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In this dissertation, we studied the OCDMA system over PON at the bit rate
per channel of 40 Gbps using Fourier code in order to suppress the noise. We
proposed the spreading-time to bit period ratio (SBR) as a factor that can suppress the
noise. Our results showed that the highest chip number was resulting in the
lowest noise and the BER due to its highest PCR. We further investigated the
performance of the system with the different SBR. We performed the mathematical
calculation to obtain the noise variance and the BER. The results showed that, in the
worst case, and the average case, the BER of the system employing SBR = 0.6, 0.4,
and 0.2 was greater than the conventional system using SBR = 1.0, and 0.8. The
simulation results confirmed the validity of our mathematical values. Moreover, the
comparison between the TDMA and the OCDMA-PON was demonstrated. We
showed that the OCDMA-PON was superior in terms of bit rate per subscriber, power
budget, and the system complexity at the same bit rate, respectively. Finally, the
system verification was proved by performing the experiment. We used the AWG and
the PLC en/decoder with the SBR = 0.1 and 0.8. The results had reached and

agreement with our mathematical calculation and the simulation, respectively.
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CHAPTER 1 Introduction

1.1 Background Knowledge

The fabulous increasing of the demand in data communication is growing
rapidly due to the number of end-subscribers is also growing up and many types of
widespread internet media such as social media applications, online gaming,
telemedicine service, full-HDTV, 3D-TV and super hi-vision (4k) digital video format
have been developed to have a greater performance which could bring a dramatically
huge amount of bandwidth as well [1, 2]. The main key to satisfy the bandwidth
hunger is the excellence in data transmission for the last mile. Fiber to the home
(FTTH) based passive optical network (PON) has been stately stated as one of the
most powerful access network for decades since FTTH can provide a gigabit-class
data rate to the customers [3]. Institute of electrical and electronics engineers (IEEE)
and international telecommunication union telecommunication standardization sector
(ITU-T) has been already standardized the 10G-PON technology in the name of 10G-
EPON and XG-PON, released in 2009 and 2010, respectively [4, 5]. However, in the
upcoming years, PON should be able to provide at the bit rate 40 Gbps or beyond
with the major architecture platform employing a prospective time-wavelength
division multiplexing (TWDM) at least 40 km [6, 7]. These requirements are recently
being discussed in the next generation PON stage 2 (NG-PONZ2) as the main aiming
system enhancements that could have a possibility to start a deployment later than
2015 [6].

However, most of current PON standardizations, the multiple access scheme
for an upstream is based on the time-division multiple access (TDMA) which the
time-slots for each subscriber is dynamically assigned by optical line terminal. Hence,
each subscriber is able to transmit their own information without any collisions via an
efficient dynamic bandwidth allocation (DBA) protocol, but the total amount of
bandwidth per subscriber is sharing among all subscribers in each PON [8]. Due to
this tight control in time-slot synchronization and bandwidth sharing among
subscribers, it is difficult to increase the individual bandwidth. In order to increase the
system line rate, the bit period is reduced so we have to compete with the serious
pulse broadening due to the dispersive effect in a fiber. Moreover, the complexity in
an electronic circuit design that could increase the system cost is not preferable in the
last-mile network.

Wavelength division multiple access (WDMA) is another multiple access
scheme that can increase the bandwidth per subscriber by assigning an individual
wavelength to each subscriber. Therefore, there is no need in time-slot
synchronization and no bandwidth sharing that could let each subscriber to obtain
maximum bandwidth at all time [9]. Anyway, the total number of subscribers is
depended on the number of wavelength according to WDM standardization. In ITU-T
G.694-2 or coarse wavelength division multiplexing (CWDM) with 20 nm channel
spacing, from 1270-1610 nm, has reserved only 18 wavelengths. That is not enough
for the access network. One of the solutions is choosing a WDM with narrower
channel spacing to increase the number of wavelengths. For instance, a WDM with
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0.8 nm (100 GHz) channel spacing can provide approximately 73 wavelengths
simultaneously in C-band from 1520-1577 nm. However, the major drawbacks of this
solution are the serious crosstalk between consecutive channels and we need to apply
high-priced optical sources with a good stability in temperature control and narrow
linewidth [10]. Consequently, we need another multiple access scheme to break this
bandwidth limitation.

Optical code-division multiple access (OCDMA) is neither time nor
wavelength multiple access scheme, but it proposes another dimension to access to
the network. The unique code, which is orthogonal to the others, is assigned to each
subscriber. The code is used to encode the original optical signal to exhibit a unique
temporal waveform. With this scheme, each subscriber can transmit their own
information using same wavelength simultaneously with the full capacity in
bandwidth allocation of the system. Therefore, OCDMA is a promising multiple
access technology that can increase system bit rate and the total number of subscribers
[11-14].

Many of current researches on access and non-access network are also paying
attention on the OCDMA. In a backbone optical network technology, the OCDMA
has been introduced to increase the system capacity over WDM network [15]. A field
trial of 3-WDM channel in cooperating with 10-OCDMA subscribers/wavelength at a
bit rate of 10 Gbps/subscriber was successfully demonstrated over 111 km with a bit

error rate (BER) lower than 10 °[16]. Another interesting experiment was done by
the employing of 4-OCDMA subscribers/wavelength over 8 WDM channels
simultaneously. The bit rate per subscribers is 40 Gbps. Moreover, a polarization
division multiplexing (PDM) technique is also used in this paper. A largest capacity
of 2.56 Thps with asynchronous transmission has been achieved over 50 km [17].
Moreover, in order to increase the node-throughput in a backbone network, it is
necessary to pay attention on the packet routing and the switching technology. Most
of the conventional core-node router is based on the optical-electrical-optical (OEO)
conversion which the signal routing and the signal processing are done in the
electrical domain. Therefore, the limitation of the routing and the switching are
restricted by the electronic processing. Another solution to enhance the node-
throughput and the packet processing speed are to process the packet in the optical
domain, called the optical packet switching (OPS) [18, 19]. An OPS is consisted of
the optical label and the payload which the optical label is employing OCDMA
technology. For example, the research in [20] has shown the Ethernet-to-optical-
packet convertor in OPS network while using OCDMA as the optical label and the
work in [21] has demonstrated a transparent OPS system with 64 DWDM channels in
cooperate with 10-Gbps NRZ-DPSK data format and performed OCDMA optical
label by a multiport en/decoder.

In an access network, OCDMA is stated as one of an attractive option that can
enhance the system performance of NG-PON2 and also one of a candidate for the
next evolution of PON [22]. This multiple access scheme performs both the encoding
and the decoding process in the optical domain, so there is no need any complex
electrical circuits as an electrical en/decoder at the transmitter and the receiver. With
this technique, we can allow all subscribers to experience the most favorable property
of OCDMA by accessing to the system without any contention as a truly
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asynchronous manner due to the reduction in tight synchronization between the
optical line terminal (OLT) and the optical network units (ONUS).

Since 1999, many laboratories have paid attention on employing OCDMA
over PON. In the first era, the overall system performance of OCDMA is quite fair
due to the impairments in optical devices and the bad correlation property [23, 24]. In
a nature of OCDMA, a signal from a desired subscriber will be code-multiplexed with
other subscribers, called interferers. In the mathematical analysis, we can see three
OCDMA noise terms in the expression. The study in [25] in 2004 has categorized the
OCDMA into 3 different regimes: the incoherent, the coherent and the partially
coherent, respectively and analyzed how these noise terms affected to these 3 types of
the OCDMA system. The main idea of this paper is stated that the primary beat noise
(PBN) which is the beat term between desired and interfered signals is the main noise
source that limits the system performance in the coherent regime. On the other hand,
the multiple access interference (MAI) noise is the dominant noise source that limits
the system performance in incoherent regime. In order to increase the system
performance in the total bit rate and the total number of subscribers, the key
technologies that enable OCDMA work proficiently is an optical en/decoder and its
code to suppress noise. Many kinds of en/decoders and optical codes are proposed
[23, 26-29]. In 2006, a record of 511-chip of superstructure fiber bragg grating
(SSFBG) has been proposed for the first time as a passive en/decoding device that can
reduce beat noise [30]. Moreover, this paper also used super-continuum generation-
based optical thresholder to reduce the effect of MAI as well. Moreover, a multiport
en/decoder based array waveguide grating (AWG) is mathematical modeled in 2006
and first demonstrated in a hybrid OPS system with SSFBG [31-33]. Then, this
multiport en/decoder and SSFBG is fabricated with a new code set. A multi-level
phase shifted keying optical code, known as Fourier code [34], is one of a
breakthrough in reducing the number of chips while maintaining high contrast
between auto-correlation and cross-correlation peak among other codes has been
implemented over a multiport en/decoder and a SSFBG en/decoder that has been
successfully demonstrated in many papers [16, 17], [27], [33-36]. For example, a
paper in [37] has successfully demonstrated an experiment setup of a hybrid OCDMA
over PON by using only single multiport en/decoder at the OLT and 8 SSFBG as
decoders at the ONU. Recently, both multiport en/decoder and SSFBG has announced
their newly developed prototype that is able to encode and decode OCDMA signal at
a bit rate of 40-Gbps per subscriber [22], [38].

Nevertheless, the studies in [23], [30], [35], and [39] have proposed an
experiment using a whole bit period as a total encoded signal, respectively. On the
other hand, the studies in [37], [40], and [41] have conducted the experiment with
only 80 percent is used as an encoding period, respectively. The total encoding period
is determined by the number of chips and the chip period which the latter one is
corresponding to the chip rate (chips/s) or free-spectral range (Hz) of the en/decoder.
To our knowledge, the primary beat noise is occurred when desire signal and
interfered signals are superimposed in optical field. Therefore, to decrease the
encoding period, we can avoid the interference between them, leading to the
suppression of beat noise.
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It is extremely necessary to explore the suppression of primary beat noise with
various values of encoding periods corresponding to the bit period, in order to find out
the most appropriate encoding period for OCDMA-PON.

1.2 Objectives

The main objective of this thesis is to find the suppression of primary beat
noise and also to find the optimum value of spreading time per bit period to be used in
OCDMA-PON. We can categorized our goal as follows,

1. Feasibility study of employing several chip numbers over OCDMA-PON.
2. Feasibility study of applying various SBRs over OCDMA-PON.

3. Analysis of the noise variance and bit error rate in OCDMA according to
using various SBRs.

4. Analysis of maximum number of subscribers, total bit rate and spectrum
efficiency of OCDMA-PON per 1 wavelength according to the limitation of
the system.

5. A design approach to achieve the maximum performance of the 40-Gbps
OCDMA-PON.

6. Comparison of OCDMA-PON and TDM-PON in an identical scenario with
respect to maximum number of subscribers, bit rate and spectrum efficiency.

1.3 Methodology

This research is started with studying the encoding and decoding scheme of
optical signal as used in recent OCDMA network. Then, we will formulate and
generate OCDMA signals in order to investigate the system performance. Next, we
consider one of the solutions to reduce primary beat noise which is the limitation in
OCDMA network by the change in number of chips and the reduction in total
spreading time of encoded signal. With this method, we could mitigate primary beat
noise due to the large difference between desired and interfered signals and the lower
number of interfered chips between desired and interfered subscribers.

According to our research plan, all of works are mainly based on some of
theoretical mathematics derivations. Therefore, we will evaluate our derivations and
hypothesis by numerical simulations. As following,

1. Studying the principle of PON and OCDMA technology regarding to the PON
history, current PON technology and the trend of the next generation access
network based optical fiber.

2. Studying the principle of encoding and decoding scheme based on coherent
time-spreading technique.

3. Studying the effect of number of encoded chips to the system performance.
Collecting the results and presenting in an international conference.
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Formulating and Generating OCDMA signals corresponding to the standard
work, using computational software. Then, starting to generate OCDMA
signal according to our proposed method, reducing the encoding period while
constraining the number of encoded chips and coherent ratio of the signal.
Next, collecting data and summarizing their results.

Analyzing the results and evaluating the system performance due to the
maximum number of subscribers, total bit rate and spectrum efficiency of
OCDMA-PON. Then, using computer simulation to verify our propose
method. Moreover, a power penalty due to an imperfectly dispersion slope
mismatched at each value of SBR will be proposed.

Summarizing all works and presenting the work in an international periodical
journal.

Writing a Ph.D. thesis.

1.4 Scopes

1.
2.

System bit rate is fixed at 40 Gbps/subscriber.

An OCDMA-PON encoding and decoding method is only a coherent time-
spreading scheme using a programmable multi-level phase shifted en/decoder.

3. Optical fiber specification is according to ITU-T G.652.D standardization.

Signal deteriorations are including only fiber attenuation, fiber dispersion,
dispersion slope, multiple access interference (MAI), primary beat noise,
secondary beat noise and receiver’s noise, respectively.

