its phase-complementary label are regarded to be the
same {e.g. pattern “1010” can be encoded as either “n0n0” or “On0n’"), thus a label
pattern is also judged to be matched with its complementary pattern in our scheme.
According to the output power measurements, we can judge if the incoming label
pattern matches with the local pattern. The optical pattern recognition module may
vary its local pattern to re-check the incoming label pattern according to its
requirement, controlled by the switch management unit. In this way the all-optical

label pattern recognition is realized.

Fig. 5.3 also shows two examples of the label recognition procedure. The packet #1
(pkt#1) has a label of “n00n” (corresponding binary pattern “1001”") while pkt#2 has a
label of “n0On0” (corresponding to “10107). The local optical pattern is set to be
“10017, matching with the label of pkt#1. After passing through the DSF, the local
pattern “1001” changes the labe] signal “n00n” into “(2r)(0)(0)(2m),” which is
equivalent to “0000” because of phase pertodicity. In the DI output port, the four
optical pulses destructively interfere with their one-bit delayed version and result in
three central bit periods without power and two small side pulses. The generation of

the two side pulses is because of the empty guardbands present before and after the

85



Chapter 5_ A Simple Label Pattern Recognition Scheme for Phase-modulated Label Signals

label, and the power of each side pulse is 1/4 of that of every input full pulse. The
three central bit periods can be temporally gated to remove the payload and the
residual side pulses, and thus no power can be seen by the optical power meter. On the
contrary, the label signal of pkt#2 “n0n0” is changed into “00nn” by the local pattern
“1001,” therefore after the DI the changed phase “00nn” has an output of a full pulse
and two small side pulses. The power meter can detect the power of the full pulse after
the time gating. In this way the two cases (pkt#1 is matched and pkt#2 is unmatched)
can be simply differentiated by the power meter measurement, with a decision
threshold between “nearly no power” and “with power”. The temporal gating unit can
be a fast electro-optical switch. Even if its switching time is not fast enough, there are
only two side pulses to be included in the gating window due to the sufficiently long
label guardbands. The two side pulses together have half of the power of a full optical
pulse, which will narrow the decision threshold range but the recognition module can

still work.

According to the principle of our proposed PM label recognition scheme, it is
needed to modify the optical phase of the target label bits with a precise depth of =.
This is different from most of other XPM based interferometric optical processing
functions, in which good performance can be achieved as soon as a probe signal is

modified by a certain value in phase (usually not necessarily 7). In our case, on the

contrary, the phase modification depth must be = as the incoming label signal has
already been phase modulated. Otherwise, there will exist more than two phase levels
and it may lead very poor performance or even recognition failure. Here we name the
precise modification of = to the optical phase of selected bits as “all-optical phase
recoding,” as the target bit pattern is modified and recoded to be a new bit pattern.
Although XPM in fiber has been thoroughly studied in terms of its induced
transmission impairments, the XPM performance used to modify the phase value all
optically has not been quantitively characterized before, to the best of our knowledge.
Therefore, we firstly experimentally characterize the phase modification/recoding

performance via XPM in next section.
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6 A WDM-PON with Centralized Light
Sources and Multicast Overlay Using
DPSK Signals

6.1 WDM-PON with centralized light sources

As introduced in Chapter 1, to facilitate the wavelength management and maintenance,
the WDM-PON architecture with centralized light sources (CLS) at the optical line
terminal (OLT) has emerged as an attractive solution [1-3]. With no wavelength-
registered light source incorporated at the optical network unit (ONU), wavelength
provisioning, monitoring and stabilization at every ONU are unnecessary and thus
such wavelength independent (so-called “colorless™) ONUSs greatly eases the network
maintenance and reconfiguration. In a realization of such a CLS PON, in additional to
the downstream laser sources, extra laser diodes were installed at the OLT to provide
light source for the upstream data which increased the system cost [2]. Some other
demonstrations avoided this problem by directly re-use the downstream light as the
upstream carrier at the ONU. In order to let the upstream signal be modulated onto the
downstream light without interference, a portion of the temporal period of the
downstream signal was left unmodulated and reserved for upstream data [1]. However,
this reduced the downstream bandwidth and the upstream re-modulation had to
synchronize with the unmodulated downstream time slots. Another approach of
downstream light re-use at the ONU was to apply a semiconductor optical
saturator/modulator [3] to erase the downstream data before the re-modulation. The
use of such a proprietary component may be of high cost and be difficult to control.
Moreover, the downstream signal should have a low extinction ratio so that data