Through out this study, we use only MATLAB and a simulation software,
OptiSystem, to investigate, analyze and verify the results without performing
an experiment.

1.5 Expected outcomes

1.

To be able to understand the current situation of access network based on
FTTH technology and realize the massive advantages of employing OCDMA
over PON as the next-generation PON.

2. A novel effective method to reduce primary beat noise.

3. A result of parameter analysis how SBR does affect to the overall system

performance.
A guideline for designing OCDMA-PON with high efficiency.
Publications on international conference and periodicals.
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CHAPTER 2 Principle of Optical Communication, Passive Optical
Network and Optical Code Division Multiple Access

In this chapter, we will introduce the optical fiber ITU-T G.652 which will be
used in this thesis. Moreover, the principle of optical communication system will be
discussed. The signal transmission over an optical fiber will be suffered from fiber
loss, dispersion, dispersion slope and non-linearity of a fiber. However, in an optical
access network, the total reach does not exceed one hundred kilometers so we can
neglect the effect of fiber non-linearity. One of the most powerful short reach optical
networks in nowadays is a passive optical network which is considered as a
breakthrough in the transmission rate to the last-mile subscribers. Passive optical
network standardizations that are currently being deployed and the roadmap of the
next generation of passive optical network will be discussed in this chapter. Finally,
we will focus on the optical code division multiple access technology about its
potential, system architecture and also describe how this technique works,
respectively.

2.1 Single-Mode Fiber ITU-T G.652

An optical fiber is a communication medium made of SiO,. It has developed

to be one of the most important parts in optical communication. In the early 1970’s, it
was called the first window of optical communication. The fiber attenuation was
found to be 4.8-5.0 dB/km at wavelength 800 nm. Then, in 1980’s, the fiber was
improved in lower attenuation at 1310 nm band and 1550 nm band. Therefore, ITU-T
has standardized the fiber ITU-T G.652 whose attenuation and dispersion at 1310 nm
is typically 0.3 dB/km and O ps/nm-km, respectively. Actually it has a high
attenuation around 1400 nm due to water-peak attenuation. This problem is then
eliminated by the ultrahigh purifying in silica fiber production, so it is compatible
with a broad range of optical bandwidth from 1300-1600 nm. This new fiber is known
for a low water-peak non-dispersion shifted fiber or ITU-T G.652.C-D [42]. Here,
some specifications of most commonly deployed fiber G.652.D in the last mile has
shown in Table 2.1 respectively.
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Fiber attribute

Attribute Detail Value
Mode field diameter Wavelength 1310 nm
Range of nominal values 8.6-9.5 um
Tolerance £0.6 um
Cladding Diameter Nominal 125.0 um
Tolerance 1 um
Core Concentricity error Maximum 0.6 um
Cladding noncircularity Maximum 1.0%
Cable cut-off wavelength Maximum 1260 nm
Macrobend loss Radius 30 mm
Number of turns 100
Maximum at 1550 nm 0.1dB
Proof stress Minimum 0.69 GPa
Chromatic dispersion A 1300 nm
coefficient
Aomex 1324 nm
Sors: 0.092 ps/nm? x km
Cable attributes
Attribute Detail Value
Attenuation coefficient Maximum from 1310 nm | 0.4 dB/km
to 1625 nm (Note 2)
Maximum at 1383 nm =3 | (Note 3)
nm
Maximum at 1550 nm 0.3 dB/km
PMD coefficient M 20 cables
Q 0.01%
Maximum PMD 0.20 ps//km

NOTE 1 — According to 6.2, a maximum PMD , value on uncabled is specified in
order to support the primary requirement on cable PMD .

NOTE 2 - This wavelength region can be extended to 1260 nm by adding 0.07 dB/km
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induced Rayleigh scattering loss to the attenuation value at 1310 nm. In this case, the
cable cut-off wavelength should not exceed 1250 nm.

NOTE 3 - The sampled attenuation average at this wavelength shall be less than or
equal to the maximum value specified for the range, 1310 nm to 1625 nm, after
hydrogen ageing according to IEC 60793-2-50 regarding the B1.3 fibre category.

2.2 Theory of Optical Signal Transmission over a Fiber

In order to model a signal propagating in an optical fiber, a nonlinear
Schrodinger equation (NLSE) has described the propagation of light in an optical
fiber as shown in (2.1).

oA 1

—:——aA—— —+| A, 2.1
o 273 A @D
where Ais an envelope of the signal, « is the fiber attenuation coefficient, S, is the
group velocity dispersion, y is the nonlinear coefficient and z is the distance that light

propagating in fiber, respectively [43, 44]. The first term represents an attenuation of
a signal. The second term is a group velocity dispersion which represents how much a
pulse is broadened along the distance. The last term is a nonlinear effect generated by
signal with high peak power travelling along the fiber. This nonlinear effect can cause
a change in refractive index of fiber that will also cause a self-induced phase-shifted
during the propagation along the fiber. In this study, we consider only the effect of
fiber loss and fiber dispersion in cooperate with on-off keying data format over
OCDMA network.

2.2.1 Fiber Loss

In an optical fiber, a signal power P; in dBm at a distance L km apart from
can be expressed as

P =R-opl-a] @2

where P, is signal power launched into a fiber, « is the fiber attenuation coefficient,

respectively. It’s obviously seen that signal power is decayed exponentially along the
distance L. In general, we usually express « in terms of dB/km by using

A ——%Iog(z j 4.343.. (2.3)
|

The fiber attenuation coefficient «,; depends on the wavelength of light. In a

single-mode fiber ITU-T G.652.D, its attenuation coefficient comes from Rayleigh
scattering and the absorption in material induced by OH ion Moreover, an additional
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loss in a fiber comes from micro-bending, macro-bending, splice loss and connector
loss as well.

2.2.2 Dispersion

Dispersion is a phenomenon that light occupying different wavelength
components travel in a fiber with different velocity. Therefore, each wavelength
component will reach the destination with different time delay that can cause the
pulse broadening in time-domain. This issue is an enormous limitation in system bit
rate and reaches in an optical communication based optical fiber.

2.2.2.1 Second Order Dispersion

The mathematically expression of a dispersion can be expressed by taking an
expansion of signal propagation constant #(w) in a Taylor series around center carrier

frequency o, as

Pl0)> o+ Pilw=00) 3 folw=0of 42 prlo-an) +os (24)

where ﬂmz(dmﬂ/dwm)wz%.
velocity S, =1/v as known as first order group velocity dispersion (GVD). In

Therefore, 5, refers to the inversely to the group

additions, p,is defined as a second order dispersion (SOD) which causes pulse
broadening in a fiber and f,is known as a third order dispersion (TOD) which will
affect to both system bit rate and reaches at a bit rate beyond 40Gbps.

More specially, the second order dispersion f,can be expressed as the
dispersion parameter D which is more commonly use in optical communication. The
relation between S,and Dis

_dl1]_ 2
_dﬂ(vg} 7P (2.5)

The unit of Dis ps/nm-km and it varies with wavelength. Its physical
meaning describes the total amount of the pulse broadening in ps over a given spectral
width of a light source which is propagating over one kilometer of a fiber. The
relation between pulse broadening Az and dispersion parameter D is

Az =|D,|Lo,, (2.6)

where Lis the length of a fiber and ois the spectral width of optical source,
respectively.



18

Fig. 2.1 illustrated the relation of dispersion parameter as a function of
wavelength in a fiber ITU-T G.652.D. At 1310 nm we can obtain that D is equal to
zero, so we call this wavelength as a zero dispersion wavelength 4,. Moreover, the

dispersion below 1310 nm has the negative value while it is positive value over 4,.

We define the dispersion region with negative value of D as normal dispersion region
and the dispersion region with positive value of Das anomalous dispersion,
respectively. Both normal and anomalous dispersion with the identical absolute value
of Dwill exhibit the same amount in pulse broadening. The effect of pulse
broadening due to SOD is shown in Fig. 2.2. Three bits of electrical signal
corresponding to bit sequence “101” are modulated with light source and then return
optical pulses which we can obtain as “101” as well. These pulses are launched into a
fiber with a proper distance. Then, due to the presence of dispersion, pulses are
broadened and the outcome of superimposed pulse can be obtained as a new pulse.
This phenomenon is called inter-symbol interference (ISI). The bit detection can be
misleading if the intensity of superimposed pulses caused by ISI is more than a
decision threshold level and this error will cause a poor system bit error rate. It should
be noted that the effect of dispersion does not change the output spectrum of the
signal.

3 O T T T T T T T T

Dispersion (psinm™km)

_10 1 1 1 1 1 1 1 1
1250 1300 1350 1400 1450 1500 1550 1600 1650 1700
Wavelength (nm)

Fig. 2.1 Dispersion characteristic of a single-mode fiber ITU-T G.652.D.
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Fig. 2.2 Evolution of optical pulses propagating in a fiber with the effect of
dispersion.
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Fig. 2.3 TOD pulse broadening.

In an optical transmission link design considering the effect of SOD, the
dispersion-limited length L, governed by the dispersive effect is defined as

Ty

Lo, = 2.7
D2 |ﬁ2| ( )

2.2.2.2 Third Order Dispersion

In (2.4), we have another high-order term of g which also causes a pulse

broadening, it is called S,. The derivation of g, can be done by taking derivative of

B, by frequency o
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=it (28)

The physical meaning of taking derivative at a point is the slope of the line
tangent to the function 3, at the point. In general, we usually represent the effect of g,
as the third-order dispersion (TOD) or dispersion slope, defined as

Top=92. (2.9)
dA

The unit of TOD is ps/nm?-km. This parameter is quite significant around the
wavelength which its dispersion parameter is equal to zero because TOD can still
cause a pulse broadening. Fig. 2.3 shows a single pulse travelling along fiber is
suffered from the effect of positive TOD. Its original pulse is transformed to become
asymmetric with oscillatory pulse as its tail. Anyway, it does not change the output
spectrum. Therefore, the system reach limited by TOD can be expressed as

I

Lps = —2. 2.10
3 |ﬁ3| ( )

2.3 Passive Optical Network

Although many of electrical-based technologies such as digital sub-scriber
line (DSL), data over cable service interface specification (DOCSIS) are already
deployed extensively, a fiber-to-the-home based passive optical network (PON) is a
promising access network that can provide much more bandwidth than previous
technologies [45, 46]. A PON is an optical fiber-based network which is a gateway
between internet service providers and end-users in the last-mile. Its significant point
is to keep away from using active switching components between the transmitter side
and the receiver side. The most popular network topology of PON is a tree topology
as expressed in Fig. 2.4.

The system architecture of PON is consisted of an optical line terminal (OLT),
an optical fiber with a passive power splitter and an optical network unit (ONU) or
optical network terminal (ONT), respectively. An OLT is located at a central office of
the internet service provider where it is an inter-connection to the backbone network
[47, 48]. Then, signals sent from OLT will be fed into a fiber to the destination area.
A passive splitter located at the remote node or distribution point will split optical
signal into many branches. Each split signal is then arrived the ONU, located at a
house or building, and convert optical signal into electrical signal with a proper
interface to the user’s equipment.
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Fig. 2.4 Basic PON architecture.

2.3.1 PON’s Evolution

A passive optical network was founded in 1995 by a Full-Service Access
Network (FSAN) working group. The first standardization is APON with the
transmission rate 155 Mbps has been announced in 1998 by ITU. Then, in 2000, the
revision of PON standardization has been completed in the name BPON ITU-T G.983
with the improvement in transmission rate up to 622 Mbps. Afterwards, IEEE has
announce its first PON standardization IEEE 802.3ah or Ethernet-PON (EPON) in
2004 with the maximum bit rate of 1.25 Gbps in both downstream and upstream
direction. It was a great deal to transmit Ethernet over optical network. EPON has
been widely deployed in Japan and China. At the same period, ITU has also
announced its standardization of ITU-T G.983.x or Gigabit-PON (GPON) with the
maximum transmission rate of 2.5 Gbps. This GPON is deployed most of the world
outside Japan and China. The competition in PON technology between IEEE and ITU
has not been finished yet until now. In 2009, IEEE has announced a new standard of
IEEE 802.3av or 10G-EPON and follow by ITU who has announced ITU-T G.987 or
XG-PON in 2010, respectively. Both of two 10G-PON is capable of providing up to
10 Gbps in downstream and upstream as well. This dramatic breakthrough is
according to a next-generation PON stage 1(NG-PON1) conducted by FSAN in order
to increase the transmission rate especially in the downstream with a coexistence with
existing PON. In the upcoming years, a beyond 10G-PON will be announced with an
enhancement in a long reach and a record transmission rate for access network
according to a next-generation PON stage 2 (NG-PON2). The commercial PON
standardization and its evolution is shown in Fig. 2.5 [3]-[8]
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This standardization is based on TDMA which each time-slot assigning to
subscribers is conducted dynamically by OLT, therefore the maximum bit rate of each
subscriber is depended on the total numbers of subscribers in each individual PON. In
order to coexist with the existed EPON or GPON, different wavelengths used for 10G
in both downstream and upstream are assigned. In the downstream direction, a 1490
nm wavelength is used for 1G as always, a 1550 nm wavelength is used for 2.5G and
a newly assigned wavelength for 10G is 1577 nm, respectively. on the other hand, in
the upstream, a 1310 nm wavelength is assigned for 1G and a 1270 nm wavelength is
assigned for 10G, respectively. The wavelength assignment for 10G-PON in the
coexistence with conventional 1G-EPON and GPON is shown in Fig. 2.6.
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Table 2.2 System parameter of XG-PON ITU-T G.987.

Specification Power budget class
Name N1 N2a El E2a N2b E2b
OLT Tx power (max) [dBm] +6 +8 +10 +12 | +125 | +16.5
OLT Tx power (min) [dBm] +2 +4 +6 +8 +10.5 | +14.5
OLT RXx sensitivity (max) [dBm] -7 -9 -11 -11 -9 -13
OLT Rx sensitivity (min) [dBm] | -27.75 | -29.5 | -31.5 | -31.5 | -29.5 | -335
ONU Tx power (max) [dBm] +7 +7
ONU Tx power (min) [dBm] +2 +2
ONU photodetector type APD PIN
ONU Rx sensitivity (max) [dBm] -8 -3.5
ONU RXx sensitivity (min) [dBm] -28 -22.5
System power budget [dB] 29 31 33 35 31 35
usS DS TV
1G-EPON
- - et
1310 1490 1550
us us DS DS DS
10G-EPON 10G} 1G 1G 2.5G 10G
d J L Lo
1270 1310 1490 1550 1577

Fig. 2.6 Wavelength assignment for 1G-PON (EPON and GPON) and 10G-PON
(10G-EPON and XG-PON).

One of a tight control parameter in PON system design is a power budget. The
power budget is total effective amount of signal power in dB that can achieve the
desired quality of received signal at the receiver. It can be calculated from

Pr=Py —Px= O[L"'Zlc +Z|s +Z|0ther +Gmargin! (2.11)

where P is a system power budget in dB, P, is a transmitted power in dBm, P.is a

received optical power at the receiver in dBm, « is the fiber attenuation coefficient, L
is the system reach, | connector loss, I, is the loss due to fiber splicing, I ., iS
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reserved for the other loss such as insertion loss from optical devices and G, is the

reserved system margin, respectively. The power budget must be satisfied in order to
meet the successful transmission with acceptable error rate. In ITU-T G.987, the
power budget is categorized into two main groups, the nominal class and the extended
class. There are 4 types of OLTs and 2 types of ONU with various combinations of
power budget as clearly shown in Table 2.2 [5].

2.4 Optical Code Division Multiple Access (OCDMA)

A code division multiple access technique, as known as CDMA, was first used
in military due to resistance jamming. Then, it was developed its performance and
universally deployed as a commercial use in a satellite network and a third generation
of mobile telecommunication network or 3G. In a wireless 3G network, the coding
procedure is based on a spread spectrum technique which each signal is divided into
several small time periods called chips and then is coded with a unique set of chip
sequence or code. After encoding process, each signal is transformed into a temporal
waveform due to its assigned code. Then, at the decoding process, detected signal at
the receiver’s end will be decoded by the code which is identical to the encoder. The
correctly decoded signal will achieve very high signal power called auto-correlation
peak whereas the mismatched decoded signal will be obtained in a very small amount
in signal power, called cross-correlation peak, respectively.

The first proposal in applying CDMA technique over optical network has
started since 1970s and its demonstration has demonstrated by 1980s. At the first era
of OCDMA demonstration, the system stability was restricted by the immaturity of
optical devices such as insertion loss and an inaccuracy in phase coding owing to the
imperfectness fabrication. In the 2000s, many of newly developed en/decoders with
great correlation property have introduced to the researchers. Since the signal
interference beat noise between desired and interfered subscribers is the critical
problem in OCDMA network, some laboratories have proposed interesting solutions
to suppress this issue by employing time-gating technique and optical-threshold
devices. Anyway, some of en/decoders developed by [30]-[33] show the possibility to
suppress beat noise effectively and we will discuss further about this technique in the
next session below.

Due to each subscriber is coding with a code which it is orthogonal among
other codes. Therefore, individual subscribers can transmit their information over a
fiber using same wavelength at the same time, respectively. This asynchronous
property is the most attractive property of OCDMA which allows everyone can access
to the network without any strict synchronizations between the transmitter side and
the receiver side, in the medium access protocol (MAC) layer. Moreover, OCDMA
can be named as a truly all optical processing due to its coding operation is performed
in optical domain. This also prevents eavesdropping because it’s hardly to tap the
coded optical signal. Therefore, these significant benefits become a desirable reason
to be implemented on optical network and PON as well.
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2.4.1 System Architecture and Working Principle

The basic system configuration of OCDMA system is shown as Fig. 2.7. At
the transmitter side, Optical signals from N subscribers are transmitted and encoded
via each transmitter and encoder. Then, all signals are combined together and
launched into a network. Finally, the signals which are multiplexed by code will be
detected by each decoder at the receiver end. Only a detected signal which its encoded
phase is matched to the code sequence of a decoder will be detected as an ACP while
the others are detected as CCP.

Types of OCDMA are clearly categorized by both processing dimension and
working principle as illustrated in Fig. 2.8. In the processing dimension, there are 1-D
and 2-D processing. Optical signal is coded in even frequency-domain or time-domain
in 1-D OCDMA while 2-D OCDMA is performing in both frequency and time-
domain simultaneously. By considering at working principle, there are 2 types of
OCDMA processing. The first one is incoherent OCDMA. Coding operation is
performed in an optical intensity basis (0,+1). For an example, the single bit with
mark “1” is encoded by a 4-chip encoder with code “1101”. After coding process,
encoded signal is a series of 4 chips with chip mark “1101”, respectively. These 4
chips are spread over the whole bit period as shown in Fig. 2.9(a). Due to the
incoherence of light source, this operation gives the poor overall system performance
such as small number of code size, low bandwidth efficiency and bad correlation
property [25].

On the other hand, the coherent OCDMA performs the coding in amplitude
basis (+1,-1) of optical signal. This means each chip have the equal intensity but
different in phases. Fig. 2.9(b) illustrates the coherent OCDMA. The single bit is
encoded by a 4-chip encoder with chip mark “007z0”. After the signal processing, we
can obtain 4 chips with the same intensity are spread over the whole bit where the
phase of the 1%-4™ chip is stated as “0070” respectively. With this coding operation,
the overall performance of coherent OCDMA is superior to the incoherent OCDMA.

User #1 User #3
Tx1 Encoder 1 Encoder 3 Tx 3
Rx1 Decoder 1 Decoder 3 Rx 3

N x N star
User #2 User #N
coupler
Tx1 Encoder 1 Encoder N Tx N
Rx1 Decoder 1 Decoder N Rx N

Fig. 2.7 Basic System Configuration of OCDMA networks.
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Fig. 2.8 OCDMA coding principle.
(a) -
4-chip Encoder

Input Pulse 1 110! 1
—AA A VS

Encoded Signal (Amplitude)

(b) 4-chip Encoder

Input Pulse olo 7lo
S
AL

Encoded Signal (Amplitude)

Fig. 2.9 Basic coding principle of (a) incoherent OCDMA (b) coherent OCDMA.

2.4.2 Coherent Time-Spreading OCDMA

The coherent property in OCDMA network is defined by the ratio between
chip period T, and the coherence time of light source . , called coherent ratio, as

expressed in (2.12)
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T..
kt= P (2.12)

Tc

The coherence time of light is corresponding to the optical bandwidth B, of
the light source wherez, =1/B,. It is considered as a time interval that light

propagating in the optical path with predictable phase, may be called coherent. In
order to perform coherent OCDMA, we have to control the phase of each chip with a
certain predictable phase sequence. A study in [25] has considered a coherent ratio of
“1” as a definition of a coherent regime of OCDMA. It reveals that we require the
coherence time of light to be at least constant within a chip period.

Therefore, the coherent time-spreading OCDMA can be described as the
coding operation in time-domain of a single input pulse returns a series of N chips as
an output. The output chips from the encoder are spread over a whole bit period and
the phase of each chip is determined by the phase mask of the encoder. In the next
section, we will describe the en/decoding scheme of coherent time-spreading
OCDMA.

2.4.3 Coherent Time-Spreading OCDMA Transmitter

An OCDMA transmitter is basically consisted of a light source, an electrical
signal generator and an optical modulator. Most of light sources used in OCDMA are
mainly based on a Mode-locked laser diode (MLLD). A MLLD can generate a harrow
width optical pulse at a certain repetition rate. Then, series of generated pulses are
intensity modulated with an incoming electrical signal. Fig. 2.10 has shown the
intensity modulation of a 40-Gbps OCDMA signal transmission. An optical Gaussian
pulse generator generated a pulse at a repetition rate of 40 GHz (1 pulse every 25 ps)
which is corresponding to the bit period of 40 Gbps electrical signal. Therefore, the
sequence of modulated optical pulses is governed by bit sequence of electrical signal.

—»i25 psie—

Electrical J 1 | 0 | 11
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s ||
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Generator
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Fig. 2.10 The OCDMA Transmitter.
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2.4.4 Coherent Time-Spreading Encoding and Decoding Scheme

Coherent time-spreading OCDMA has become one of a leading research topic
in OCDMA code processing due to the advantages of the coding performance. There
are many optical devices that have used as an en/decoder such as a fiber delay line,
planar lightwave circuit (PLC), fiber Bragg grating (FBG), array waveguide grating
(AWG) and superstructure fiber Bragg grating (SSFBG). Anyway, the researchers
have currently focused on both a novel multiport en/decoder based AWG and a
SSFBG, respectively. The SSFBG used in OCDMA network is a FBG which its
refractive index is changed slowly and its refractive index modulation profile is also
changed along the grating length [30], [46]. A phase shifter can be also fabricated
onto each segment of an FBG so that the phase of the output signal is determined by
this phase-shifted sequence. Optical signal with center frequency f, can penetrate

through the whole length of the SSFBG but this signal will be reflected by each
segment of SSFBG with different value corresponding to the reflectivity of the
grating. Dissimilarity in each segment’s reflectivity let us can control the intensity of
encoded pulses

Fig. 2.11 illustrates a simple diagram of a coherent time-spreading by a 7-chip
SSFBG encoder. The phase-shifted sequence from the 1% - 7" chip is 0720070,
respectively. Firstly, a single pulse with very narrow pulse-width is fed into a decoder.
The pulse is first reflected at the first chip and its phase is still not change. Then, the
rest of pulse goes through to the second chip and its phase is shifted by 7 radian and
reflected with the same intensity as the first reflection. The rest of pulse with phase
7t radian goes through the third chip and its phase is shifted by s radian again. The
phase of pulse is now changed to 2z or 0 radian and then is reflected again. This
mechanism occurs until the pulse goes through the last chip of the encoder and we
finally can obtain 7 chips of encoded signal with the amplitude in optical field as +1 -
1 +1 +1 +1 -1 -1. On the other hand, the phase of each chip can be expressed as
070007z , respectively.

Chip number 1 2 3 4 5 6 7

 —

e D DD DD

5
o AAAAAA A

+1 -1 +1 +1 +1 -1 -1

Fig. 2.11 Coherent time-spreading encoding scheme.
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This train of chips will be decoded by a decoder. In order to detect the
received signal with maximized signal to noise ratio, a matched-filtering has been
used. We introduce h, and H,(w)are the impulse response and the Fourier spectrum
of the encoder, respectively [47]. A matched-filter Fourier spectrum of the decoder
H, (@) is the complex conjugate of its Fourier spectrum at the encoder, as shown by

Hg (@) = H, (o) exp[- jat, ] (2.13)
hy (t) = h, (t, - 1), (2.14)

where h, is the impulse response of the matched-filter of decoder, respectively.

Therefore, the output between an encoder and a decoder can be expressed by a
convolution

Output = [H, (@) - Hq () exp[ ot

—00

_ OJi!He(a))|2 exp[ joo(t — t, )]dt (2.15)

= [he(t)-h (t' —t+to)dt’
;_g;(t —ty) i (t, s arbitary).

The output from the convolution is the auto-correlation function of the
encoder’s impulse responseh,. Therefore, the physical meaning of the matched-

filtering of the decoder can be performed coding with time-reversing sequence in
time-domain.