erasure could work, which sacrificed the downstream signal quality.
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feeder fiber. At the remote node, every point-to-point wavelengths are routed to the
corresponding ONU. Meanwhile, the broadcast data on the broadband light is routed
to every ONU, benefited from the free spectral range (FSR) property of the AWG.
Because of the added broadband light source, this scheme led to significant cost
increase. Alternatively, a laser diode, instead of a costly broadband light source, can
be used in the OLT to carry the broadcast data {6]. However, special routing design
shouid be adopted at the AWG in the remote node, which led to additional complexity

and nsertion loss.

Some recent work proposed broadcast overlay on the same optical carrier with the
downstream point-to-point data, based on subcarrier multiplexing (SCM) [7-8].
However, SCM technique requires high-frequency electronic components at both
transmitter and receiver sides. In addition, the downstream capacity is limited due to

the complexity in implementing high bit-rate baseband signal on a subcarrier.

In the above work, a light source is deployed in each ONU for each WDM
upstream channel. However, as discussed in the previous section, employing
centralized light sources at the OLT is an attractive approach for low-cost
implementation. Since no wavelength registered light source is incorporated at the
ONU, wavelength management at the ONU 1s unnecessary and thus greatly eases the
network maintenance. At the ONU, the upstream data transmitter was realized by

remodulating part of the received downstream signal power.

In this project, we propose a novel WDM-PON architecture to provide a
downstream broadcast overlay on the conventional point-to-point data service. The
proposed network offers both downstream services and upsiream carrier provision
with centralized light sources. In every wavelength channel, inverse-return-to-zero
(IRZ} format is employed to carry the point-to-point data, while the differential-phase-
shift keying (DPSK) broadcast/multicast data is superimposed onto it. With simple
control in the transmitters at the OLT, the broadcast data can be selectively
multicasted to specific subscribers. Moreover, using downstream IRZ signal format,
the upstream data can be remodulated on the received downstream carrier, before
being delivered back to the OLT.
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an optical phase modulator (PM), driven by the pre-coded digital broadcast or
multicast data. Since an IRZ signal consists of a period of high level at both “1” and
“0” bits, the DPSK broadcast or multicast data can be successfully superimposed onto
all the optical IRZ signals, without lost of bit information. In this way, every
downstream wavelength carries both the IRZ point-to-point data and the DPSK

multicast data.

When all the downstream point-to-point transmitters produce IRZ signals, the
superimposed DPSK signal is broadcasted to all the ONUs. To realize multicast, a
simple electronic control circuit can be added in each IRZ transmitter at the OLT. At
normal operation, the transmitter generates an IRZ signal and the DPSK signal can be
distributed to the corresponding ONU. To disable the DPSK data distribution, the
control circuit triggers the point-to-point data signal to bypass the electronic NAND
gate and directly drive the IM. Therefore, optical non-return-to-zero {NRZ) signal,
instead of IRZ signal, is generated to carry the downstream point-to-point data. In this
way, the DPSK broadcast data can be still modulated on the NRZ point-to-point signal,
but it cannot be recovered at the ONU (unless theNRZ signal has an extinction ratio
lower than 4.7 dB [9]). Therefore, downstream multicasting is realized. It is
noteworthy that the multicast is centrally controlled in the OLT, and 1s transparent to
every ONU receiver.

After downstream transmission, the downstream ftraffic from the OLT is
wavelength routed by another AWG at the remote node (RN) towards different ONUs.
At an ONU, a portion of the received downstream signal power is tapped off for
reception. The IRZ or NRZ point-to-point data can be directly detected by a
photodiode while the DPSK multicast data can be detected after demodulation. The
remaining downstream power is fed into an optical intensity modulator for upstream
data remodulation. As the downstream signal has a finite extinction ratio, the optical
power in each bit can provide the light source for the upstream data in every bit slot.
As the upstream bit rate (say 2.5 Gb/s) is usually lower than the downstream bit rate