Fig. 2.12 shows a graphical decoding process by the SSFBG decoder with
code 07007zz0which is the time-reversing sequence in comparison to the encoder.
The input signal is the encoded signal from the encoder. The first pulse is phase-
shifted by 7 radian and then some of its intensity is reflected out. The rest of the first
pulse goes through the second chip of the decoder. At the same time, the second pulse
reaches the first chip of the decoder. The 2" reflected pulse from the first input pulse
and the 1% reflected pulse from the second input pulse will be arrived the output
branch of the decoder at the same time. So, the second output pulse is the combination
between these 2 reflected pulses, respectively. This decoding process will be finished
until the 7" input pulse is reflected by the last chip of the decoder. All combination of
reflected pulses will return a series of decoded pulses in field amplitude and we can
obtain their optical intensity by taking a square over the amplitude. The correctly
decoded signal by a match-filtering gives a very high intensity at the central position
of the decoded pulses whereas both two sides of the central peak are relative low as
shown in Fig. 2.12, respectively.



Chip number 1 2 3 4 5 6 T
—_—
INPUT PULSES ? ? ? ? ? ?
A —> | Input chipa +1 -1 -1 -1 +1 -1 -1
A Input chip 2 A+t |1 [+ ] -1 | +1 ] +1
A > | Inputchip 3 +1 | -1 -1 -1 +1 =1 -1
A Input chip 4 +1 -1 -1 -1 +1 -1 = |
A Input chip 5 +1 1 -1 -1 +1 -1 -1
A — | mpucchips A [+
A Input chip 7 =1 | +1 | +1 | +1 | -1 | +1 |+1
Sumofoptical | +1 (-2 [ 1 | O [+1[-6 | -1 [+2[+1[-2 [ 1 [+2] 1
pulse
Auto-correlation
R R e

Fig. 2.12 Matched-filtering decoder.
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On the other sides, Fig. 2.13 shows a decoding process with the unmatched
code sequence. We use a decoder with code zz07z7z00. As expected, the incorrectly
decoded signal returns no high intensity peak but low intensity peaks instead.

2.4.5 OCDMA Receiver Using Direct Detection

After the OCDMA signal is launched into a fiber, at the receiver end, decoded
optical signal is converted back to electrical signal. One of the most significant
components in this part is a photodetector or photodiode. A photodetector is a
semiconductor-based device. Its fundamental function is to convert an incident photon
into signal current. There are two types of most commonly use nowadays, a PIN and
an APD photodetector. One of the significant parameter of a photodetector is a
responsivity R. It is a ratio between output signal current from the photodetector in
Ampere and incident optical signal power in Watt. It informs us how much a signal
current is given by an optical signal input power as shown in (2.16)

R (2.16)
P, hv

where 7 is the electron-hole pair generated, q is the electron charge, ho is the photon
energy, respectively.

Once the electrical signal is converted back from photon, electrical noise is
also generated here. The main noise sources (sometimes called noise variance) in
optical receiver are quantum or shot noise, bulk dark current noise, surface dark
current noise and thermal noise, respectively. Therefore, in order to maintain the
signal quality, an electrical signal-to-noise ratio should be considered. A signal-to-
noise ratio is a ratio between a square of generated photo current to the sum of noise
variance.

The addition in photo current and noise current causes a fluctuation in signal
level. A high fluctuated current brings a serious perturbation to the decision circuit
which will make a judge whether an incoming signal is bit mark “1” or “0”. Thus, we
measure the performance of the decision circuit, and also a whole individual
lightwave system, through a BER.

A BER is ratio between error bits that are occurred over total bits sent in one
second. It can be calculated by using an average probability of misunderstood bit
sequence. One of the most formal expressions of BER can be obtained as

BER = p(1)- P(0/1) + p(0) - P(1/0), (2.17)

where p(l), p(0)are the probabilities of bit generated with mark “1” and “0” ,
P(0/1) is the probability of bit mark “1” is decided to “0” and P(1/0)is the
probability of bit mark “0” is decided to “1”, respectively. Furthermore, the error
probabilities of P(0/1) and P(1/0) can be derived as conditional error probabilities
with Gaussian random variables. Then, the BER becomes a classic form as
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1 I, -1 Ip—1
BER = —|erfc| 2+—2 |+erfc| 2—2 ||, (2.18)
4{ ( o2 j ( o2
where 1, 1, I, o and oare mean signal level of bit “0”, mean signal level of

bit “1”, threshold level, noise variance at bit “0” and noise variance of bit “1”,
respectively.
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CHAPTER 3 OCDMA over PON Using a Programmable Multi-Level
Phase-Shifted En/Decoder with Various Numbers of Chips

When N subscribers are multiplexed together, this will cause a serious
primary beat noise that that is the main noise source that limits the overall
performance of the system. Therefore, this section will show an OCDMA over PON
simulation result in using various number of en/decoding chips.

3.1 System model

The system configuration using in this section is shown in Fig. 3.1. At the
transmitter side, an intensity modulator is replaced by a phase modulator and a simple
electrical non-return-to-zero (NRZ) data format is replace by a differential phase shift
keying (DPSK) data format instead. The study in [37] has shown the potential of
DPSK in the receiver sensitivity improvement. In comparison to the OOK data
format, by using DPSK can achieve approximately 6 dB in power penalty. Then, N
signals after encoded are mixed by a power combiner and fed into a SMF followed by
a dispersion compensating fiber. At the ONU, signals are split by 1: N passive splitter
and then are decoded by a decoder. Optical signals are delayed by a 1-bit delay
interferometer and are detected by a balanced detector in order to perform a DPSK
decoder. Finally, detected signals are filtered by a 30-GHz low pass filter and the
BER is numerical calculated from the obtained eye-opening by the BER tester,
respectively.

3.2 En/decode scheme

In section 2.5.4, we have already shown the en/decoding scheme by using
Gold code with 7 chips. The auto-correlation peak is like a needle shape as presented
in Fig. 2.14 while the cross-correlation behaves like a waveform of noise as shown in
Fig. 2.15, respectively. Nevertheless, in this section we will use a cyclic code which

2(n-Dr
N

the phase of each consecutive chip is shifted by a step of radian. Here, nis

stated as a number of codes and N is the total number of chips. For instance, Fig. 3.2
shows the encoding process by a 4 chip encoder with code number 2. A single pulse
with peak power of 16 and initial phase of O, expressed as 1620, is fed into an
encoder. The phase-shifted sequence of an encoder isz/2, z/2, /2 and /2 so
that each reflected pulse is phase-shifted by a step of z/2. After encoded, we can
obtain 4 chips with equal power and the phase of the 14" chip is z/2, =, 37/2and
27 , respectively. We can also expressed all 4 chipsas 44712, 4Zx, 4/3x/2and
4.2, respectively.
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At the decoding process, a matched-filtering with time-reversal sequence of a

decoder is #/2, /2, x/2 and x/2 which is identical to the encoder.

By

employing the same operation, the output signal as a convolution between encoded
signal and a decoder impulse response is depicts in Fig. 3.3. Finally, the combination
of all of reflected pulses gives an auto-correlation signal like a triangle shape.
Whereas the decoding process is done by an unmatched code (code number 4) is
shown in Fig. 3.4 which the phase-shifted sequence of a decoder is3z/2, 37/2,
3712 and 37/2, respectively. The combination of decoded pulsed is illustrated and
the cross-correlation signal is a noise-like waveform as expected.
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3.3 The 8, 16, and 32 multi-level phase-shifted en/decoder

To go further in analyzing the performance of this code, the paper in [49] has
propose peak to maximum cross correlation (P/C) ratio. It is a variable to measure the
difference between auto-correlation peak and the maximum peak of the cross-
correlation, as shown in

2
AACP
2 ]
CP—max

P/C= (3.1)

where A, is an amplitude or magnitude of auto-correlation peak and A..p ., IS the

amplitude of the maximum of cross-correlation peak, respectively. Moreover, the
ratio between auto correlation peak power and the cross correlation power or power
contrast ration (PCR) is also proposed in [32] and it is one of the typical value to
measure the performance of code in OCDMA. The PCR is calculated by

Pccp—i
PCR, = . (3.2)

acp

We have illustrated a graphical expression of the encoding process by 8-chip
encoder. The code number is 3 with a phase-shifted sequence of is #/2, z/2, /2
7l2, 12, 712, #/2and 7z/2, respectively. As usual, we can obtain a series of 8
chips as an encoded signal which the phases of each chip arez/2,7,37/12,27 ,7/2,
7, 3x/2and 2z, respectively. Then, this encoded signal will be decode by code #3 to
obtain auto-correlation signal while it will be decoded by code #7 (phase-shifted
sequence is a step of 3z/2). The encoded signal, auto-correlation signal, cross-
correlation signal, highest auto-correlation peak and maximum peak of cross-
correlation are already shown in Fig. 3.5.

For the case of a 16-chip en/decoder, we selected code #5 as an en/decoder
with a phase-shifted sequence is changed by a step of z/2. Then, the auto-correlation
and cross-correlation is obtained by decoding with code #5 and #13 which its phase-
shifted sequence is a step of z/2 and 37/2, respectively. The encoded signal, auto-
correlation signal, cross-correlation signal, highest auto-correlation peak and
maximum peak of cross-correlation are already shown in Fig. 3.6.

For the case of a 32-chip en/decoder, code #9 is chose as an encoder and a
decoder with code #9 (phase-shifted sequence is a step of 7 /2) is used to obtain
auto-correlation signal and code #25 (phase-shifted sequence is a step of 37/2) is
used to obtain a cross-correlation signal, respectively. The encoded signal, auto-
correlation signal, cross-correlation signal, highest auto-correlation peak and
maximum peak of cross-correlation are already shown in Fig. 3.7.



Table 3.1 Peak to maximum cross-correlation ratio.
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Attributes Value
8-chip 16-chip 32-chip
Auto-correlation peak power 64 256 1024
Max cross-correlation peak power 1 1 1
P/C 64 256 1024
P/C [dB] 18.06 24.08 30.10
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Fig. 3.5 Auto-correlation and cross-correlation signal from an 8-chip en/decoder.
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Fig. 3.6 Auto-correlation and cross-correlation signal from a 16-chip en/decoder.
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Fig. 3.8 Block diagram to measure PCR.

All of the codes from the case of 8, 16 and 32-chip en/decoder that we have
selected to obtain auto-correlation and cross-correlation signal have the same phase-
shifted sequence because we want to measure P/C according to the identical is the
phase difference between two codes. Moreover, the P/C ratio calculation is already
shown in Table 3.1, respectively.

In addition, we have performed a computer simulation to verify our
expression. A simple block diagram is shown in Fig. 3.8. Firstly, OCDMA signal is
generated at a transmitter and then encoded by an 8, 16 and 32-chip encoder,
respectively. The code fabricated in these 3 types of encoder is the same code we have
discussed above. The auto-correlation and cross-correlation is captured after the
decoder and the signal power is measured in front of OCDMA receiver, respectively.

Fig. 3.9 has already expressed the auto-correlation and cross-correlation from
the 8, 16 and 32 en/decoder at the same power level of the highest auto-correlation
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peak. Hence, the P/C ratio and power contrast ratio from the computer simulation are
calculated and are shown in Table 3.2. The results show that the P/C ratio is 18.06,
24.08 and 30.1 while the PCR is -16.33, -22.33 and -28.34 for the case of 8, 16 and
32-chip en/decoder, respectively. From the results, it confirms that using 32-chip
en/decoder is the best point from our experiment that is capable in the reduction of the
cross-correlation peak.

Although Fourier codes have a good correlation property, its orthogonality
among other codes is not the same. The orthogonality is the maximum while the
phase difference between two codes is equal to 7. For example, a system using 4-chip
en/decoder and encoded by code #2 (phase-shifted sequence is a step of z/2) will be
achieved the best correlation property with code #4 (phase-shifted sequence is a step
of 3z/2) and the correlation property among code #1 (phase-shifted sequence is a
step of 0) and code #3 (phase-shifted sequence is a step of 7) mitigated. Therefore, a
maximum in orthogonality will result in the strongest difference between auto-
correlation and cross-correlation signal and Fig. 3.10 has shown the auto-correlation
of code #2 and the cross-correlation signal corresponding to code #1, #3 and #4,
respectively.

In the meanwhile, this phenomenon is dealt with a PCR value due to the
contrast power in auto-correlation and cross-correlation signal. Therefore the
measured PCR as a function of code number for the case of using 16-chip en/decoder
is already illustrated in Fig. 3.11. The maximum PCR is found to be approximately 23
dB and the lowest is found at the adjacent codes with the PCR value of 7 dB,
respectively.

Table 3.2 The P/C ratio and PCR obtain from the simulation.

Parameter Value
8-chip 16-chip 32-chip
Auto-correlation peak power 64 256 1024
Max cross-correlation peak power 1 1 1
P/C [dB] 18.06 24.08 30.10
PCR [dB] -16.33 -22.33 -28.34
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In comparison to the case of 8, 16 and 32-chip en/decoder, the great 32-chip
case is found to be the best among others due to its maximum PCR of 28.33 dB. It is
better than 12 and 6 dB, for the case of 8 and 16-chip en/decoder. However, the
lowest PCR from these 3 cases are found to be the same by 7 dB, as shown in Fig.
3.12.

We finalized our computer simulation with a 40-Gbps OCDMA signal
transmission with DPSK data format in the back-to-back case. The simulation setup
for this experiment is already shown in Fig. 3.1. In order to find the maximum number
of subscribers without any signal deteriorations from optical fiber, system parameter
setup is shown in Table 3.3.
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Table 3.3 System parameter setup for measuring the maximum number of subscribers

Parameter Unit Value
8-chip | 16-chip | 32-chip

System bit rate Gbps 40
Optical power dBm 10
Center wavelength nm 1552.52
Full-width half maximum ps 1.33 0.687 0.332
Number of en/decoder chip chip 8 16 32
Chip period ps 3.125 1.5625 | 0.78125
Split Ratio of splitter - 1:8 1:16 1:32
Splitter insertion loss dB 9 12 15
PIN responsivity A/W 1
Dark current nA 10
Thermal noise pA/Hz1/2 1.52
Cut-off frequency GHz 30

Table 3.4 System parameter setup for measuring the BER for the case of 8-chip
en/decoder after a signal transmission over 20 km of OCDMA-PON.

Attributes Unit Value
System bit rate Ghbps 40
Minimum number of subscribers - 1
Maximum number of subscriber - 5
Optical power dBm 10
Center wavelength nm 1552.52
Full-width half maximum ps 1.33
Number of en/decoder chip chip 8
Chip period ps 3.125
SMF G.652 length @ 1552 nm km 20
SMF G.652 Attenuation @ 1552 nm dB/km 0.2
SMF G.652 Dispersion @ 1552 nm ps/nm-km 17.577
SMF G.652 Dispersion slope @ 1552 nm ps/nm? -km 0.0581
DCF length km 2.3127
DCF Attenuation @ 1552 nm dB/km -
DCF Dispersion @ 1552 nm ps/nm-km -152
DCF Dispersion slope @ 1552 nm ps/nm? -km -0.5022
Split Ratio of splitter - 1:8
Splitter insertion loss dB 9
PIN responsivity A/W 1
Dark current nA 10
Thermal noise pA/Hz/2 1.52
Cut-off frequency GHz 30
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The relation between numerical bit error rate (BER) as a function of total
number of subscribers in the system is shown in Fig. 3.13. By employing the more
number of subscribers simultaneously, the more severe interference among
subscribers can cause higher beat noise and MAI which is resulted in poor BER. An

FEC limit is obtained at BER is lower than 10 2. It should be mentioned that by
employing a forward error correction (FEC) with Reed-Solomon RS(255, 239) can
improve the BER from 10 °to 10 °. The simulation result shows that the maximum
number supported by 8, 16 and 32-chip en/decoder is 7, 15 and 19, respectively.

Moreover, we also investigate the number of subscriber in the system and find
out how it affects to the BER for the case of 8-chip en/decoder. We perform the signal
transmission over 20 km of SMF followed by an appropriate length of DCF in order
to cancel all accumulated chromatic dispersion in the link. The system parameter
setup in shown in Table 3.4.

In this scenario, Fig. 3.14 illustrates the relation between the numerical BER
and the ROP, obtained for both the back-to-back (B-B) detection and the 20-km
transmission, for the cases of 1-5 subscribers. From the simulation result, only the
cases of 1-4 subscribers can achieve the BER lower than 10 *without using forward-
error correction (FEC) at the ROP of -28.28, -27.9, -27.49, and -26.56 dBm for the B-
B detection, and -28.06, -27.83, -27.44, and -26.5 dBm for the case of 20-km
transmission, respectively. The insets (i)-(v) display the eye diagrams from the case of
1-5 subscribers, obtained from the auto-correlation of the detected DPSK-OCDMA
signal, at the same ROP of -26.56 dBm. Although we set up the condition that
minimizes the MAI, the simulation results show that when more subscribers are added
into the system, the residual MAI also arises, and the large amount of beat noise
becomes severe to cause the interference among OCDMA signals of different
subscribers. Fig. 3.15 shows that the power penalties for 2, 3, and 4 subscribers at the
BER of 10° are 0.39, 0.79, and 1.72 dB, for the case of B-B detection, and are 0.22,
0.61, and 1.54 dB for the case of 20-km transmission, respectively. These values of
power penalties can be further used as the power budget considering MAI and beat
noise for OCDMA-PON design.
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Fig. 3.13 The maximum number of subscribers in the back-to-back scenario.
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Fig. 3.14 Numerical BER as a function of received optical power, obtained for both
the back-to-back (B-B) detection and the 20-km transmission, for the cases of 1-5
subscribers.
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CHAPTER 4 Proposed Model of OCDMA over PON with Various
Spreading-Time to Bit-Period Ratio

In OCDMA networks, one of the most serious problems in both synchronous
and asynchronous signal transmission over an optical fiber is primary beat noise and
MAI. In order to mitigate those tragedy defects, many of effective solutions have
already proposed. In this chapter, our proposed system model of OCDMA over PON
will be described and we will illustrate some of key enabling techniques that could
reduce noise in OCDMA network. Finally, the system parameters that are used to
determine the system performance will be discussed, respectively.

4.1 System Model
Our basic system configuration of 40G OCDMA over PON is illustrated in

Fig. 4.1. At OLT side, the first section is the light source which generates optical
pulses exhibit Gaussian shape at a repetition rate of 40-GHz. So, our Gaussian pulse

can be written as
1t Y
Alt) = Amaxexpl:__( j ] (4.1)

2\ Tewnm

where T_,,,, is a full-width half maximum of the optical pulse which is corresponding
to an optical bandwidth B . Next, these pulses which are 25 ps apart from each other

will be intensity modulated by an intensity modulator with non-return to zero (NRZ)
electrical signal D(t) employing random binary bit sequence “0” and “1”

corresponding to the system bit rate. As optical pulses were driven into our
programmable 8-level phase-shifted time-spreading en/decoder, we will obtain a
series of 8 pulses as an encoded signal which the phases of each consecutive pulses or
chips are determined by

N-1
)= Y09| - 20K 6 |- 51Kt (42)
k=0

where ¢ is the number of code ordered from 1 toN, and the chip period tg,is
expressed as

(4.3)



OCDM Transmitter #1

Code #3

I

|

M

| i [Binary Data e e NRZ Pulse .o

| (10010...) Generator :

| N

| i | Optical Gaussian Intensity
| i | Pulse Generator Modulato
|

Desired Subscriberj‘

Encoder
r 1

Random
Code #7 Delay

‘ OCDM Transmitter #2

Encoder
2
Random

Code #5 Delay

‘ OCDM Transmitter #3

Encoder
3

Random
Delay

Interfered Subscribers

= Qptical Signal

= = = Electrical Signal

Power Combiner

SMF + DCF

47

OCDM Receiver #1

Power Spliter

ode #3
\Decoder Photo +-+ LPF +-+ BERT ‘
detector

OCDM Receiver #2 ‘

|
|
|
|
|
|
OCDM Receiver #3 ‘ }
|
|
|
|
|
|

‘ Additional Delay ‘

Encoder
N

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

‘ OCDM Transmitter #N OCDM Receiver #N ‘

4 1 - ______ _ _ _ _ _ _ _ ______

Fig. 4.1 Basic system model of OCDMA-PON.

Therefore, the optical field of encoded signal can be evaluated by the
convolution between optical signal and the impulse response, given by

Eenc () = (D) -G(1)) ®h. (V). (4.4)

It should be noted that in order to operate TS-OCDMA in coherent regime, the
ratio between t.,and the coherence time of light source z, =1/B called coherent

ratio kt=tg,, /. should be equal or greater than 1. Nevertheless, in order to perform
the worst case of the coherent regime, we set the coherent ratio equal to 1.

chip

Encoded signals from each subscriber are then combined and launched into a
finite length of single-mode fiber and followed with perfect dispersion compensation
in order to cancel accumulated dispersion.

At the decoding process at ONU side, the incoming series of encoded signal
will be decoded by the decoder, which is still the convolution product between
encoded signal and impulse response of the decoder. The correctly decoded signal
from the decoder is defined as auto-correlation peak (ACP) signal if the code between
en/de is identical while it is defined as cross-correlation peak (CCP) signal if the code
between en/de is not matched. So, the optical field of the decoded signal is

Eacp () = Eenc (1) ®h, (1), (4.5)

Eccp(t) = Eene H® hd ®, (46)
where cand dis the code number of the encoder and decoder, respectively. For
example, subscriber with code #3 whose 8-chip E/D have the phase-shifted sequence
by a step of z/2(0, »/2 =, =12, 3x12, 27, 5x/2, 3x). The input pulses,
encoded signal, correctly decoded (decoded by code #3) and incorrect decoded signal
(decoded by code #5) which is corresponding to the input bit-sequence “11010” are
clearly shown in Fig. 4.2, respectively.
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Fig. 4.2 Optical signal from a subscriber using code #3 with bit-sequence “11010” (a)
input Gaussian pulses (b) encoded signal (c) ACP (code #3 vs code #3) (d) CCP (code
#4 vs code #3) and (e) CCP (code #7 vs code #3).

4.2 Bit Error Rate and Signal to Noise Ratio Calculation

In order to evaluate the system performance based on the signal quality. In
physical layer, we usually use the bit error rate and the signal to noise ratio to
determine whether the quality of detected signal is acceptable or not. The
methodologies to accomplish these two parameters are described below.

4.2.1 Bit Error Rate

The bit error rate (BER) is one of the most important parameters to measure
the quality of the detected signal at the optical receiver. It is basically a ratio between
the number of error transmitted bit over total sent bits. Nevertheless, in the numerical
method, a BER approximation can be evaluate by a calculation of error probability.
Firstly, the incident optical field E,(t) at the photodetector which is the summation

of a desired ACP signal and m interfered signals or CCP as shown as
m
Epin ®= Eacp )+ Z Eccp—i (t). (4.7)
i=1

At the photodetector, a converted electrical signal is produced by a square-law
photodetector, the detected electrical signal over a total transmission time T is
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T X T
L= j (Epiy (1) Epy (t))dt "‘Jno (t)dt
T mT mT o
=R- _[( acp (t)- Eacp(t )dt+R- Zj(Eccpﬂ (t)- ECCp—I (t))dt+2R- ZI(Eacp ccp—i (t)dt (4.8)
0 0 0

=1

[N

m m-1T
+2R- zlzlj cepi (D) ECCH(t )dt+jnO (t)dt,
j=i+li=l0

where R s the photodetector responsivity. The first term in (4.8) is the desired ACP
signal. The second term is the beat term between each CCP signal themselves, called
multiple access interference (MAI). The third term is the beat term between desired
ACP and CCP called primary beat noise (PBN). The fourth term is the cross beat term
between each individual CCP called secondary beat noise (SBN). Finally, the last
term is the Gaussian random noise at the photodetector. It should be noted that the last

term in (4.8) is related to dark current noise o; , shot noise 5 and thermal noise o,
which can be evaluated as

o5 =2ql,B, (4.9)

ol =20BR ac,,<1+zf. (4.10)

%=4kBBT (4.11)
RL

where B is the receiver bandwidth, Kgis the Boltzmann’s constant, Tis the
temperature and R, is the load resistance of the receiver, P, is the average power of

ACP and &; is crosstalk level which is the ratio between average power of CCP to
ACP as shown as

& =F;,—““ (4.12)

acp

The converted electrical signal regardless of Gaussian random noise of
photodetector is shown in Fig. 4.3. The needle-shape signal formed a triangular
envelope is the desired ACP signal. As expected, the signal in grey tone stands for a
most critical PBN which is generated by the beat between the desired ACP and CCP
signal inside the ACP period only. Moreover, the MAI is illustrated in a black tone
and it is generated at interfered CCP’s position itself.
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Fig. 4.3 The detected electrical signal at the photodetector.

Since the nature of the optical-to-electrical (O/E) conversion at the
photodetector behaves like a low-pass filter itself, the signals after O/E will be filtered
their high frequency components out and only the baseband signals are kept for the bit
error rate detection, respectively. Therefore, the baseband signals after filtered with a

desired impulse response I'(t) of a photodetector can be derived as

:
Zipr =R [ T0) @ (B (1) B (1))l
0

mT
+R- ZJ-F('[) ® (Eccp—i (t) ’ E::kcp—i (t))dt
0

i=1

mT
+2R- D [T(t) ® (Eqep (1) e (1)t (4.13)

i=1l o
m m-1T

+2R- 37 3 [T ® (Egep (1) - Ecep (D)t

j=i+li=1l o

;
+ j T'(t) ® n, (t)dt.
0

The signal Z,r is the convolution product between I'(t) and Z.
Consequently, the high frequency components of all terms in (4.8) are filtered out by
a low pass filter resulting in a smooth-shape signal in time domain as illustrated in
Fig. 4.4
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Fig. 4.4 Converted electrical signals after been filtered by a LPF.