(say 10 Gb/s), no bit synchronization is required at the ONU.
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P, =(120)1-£&/2)/(RE) which is the receiver sensitivity of the IRZ signal. This can
also be expressed with respect to the receiver sensitivity of a conventional nonreturn-

to-zero signal (i.e. &1) as P, [dBm]= P, . [dBm]+10log,,2(1-£/2)/& . Fig.
6.8 depicted the relation of P, (normalized with respect to P, ,, ., ) against the

value of &

Similarly, the ELPF in the upstream receiver at the OLT also functions as an

integrator over an upstream signal period Ty. The decision variable for bit “zero” is
Vo= [ R-B,o(0)dt [T, =0 whereas for bit 17 ¥y, = [* R-P,,(1)dt /T, has many

possible values, where Pyo(f) and Py (#) are the respective temporal power profiles for
the upstream “zero” and “one” bits. The integration starting position can be at any
timing point within a downstream bit and the integrating period may contain different
downsiream bit patterns. Here we consider a case where the starting position of an
upstream bit is exactly the same as that of a downstream bit, in which an upstream re-
modulated bit contains four full-period downstream bits. According to different bit
pattern combinations of the four downstream bits, Py has five possible values (1-
EPR, (1-0.7585)PR, (1-0.5HPR, (1-0.25&) PR, and PR, with their respective occurrence
probabilities being 1/32, 1/8, 3/16, 1/8, and 1/32. Based on the above analysis, the
error probability of the upstream signal can be derived by summing up the product of
each error probability and its corresponding occurrence probability. We have
numerically solved the error probability function and obtained the receiver sensitivity
of the upstream re-modulated signal normalized with respect to the case using CW
light as the upstream carrier (i.e., £=0), as depicted in Fig. 6.8. By respectively using
the IRZ transmitter in our experiment and another method of IRZ generation based on
dual-drive Mach-Zehnder IM [12], the downstream and upstream receiver sensitivities
at £=0.6 and & =0.3 were also measured. It is shown that the calculations agree with
the measured receiver sensitivities (“x” for the downstream IRZ signal and “O” for
the upstream signal). These relations are useful to facilitate the system designs in
terms of system margin, power budget, downstream/upstream power splitting ratio,

etc.
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Normalized receiver sensitivity (dB)

0 0.2 0.4 06 0.8 1
Duty cycle of IRZ

Fig. 6.8 The normalized back-to-back receiver sensitivities of the 10-Gb/s
downstream IRZ and the 2.5-Gb/s upstream re-modulated signals versus the
IRZ duty cycle. Symbols indicate the experimental measurements while lines
indicate the theoretical performance. The inset shows the measured eye
diagram of the downstream IRZ signal.

3.5 Summary

We have proposed and experimentally demonstrated a novel WDM-PON architecture
to provide both downstream point-to-point data service and digital multicast service
on the same light carrier. The multicast overlay adds only a little complexity to the
existing WDM-PON structure, and offers better network flexibility by providing
another downstream service of either broadcast or multicast. The multicast control is
simple and centralized at the OLT. Experimental demonstration with 10-Gb/s
downsirecam signals and 2.5-Gb/s upstream remodulated signals confirmed the

feasibility of the proposed scheme.
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7 Conclusion

7.1 Summary of the thesis

In this thesis, we have investigated the signaling and related information processing
technology of optical phase modulation, especially of the DPSK modulation format.
The scope of the research is within the area of fiber-optic communication networks,
ranging from the backbone transmission networks, then to the middle-level metro

network, and at last to the last-mile optical access networks.

In details, we have proposed and experimentally demonstrated a novel OTDM
scheme with hybrid modulation formats of ASK and DPSK, which can significantly
enhance the demultiplexing performance. As the multiplexer of a conventional OTDM
system is simple while the main difficulty lies in the demultiplexer, the significance of
our proposed scheme is obvious: the simplification and improvement of the
demultiplexer means the increased feasibility of OTDM systems. We have described
the principle and experimental results in Chapter 3. First, a 42.44-Gb/s OTDM
demultiplexing experiment showed that our proposed hybrid OTDM could enhance
the tolerance to timing misalignment in demultiplexing by a factor of 2, compared
with conventional OTDM with homogenous modulation formats. Second, we
successfully demonstrated 84.88-Gb/s hybrid OTDM demultiplexing using a
commercial EAM demultiplexer operated at normal condition. On the conirary, the
attempt of demultiplexing a 84.88-Gb/s conventional OTDM signals failed, with the
same operating condition. Again, this revealed that our proposed hybrid OTDM
enhanced the tolerance to adjacent-channel crosstalk and thus improve the
demultiplexing performance. Third, we demonstrated that a two-channel hybrid
OTDM signal could be directly detected without demultiplexing, which was

unimaginable using conventional OTDM.
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