Then, we use signal Z, - in (4.13) to investigate the stability of the system by

the computation of BER under the Gaussian approximation. To calculate the BER,
the general form of BER calculation at the sampling point is commonly represented

by

1 l,-D D-1,
BER = 2 {erfc(—o_l 7 J + erfc{—(70 NG H (4.14)

where |, is the mean electrical signal level at bit “1”, 1, is the mean electrical signal

level of bit “0” and D is the decision threshold electrical signal level which can be
optimized by

D (4.15)

Oy +07

Therefore, in order to modify (4.15) to be compatible with OCDMA system,
the equation (4.15) has been derived by [50] as,

RPacp(l'i__giéi _D) RPacp(D_g‘iéi)
1= f 1=
L2, A

BER = 2 erfc (4.16)

m
In (4.16), by discarding D, the term RP, (X &) represents average current
i=1

obtained from CCP signal power over a whole bit period. The integration of square of
the 2" term in (4.7) resulting in a signal power of MAI, SBN and receiver noise
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m
which are the 2™, 4" and 5" term in (4.8), respectively. The term RP,. (> &) is used
i=1

as the mean current level of bit with mark “0” or cross correlation signal current I .

m
Similarly, the term RP,.,(1+ > &) represents average current obtained from the sum
i=1

of ACP signal power and CCP signal power over a whole bit period which are the
power of the 1%, and 2" terms in (4.8). The term RP,., can be stated as the auto

m
correlation signal current 1,.,. Finally, the term RP,. (1+ > &)is used as the mean
i1

current level of bit with mark “1” as well [50]. Both of 1., and 1., can be written
as

mT
loep =R+ D [T(1) ® (Egepy (1) Egp (D)L, (4.17)
i=1l o
”
lacp = R+ [ T(1) ® (Eqep (1) - By (D), (4.18)
0

respectively.

Moreover, total noise variances are MAI noise o, , PBN noise 3z , SBN

noise o2y, and receiver’s noise o2, which are the variances of the 2", 3", 4™ and 5"

terms in (4.13), respectively. All noise variances are calculated by MATLAB using
variance function. For bit “0”, the total noise variance is expressed in (4.19) as

2 2 2 2 2
07 =0nal T 0sN T O0peN + Ry (4.19)

The total noise variance for bit “0” is a subtraction of (4.19) by PBN noise as shown
in (4.20) as

OF =+0ip + ey + Oy (4.20)
Therefore, the threshold current level can be modified from (4.16) as

I = , (4.21)

Finally, the BER is evaluated as
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m m
(Iacp""zlccryij_lD ID_Z‘,Iccp—i
+ erfc

1=I
\/501 \/EO-O

BER :% erfc (4.22)

4.3 Key Enabling Technique

There are many works have proposed a solution to reduce the effect of PBN
since the PBN is stated as the most crucial noise in OCDMA [25]. Some of them have
performed the experiment by using longer codes and another has performed by using
an en/de with high power contrast ratio. Those works are accomplished by reducing
the crosstalk level & that resulting in the PBN, MAI and SBN reduction, respectively.
Moreover, in [51] has shown the model of imperfectly overlapped chips in OCDMA
system as a real asynchronous transmission scenario and we could learn that the
reduction in the interference between subscribers could reduce the effect of PBN as
well. The imperfect overlapped model in [51] has shown another solution to reduce

PBN by reducing the pulse width of optical pulse over a certain t.,, and this also

caused a lower coherence time of light source 7. In this case, the kt ratio is

increased and the BER is improved through its statistical independence. Nevertheless,
the OCDMA criteria would be changed from coherent to incoherent regime due to the
very large value of kt ratio as well.

In this section, we propose a parameter that can reduce the interference
between desired ACP and interfered CCP signals and can improve system BER while
constraining the same kt =1(the coherent limit).

4.3.1 Spreading-Time to Bit-Period Ratio

We introduce the spreading-time to bit-period ratio (SBR) as the ratio between
the total encoding periods to the total bit-period,

SBR = Tﬂ (4.23)
Tbit
where T, is evaluated as
Ten = N -tepio- (4.24)
Then, substitute T, into (4.24) and re-arrange in term of t.,;,, we get

tchip - N . (4.25)
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We finally substitute (4.25) into (4.2), so the impulse response and the frequency
response of the modified encoder corresponding to the SBR is expressed as

—), 4.26
N ) (4.26)

N-1
heoge—c (t) = ZEXD|:— ] %(C —l)} o(t—k
k=0

oo o (F) = Nz_lexp[— jzﬂk[(C —1j + ¢ To - SBR ﬂ w2
k=0 N N

respectively.

For example, OCDMA-based 40G-PON has a bit period of 25 ps, if we sent a
short pulse to the encoder in order to construct series of encoded pulses and they took
whole 25 ps, their SBR is 1. On the other hand, if we spread encoded pulses to 20,
15, 10 and 5 ps, their SBR is 0.8, 0.6, 0.4 and 0.2 respectively. The encoded signals
from the encoder are stated as

Ecodec(t) = ZEXD{ J —ﬂk(C 1):' exp l:_ (t _ k(Tbitz_'rSzBR/ N ))

(4.28)

Fig. 4.5 shows a comparison of encoded and decoded signal using different
SBR of 1, 0.8, 0.6, 0.4 and 0.2, respectively. It is clearly seen that, with SBR equals to
1, encoded signals are spread over a whole bit period as shown in Fig. 4.5(a). On the
other hand, while pulses are spread with other values of SBR, we will have some
blank spaces between each consecutive bit as a guard-time interval, respectively. This
method allow us to avoid the inter-symbol interference (ISI) between consecutive bits
while using low value of SBR by reducing the total period of encoded pulses. In the
decoding process, the auto correlation peak signal and the cross correlation peak
signal which are depended on the codes between the en/decoder, are governed by,

Eap(D) = zexp[ AN +l)( )](k +1)- exp{— (t - k(Tb"'NSBR]JZ/ZToz]

2N-2

N kZN: exp[_ jw(c—l)](m —k—1).exp{—(t—k(T'”“'I\ISBRJT/ZTO2

SR EENS e RECURIN LI

] (4.29)

sin[z-d/N]

) (4.30)
y exp[— [t ~ k[Tbit NSBRD /2-'-02]
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we can obtain that the ACP from the first bit is overlapped to the second bit,
shown in Fig. 4.5(b) for the case of SBR = 1.0, 0.8 and 0.6, while there is not any
overlapped intervals between 2 consecutive bits for the case of SBR = 0.4 and 0.2.
These guard-time intervals also allow us to avoid the interference between ACP and
CCP which bring us serious noise problem by the reduction of overlapped chips
between desired and interfered subscribers.
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Fig. 4.5 ACP from code #3 at different value of SBR (a) encoded signals and (b)
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Fig. 4.6 The ACP, MAI, and PBN signal from (a) SBR = 1.0 (b) SBR = 0.6 and (c)

SBR =0.2.
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Fig. 4.6 shows the difference of employing various SBR. In each case, The
thin-black line of desired ACP signal with bits mark “1011” is launched together with
two interfered CCP signals which are 15-chip delayed apart from the first chip of the
desired ACP. In Fig. 4.6(a), the SBR = 1.0, the CCP signals cause MAIs as depicted
in dark solid color and cause PBNs as depicted in grey solid color, respectively.
Although we can obtain that the first bit of CCP is shifted 15 chips apart and it does
not interfered the first bit of ACP, it causes interference at the third bit of ACP signal
instead and the PBN is produced. For the case of SBR = 0.6, after the first bit of CCP
signal is shifted, it is positioned at the beginning of the second bit of ACP signal.
Therefore, only the rear part of CCP signal causes interference at the front part of the
third ACP bit. In this case, the number of chips that produce PBN has been decreased
in comparison to the case of SBR = 1.0, as shown in Fig. 4.6(b). The last case, SBR =
0.2, the first bit of CCP signal has shifted 15-chip apart and it does not cause any
interferences with the ACP signal at all due to its shortening decoding period.
Consequently, the PBN is not generated but only MAI is produced as illustrated in
Fig. 4.6(c).

4.4 System Performance

We analyze the system’s BER of subscriber using code #3 while the code of
m interfered subscribers are started from code #4, #2, #5, #1, #6, #8 and #7 for the
case of simultaneously transmitting 2-8 subscribers, respectively. With this
orientation, code #3 will be experienced the maximum crosstalk level among the other
codes for total N -1 subscribers. To investigate the system performance with the
system configuration shown in Fig. 4.5, we organized the experiment to obtain the
worst and the average performance. Note that this calculation is considering a
dispersion-free transmission in order to investigate signal deterioration caused by
employing various value of SBR.

Firstly, at each SBR, we perform the calculation for the case of 1-8
subscribers, respectively. All noise variances and BER will be analyzed further in the
next session. In order to perform the calculation, some of useful parameters used in
this chapter are stated in Table 4.1.

4.4.1 Worst Performance

In this case, all minterfered subscribers were aligned to experience the
maximum CCP signals. Moreover, we investigated the BERs at all available chip

positions in one bit period by adding the delay At, which is define as

, Where nis the set of index chip number in one bit period at each SBR. The index n
is stated as

n={xe (~T)0 < X< Ty terp |- (4.32)
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Then, we substitute t ., from (4.25) into (4.32) and we get

chip
n={xe(I-17)0<x< N/SBR} (4.33)

Therefore, the additional delay At, for all interfered subscribers are varied

from 0-8, 0-10, 0-13, 0-20 and 0-40 chips respected to the desired subscribers, in
order to find the worst case scenario of each cases, for the case of SBR equals 1.0,
0.8, 0.6, 0.4 and 0.2 as shown in Fig. 4.7, respectively.

Table 4.1 System parameters of the OCDMA using various SBR.

Value
Attributes Unit SBR S
% SBR=08 | SBR=06 | SBR=04 | SBR=0.2
System bit rate Gbps 40
Center
wavelength of Nm 1552.52
optical source
Repetition rate GHz 40
Optical power dBm 10
Full width half 0s 133 | 1.07 0.78 054 | 028
maximum

Coherence time
of optical source

ps 3.089 2.487 1.881 1.246 0.623

Number of en/de

. chip 8
chip
Chip period ps 3.125 2.500 1.875 1.250 0.625
Coherent ratio - 1
Optical receiver ) PIN photodiode
type
Responsivity A/W 0.6
Dark current nA 50
Thermal noise pA/Hz -os 1.52
Cut-off

GHz 30

frequency
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Since we have added the additional delay in each SBR as mentioned above,
the position of CCPs has been changed in each delay and this causes different
interference levels. Therefore, we could obtain several values of MAI, PBN and SBN,
respectively. Fig. 4.8 shows a relation between numerical value of PBN variance

o3gy as afunction of delayed time. The variance of PBN, in each SBR, is normalized
with its maximum value in a case that employing SBR = 1.0 with m=7. We can see
clearly in Fig. 4.8(a)-(c) that o3gy is increased as a function of number of subscribers

and is increased as we reduce the SBR. In addition, o35, is also a function of time

delay related to the ACP. For the case of SBR = 1.0, all 8 encoded chips are spread
over a whole bit period and its ACP are spread over one bit and a half (15 chips).
Unfortunately, the CCPs are 15-chip spread at the decoder as well. A PBN generation

is generated at every additional delays and always causes high o35, . For the case of

SBR = 0.6 as shown, all 8 encoded chips are spread over 60% of a bit period or 8 of
13.33 chips. Anyway, all 15 chips of ACP are 13 chips located in its own bit whereas
another 2 chips are placed at the consecutive bit. Fortunately, for the case of SBR =
0.2, all 8 encoded chips are spread over 20% of a bit period or 8 of 40 chips. Although
the ACP occupies for 15 chips, the remained 25 chips are vacant. As expected, the

opgy IS decreased since the additional delay is applied to the CCPs and the PBN is

zero due to none of interfered chips between ACP and CCP in the left and the right-
side of the ACP in one bit period as shown in Fig. 4.8, respectively.

From our numerical value, obtained from each SBR, the BER as a function of
received optical power (ROP) at the photodetector for the case of 1-8 subscribers are

illustrated in Fig. 4.9. The FEC limit is considered at the BER lower than 107, 1t
should be noted that employing a forward error correction (FEC) can enhance the

system performance by improving the BER from 10 = t010°, respectively. For the

case of single subscriber, the receiver sensitivity at BER of 10 %is -21.8, -24.05, -
2454, -25.04 and -25.48 dBm, respectively. The receiver sensitivity is improved
when employing low SBR because the narrower pulse width gives the lower ROP at
the same value of ACP [52]. For the multi-subscribers case, at each SBR, the BERs are

increased since the noise variances ag and 012 have been increased due to the more
number of m interfered subscribers. We can see in Fig. 4.9(c)-(e) that, by employing

lower SBR can improve the receiver sensitivity at BER = 10 3. Since we have fixed
the cut-off frequency of the LPF at 75 percent of the bit rate or 30 GHz, the noise
fluctuations with high frequency which are corresponding to the chip rate of 533, 800,
and 1600 GHz, for the case of SBR = 0.6, 0.4, and 0.2 can be eliminated.
Nevertheless, for the case of SBR = 0.8 in Fig. 4.9(b), the BERs are the worst among
all SBRs.



59

Desired Subscriber

N

T/2 -3At At At 0 At 2At  3At +T/2

Group of interfered subscribers

Delay = At _

A o A D p A

T/2  -3At  2At At 0 At 2At  3At +T/2

Fig. 4.7 Using additional delay with group of interfered subscribers.
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Fig. 4.8 Relation between variance of PBN and time delay for the case of (a) M =1,
(b) M=4,and (c) M=7, respectively.



o, [+ S
w 10 3 w 10 4
m ——1-user m ——1-user
10°0 —h—2-users 10°0 —h—2-users ]
—@—3-users —@—3-users
10°l ——4-users ] i ——4-users dJ
—{—5-users —{5-users
| =>—6-users | —6-users
107 B —0—7-users E 108 —o7-users E
s —O—8-users s ——8-users
1 0 I It I 10 I It I
-30 -25 -20 -15 -10 -30 -25 -20 -15 -10
Received Optical Power [dBm] Received Optical Power [dBm]
(a) (b)
10° ; ; 10° : . ;
A H
10" 107 4
107 107k 3
10 mmmmm e e e e e e e B e e e SR _—
X x
1 10 W 10 2
m ——1-user m ——1-user
10l A 2-users 105l A 2-users ]
—@—3-users —@—3-users
of| —#—d-users 5| —#—d-users
1070 05 users 1070 05 users E
| —&—6-users A | —&—6-users
10" —0—7-users 1078 —0—7-users E
5 —O—8-users " —O—8-users
10 i i i 10 i i i
-30 -15 -10 -30 -15 -10

Fig. 4.9

-25 -20
Received Optical Power [dBm]

(©)

BER

-25 -20
Received Optical Power [dBm]

(d)

10
10
10
I e e
10
10°%0 —h—2-users ]
—@—3-users
10°[] —4—4-users
—{—5-users
7 ——B-users
10" 8 -0 7-users
" —{—8-users
10 i | i
-30 -25 -20 -15 -10
Received Optical Power [dBm]

(€)

60

Relation between numerical BER and ROP of the worst case (a) SBR = 1.0,
(b) SBR=0.8, (c) SBR = 0.6, (d) SBR =0.4 and (e) SBR =0.2.
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The effect of varying the SBR causes the internal interferences between the
consecutive CCPs. In Fig. 4.10, we illustrate 3 consecutive decoded signals using the
adjacent code with respected to the desired code. By employing SBR = 1.0 and 0.8,
there are 8 and 10 chips in one bit period. As a result, the sum of the optical field
causes the destructive interference in the case of SBR = 1.0, as shown in Fig. 4.10(a).
On the other hand, the interference becomes constructive in the case of SBR = 0.8 as

shown in Fig. 4.10(b). Due to the large CCP in the case of SBR = 0.8, the o2y .
ohar» @nd oy can be increased and this is resulting in the high BER as shown in

Fig. 4.9.
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Fig. 4.10 The internal interference of the consecutive CCP signals (a) SBR = 1.0, and
(b) SBR=0.8.
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Fig. 4.11 Relation between ROP and the numbers of achieved error-free subscribers
from the worst case.
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The receiver sensitivity of all cases are collected from Fig. 4.9 and then shown
in Fig. 4.11. It reveals the maximum of subscriber that can achieved the BER lower

than 10> are 1,0, 2, 2, and, 2 and the total subscribers are foundtobe 2, 1, 3, 3and 3
for the case of SBR = 1.0, 0.8, 0.6, 0.4 and 0.2, respectively.

The computed noise variances as a function of m are shown in Fig. 4.12. All
values are obtained at the MLLD peak power of 0 dBm. The results show that the

SBR = 0.8 experiences the highest noise variances due to the largest CCPs. We can

confirm that the opg, is the most severe noise variance due to its largest value in

comparison to the o, and the o, , respectively.
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4.4.2 Average Performance

In this case, we assume that all M interfered subscribers are launched to the
system randomly. With the random delays of the interfered subscribers, the noise
variance can be reduced through their statistical properties and the BER can be
improved. We will organize to obtain the average performance by two methods. The
first method is to find the BER with the aid of the probability and the second one is to
find the average BER through the many possible events.

4.4.2.1 First Method

The total BER of the system can be calculate by using the average BER of
each m interfered subscribers, defines as BER(m) and the probability of each m will

be launched to the system p(m). Therefore, the average BER can be written as,
N-1

BER = )_ p(m)-BER(m). (4.34)

m=1

p(m) obeys the binomial distribution with its probability of

I O
p(m)——(N_m_l)!m! 2N (4.35)

BER(m) is the average BER computed from all BER(i) of all available chips in one

bit period where all m interfered subscribers are aligned together to have the greatest
CCP. The BER at each chip position is assumed to have the uniform distribution with
probability p(i). The probability is,

p(i) =+ (4.36)

Therefore, the BER(m) can be obtained as,

n

BER(m) = p(i)- BER(), (4.37)

i=1

where i is the index number of the chip and n is the total chips in one bit period.

The BERs of the OCDM system in the average case are illustrated in Fig.
4.13. We can see that the BERs of all cases are improved in comparison with the
worst case. As a result, the receiver sensitivities are improved and the numbers of
subscribers that can achieve the FEC limit are increased, respectively.

The receiver sensitivities as a function of mare also shown in Fig. 4.14. In
comparison to the worst performance, the numbers of possible m subscribers are 4,
1,5, 6, and 6. For the case of 2 subscribers (m = 1), by employing lower SBR can also
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improve the receiver sensitivity with the power penalty of 1.0, 2.86, 3.61, and 4.03
dB in comparison to the single subscriber case for the case of SBR = 0.8, 0.6, 0.4, and
0.2, respectively. Moreover, the power penalty in each SBR can obtain in Fig. 4.14,
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Fig. 4.13 Relation between numerical BER and ROP of the average performance from
the first method (a) SBR = 1.0, (b) SBR =0.8, (c¢) SBR =0.6, (d) SBR =0.4 and (e)

SBR =0.2.
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for the average performance using the first method.

The noise variance of odgy, Tia ., ad oZgy are calculate and shown as a

function of min Fig. 4.15. Since the &g, has depended on the position of the m
interfered subscribers with respected to the desired subscribers, the average values of
o35y through the uniform distribution from all chips in one bit period can mitigate the
effects of the PBN. On the other hand, the &2, does not change significantly in
comparison with the worst performance because its variances depend on the

magnitude of the CCPs themselves. Therefore, the o7, at each chip position over

one bit period is nearly the same. Finally, the o2, is illustrated in Fig. 4.15(c). in
this case, the odgy is as same as the value we have in the worst case due to we have
locked the position of the m interfered subscribers to have the strongest CCP.

In the asynchronous manner of the OCDMA system, we can conclude from
our results that the noise variances can be mitigated. The largest noise variance that

limit the performance is the o3gy, -
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Fig. 4.15 Noise variance as a function of interfered subscriber obtained from the first
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Fig. 4.16 Using random delay in an asynchronous transmission.

4.4.2.2 The second method

In this case, all m interfered subscribers were launched together randomly with
random delays to obtain a truly asynchronous scenario. The random delay for each
interfered subscribers is

'tChip (438)
, Where n is the number of delayed chips started from 0 to total chips in one bit period
N/SBR, i is the index number of interfered subscriber and jis the number of

iteration which is started from 0 and bounded by 4 times of total chips in one bit
period. Therefore, at each number of subscribers, we perform total 32, 40, 56, 80 and
160 random cases for the case of SBR = 1.0, 0.8, 0.6, 0.4 and 0.2, respectively. Then,
we use the average value obtained from these events to represent the characteristic of
the average performance in the asynchronous transmission. The simple graphical of
an asynchronous transmission is illustrated in Fig. 4.16.

Since the interfered subscribers have launched randomly, the generation of
SBN and especially PBN in each case changes due to the position of each interfered
subscribers with respected to the desired subscribers are varied. Unfortunately, for the
case of SBR = 1.0, we have mentioned early in the previous section that PBN is

generated at all delay At; ; and causes high PBN all time. Nevertheless, for the case
of SBR = 0.4 and 0.2 which their total available chips in a bit period are 20 and 40,
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there are 5 and 25 chips outside the 15-chip decoding period of ACP that cannot

produce PBN so that the o3gy can be reduced effectively through these cases.

Moreover, the o4, can be mitigated effectively as well since there are available 5

and 25 chips outside the 15-chip decoding period of each interfered subscribers
themselves.

Therefore, from our numerical value, the average BERs as a representative of
an asynchronous transmission for all SBR for the case of 1-8 subscribers are shown in

Fig. 4.17. For the case of m =1, the receiver sensitivity at BER = 10 s found to be -
19.63, -20.51, -22.32, -23.28 and -23.81 dBm, respectively. The BERs obtained from

all SBRs are lower and the total subscribers with BER lower than = 10~ are increased
in comparison with the worst case.

Moreover, we also plot the relation of the receiver sensitivity and m in Fig.
4.18. The power penalty in each case can be obtained from this figure. The total
numbers under the FEC limit are 4, 2, 5, 6, and 8 for the case of SBR = 1.0, 0.8, 0.6,
0.4, and 0.2, respectively. These results obtained from this calculation can meet an
agreement with the results from section 4.4.2.1.

The calculated noise variances are shown in Fig. 4.19. In comparison to the
worst performance, all noise terms are smaller significantly. This improvement of the
noise variances is resulting in the lower BER and the more number of subscribers

under the FEC limit. In comparison to the average performance by using the

weighted-probability in section 4.4.2.1, the o3z, shown in Fig. 4.19(a), is

approximately improved by 33% due to the generated PBN signals from the random
access of the interfered subscribers are not the largest values as obtained in section

4.4.2.1. The o, , shown in Fig. 4.19(b), is nearly the same. Finally, the o2,

shown in Fig. 4.19(c), is reduced lower than the variance obtained from the first
method. It can be explained that the random access reduces the probability that each
interfered subscriber will be beat each other and therefore the &g is reduced,
respectively. Moreover, for all kind of noise variances, the SBR = 0.8 experiences the
greatest noise among the others. By applying lower SBR can mitigate the noise
variance effectively.
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4.5 Spectral Efficiency

In communication theory, the spectral efficiency is defined as the total amount
of information rate (data bits per second: bit/s) that can be transmitted to the
destination with a given bandwidth. It represents, in a specific network, how many
bits that a given bandwidth can send to the recipient in one second, as shown in
(4.39).

R

SE.=——r
BW

(4.39)

where R s the information rate or bit rate (bit/s) and BW refers to the bandwidth of
the system. Therefore, in an OCDMA networks, to total bits sent depends on the total
active subscribers and the spectral efficiency (S.E.) are

s E xR (4.40)
BO

where N is the total number of active subscribers that achieved an error-free BER and
B, is the optical bandwidth, respectively.

The SE is an another important parameter to determine the system
performance without any bias since the low SBR such as SBR = 0.2 can transmit
simultaneously 8 subscribers by reducing the chip period of the en/decoder which is
corresponding to handling very large optical bandwidth of the laser source. Therefore,
the SE is appropriated to describe how efficient of each SBR is, respectively.

We collect the number of subscribers that can achieve an FEC limit from the
previous section. The SE obtained from both the worst and the average cases are
shown in Fig. 4.31. For the worst case, SBR = 0.6 can transmit 4 subscribers
simultaneously with the total bit rate of 160 Gbps and can achieve the maximum SE
of 0.29 b/s/Hz. The lowest SE of 0.074 b/s/Hz belongs to SBR = 0.2 since it owes the
largest optical bandwidth and can transmit only 3 simultaneous subscribers with total
bit rate of 120 Gbps. By performing an asynchronous transmission, the SE is
improved clearly since the number of error-free subscribers is increased. Therefore,
the greatest SE of the average case in an asynchronous transmission comes from SBR
= 1.0. The SE, obtained from the first and second method, are found to be 0.62 and
0.49 b/s/Hz with total 5 and 4 error-free subscribers and the total bit rates are 200 and
160 Gbps. Finally, the smallest SE in this case comes from SBR = 0.8. It can transmit
only 2 subscribers simultaneously with total bit rate of 80 Gbps, respectively.
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CHAPTER 5 OCDMA Signal Transmission with Various SBR System

Verification Using The Simulation Software

In chapter 4, we have introduced our mathematical calculation of transmitting
OCDMA signals with various SBRs. The results from the average performance in an
asynchronous transmission show that, by reducing SBR, it can especially mitigate

odgy effectively. We can earn from SBR = 0.2 that the o3, is suppressed most

among employing another SBRs. Therefore, by employing low SBR of 0.6, 0.4 and
0.2 also resulting in greater BER in comparison with the conventional OCDMA
system using SBR = 1.0 and 0.8, respectively. The excellence in low noise variances
brings the better BER so that we can launch the more number of subscribers
simultaneously in comparison with the conventional system.

Nevertheless, our proposed model should be corroborated by performing the
experimental setup. Lots of optical sources and specific components are required in
order to perform OCDMA signal transmission. Moreover, in each SBR, 8 pairs of a
specific en/de based SSFBG should be prepared to perform a complete demonstration.
Due to this complexity in the experiment setup, we would like to verify our OCDMA
model with a simulation software Optisystem.

Optisystem is a comprehensive simulation software for optical communication
system that is being used worldwide by many research groups. It is a virtual optical
communication system so that you can plan, design, test and monitor the system
performance in advance before setting up a real system. Most components in
Optisystem are created based on the approval mathematical models and equations
from many reference textbooks and some of specific components are created based on
the models from scientific papers and periodical journals. Therefore, this simulation
software is trusted by many researchers and engineers in the field of optical
communication. Many of papers using Optisystem are published by very well-known
publishers like Journal of Lightwave Technology, IEEE/OSA Journal of Optical
Communication and Networking, IEEE Photonics Journal, IEEE Photonics
Technology Letters and so on [53-70].

Consequently, we are going to verify our mathematical calculation by using
Optisystem in this chapter. Fisrt, we introduce the system setup and some of
important parameters in Optisystem. Then, we will show the BER as a function of
ROP obtain from eye-diagram analyzer and we will make a comparison with our
mathematical calculation as well. Finally, the signal transmission over a fiber with a
complete compensation of the 2" order dispersion is demonstrated in the last section.

5.1 System Model

Basic OCDMA system configuration in Optisystem is shown in Fig. 5.1. We
can categorize basically into 4 parts. They are transmitter part, encoding part,
transmission part, decoding and receiver part. First of all, a global parameter such as a
system bit rate, sequence length and sample per bit should be set. In our setup, we set
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system bit rate = 40 Gbps, sequence length = 1024 bit and sample per bit = 1024
samples, respectively.

Fig. 5.1 OCDMA system configuration in the simulation software.

Fig. 5.2 The simulation layout of the transmitter part.



Table 5.1 Parameters of the transmitter part.
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. Optical Coherence Chip
Attributes Pulse Width BanFc)jWidth Time z, Period go?_ereknt
(Ps) (GHz) (ps) Tenip (PS) ato kt
SBR=1.0 1.33 323.73 3.09 3.125 1.01
SBR =0.8 1.07 402.00 2.49 2.50 1.00
SBR = 0.6 0.82 531.47 1.88 1.875 0.99
SBR=0.4 0.55 802.80 1.25 1.25 1.00
SBR =0.2 0.28 1605.6 0.623 0.625 1.00
Table 5.2 Specifications of the SMF and the DCF.
Chromatic Dispersion RDS
Fiber Type Dispersion Slope 1 SC Rate
(psinm-km) | (ps/nm? - km) (hm)

SMF 17.57 0.058 0.00330 -
DCF-1 -152.003 -0.2508 0.00165 0.5
DCF-2 -152.003 -0.5016 0.00330 1.0
DCF-3 -152.003 -1.0032 0.00660 2.0

5.1.1 Transmitter

The first part is the transmitter part, we use a Gaussian pulse generator as a
mode-lock laser diode (MLLD) that can generate optical pulses at a constant
repetition rate. The width of the pulse is adjusted to fit kt= 1in each SBR. Therefore,
the widths of optical pulse and T, for en/decoders are demonstrated in Table 5.1,
respectively. Then, optical pulse train will be intensity modulated by a Mach-Zhender
modulator with random non-return to zero (NRZ) electrical signal and we finally get
optical signal to be further encoded. The system layout of this part is shown in Fig.
5.2.

5.1.2 Encoder

The second part is the encoder and its layout is shown in Fig. 5.3. Each optical
signal will be encoded by a unique code from an 8-level phase-shifted coherent time-
spreading encoder. The pulse before the encoding process is a single pulse with a
specific FWHM as described in Table 5.1 and it will be time-spread by the encoder so
that the output from the encoder is a series of 8 optical pulses and the total encoded
period is restricted to SBR, as depicted in Fig. 4.
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Fig. 5.3 The simulation layout of encoding part
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Fig. 5.4 Optical signal in time-domain (a) before encoding (b) after encoding.
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Fig. 5.5 The simulation layout of the transmission part.

Fig. 5.6 The simulation layout of the decoder and signal detection part.
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Fig. 5.7 Optical signal in time-domain (a) before decoding (b) after decoding.

5.1.3 Transmission Part

The power obtained from each subscriber is adjusted to have the equal level
by a variable optical attenuator (VOA) and its initial phase is randomly added as well.
The time delay added to each subscriber is different and it depends on the
transmission scheme that will be discussed further. Then, each subscriber will be
multiplexed together by a power combiner and then will be launched to the optical
fiber. In the fiber link, it consists of a 20 km of standard SMF ITU-T G.652 and
followed by an appropriate length of a DCF in order to cancel accumulated chromatic
dispersion. The SMF G.652 has an attenuation coefficient of 0.2 dB/km at 1552.52
nm, a chromatic dispersion of 17.577 ps/nm-km at 1552.52 nm and a dispersion slope

of 0.0581 ps/nm-km? at 1550 nm. The 2.7 km of DCF also has an attenuation
coefficient of 0.47 dB/km at 1550 nm, a chromatic dispersion of -152.003 ps/nm-km
at 1552 nm and we use 3 different dispersion slopes in order to measure the difference
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between the perfect and imperfect dispersion compensation as shown in Table. 5.2.
Then, at the distribution point, signals will be split by a 1:8 power splitter and sent to
each decoder, respectively. The layout of the this part is illustrated in Fig. 5.5.

5.1.4 Decoder and Signal Detection

After the signal is split by a power splitter, it will be decoded by a decoder.
The specification of a decoder is also shown in Table 5.1 already. Each subscriber
will be received only their own data from the correctly decoded pulses whereas
incorrectly decoded pulses are considered as the OCDM noises. Then, the decoded
signal will be converted to the electrical signal by a PIN photodetector. The PIN

photodetector has the dark current of 50 nA and thermal noise of 5.76 pA/Hz'/2. The
other kinds of receiver noise, like shot noise, will be calculated automatically using
the dark current, respectively. Then, the high frequency of electrical signal is filtered
out by a 30 GHz LPF which exhibits Bessel shape. Finally, this filtered electrical
signal will be checked with the reference bit sequence in order to calculate BER by an
eye-diagram analyzer and a BER tester, respectively. The layout of this part is shown
in Fig. 5.6 and the signal waveforms at this part are shown in Fig. 5.7, respectively.

5.2 System Performance

We also categorize the simulation into 2 parts, the worst performance and the
average performance. We consider only the back-to-back case in this section. The
system architecture and the simulation result are discussed in the rest of this part.

5.2.1 Worst Performance

Since we have launched all minterfered subscribers simultaneously without
random delays between them in the last chapter and we have just added the additional
delay from 0-nas described in (4.29)-(4.31) in order to pick the worst case scenario,
respectively. Therefore, the relation between BER and ROP obtained from the
simulation is shown in Fig. 5.8. The results obtained from the simulation are
illustrated by a dash-line whereas the results from the mathematical calculation are
illustrated by a solid line. The trends of BER as a function of ROP for all SBR from
the simulations are well compatible to the results from our proposed mathematical
calculation.

The receiver sensitivity obtained at BER = 10 *is plotted in Fig. 5.9. For the
case of single subscriber, the receiver sensitivity from the simulation is found to be -
20.62, -22.84, -23.73, -24.34 and -24.22 dBm for the case of SBR = 1.0, 0.8, 0.6, 0.4
and 0.2, respectively. Moreover, the maximum number of subscriber with the FEC
limitis 2, 1, 3, 4, and 3 for the case of SBR = 1.0, 0.8, 0.6, 0.4 and 0.2, respectively.
The total numbers of error-free subscribers are almost the same in comparison with
the results from the mathematical calculation as discussed in Chapter 4.
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5.2.2 Average Performance

In this case, we have randomly set time delay from 0-n to each subscriber to
confirm the truly-asynchronous transmission. The relation between BER and ROP in
an average case is represented in Fig. 5.10, respectively. As we can see from Fig.
5.10, the BERs obtained from the calculation and the simulations are nearly the same
and this can guarantee the results from our mathematical calculation as well. Then,

the receiver sensitivity at the BER = 10~ at each number of subscriber is collected
and represented in Fig. 5.11, respectively.

For the case of single subscriber, the receiver sensitivity is -20.63, -22.34, -
23.72, -24.35 and -24.21 dBm for the case of SBR = 1.0, 0.8, 0.6, 0.4 and 0.2,
respectively. Then, the receiver sensitivity is deteriorated mainly by o3gy, oégy and
o as a function of number of interfered subscriber as shown in Fig. 5.11 and the
total subscribers which can achieve an FEC limit at BER = 10 are found to be 3, 3,
7, 8 and 8 for the case of SBR = 1.0, 0.8, 0.6, 0.4 and 0.2, respectively. These
numbers of FEC limit subscriber obtained from the simulation results are compatible

with the numbers of error-free subscriber obtained from our mathematical calculation
as discussed in Chapter 4.
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Fig. 5.10 Relation between numerical BER and ROP of the worst case from an
asynchronous transmission (a) SBR = 1.0, (b) SBR = 0.8, (c) SBR = 0.6, (d) SBR =

0.4 and (e) SBR =0.2.
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5.3 Eye-Diagram

The decoded optical signal will be converted to electrical signal by a PIN
photodetector with a specific bandwidth of the receiver. The electrical signal after the
low-pass filtering process will be collected and displayed on the oscilloscope
repetitively every 3 bits long or more, depended on the desired signal intervals.
Therefore, we can see the bit transition from bit “0” to “1”* or from bit “1” to “0” or all
possible realizations of the desired signals superimpose themselves on the screen. The
ideal eye diagram of the NRZ pulse should be obtained as a rectangular shape.
Nevertheless, the imperfection of the communication channel causes an unclear
shape, depended on signal distortion level and the received power of a signal.
Therefore, we can determine the BER of the system by the numerical method. In
additions, the simulation software also uses this method in order to compute the BER.

In this part, we show the eye-diagrams for all SBRs at their maximum number
of error-free subscriber from our mathematical calculation and the simulation for both
the worst and the average case, respectively.

5.3.1 Worst Performance

The detected electrical signal at PIN photodetector is filtered by a 30-GHz
low-pass filter in order to recover the baseband signal. Therefore, the desired filtered
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signal in Fig. 5.12 shows the eye diagrams at BER = 10~ obtained from the
calculation for the case of SBR = 1.0, 0.8, 0.6, 0.4 and 0.2, respectively. Moreover,
the maximum numbers of the error-free subscribers for each eye-diagram in Fig. 5.12
(a)-(e) are found to be 2, 1, 4, 4 and 3, respectively. In Fig. 5.12(a), the eye-diagram
looks chaotically because there are the overlapped pulses between consecutive
decoded bits. These overlapped pulses bring the higher signal intensity in comparison
with non-overlapped pulses and resulting in higher amplitude after have been filtered

by an LPF. Moreover, with the suffering from opzy and o?2,,, the interference can

distort the shape of the received signal, respectively. The eye-diagram for the case of
SBR = 0.8 is illustrated in Fig. 5.12(b). It looks quite clear because there is no any
noise variances from the OCDM system since this case can provide only 1 of desired

subscriber. Therefore, the eye-diagram is mainly suffered from o3, . For the case of

SBR = 0.6, the eye-diagram still looks unclear due to the overlapped between
consecutive decoded pulses are still existed. Fortunately, the ytr is acceptable for the

BER = 10, For the case of SBR = 0.4 and 0.2 in Fig. 5.12(d)-(e), there is no any
overlapped between consecutive bits so the eye-diagram exhibits a clear Gaussian

shape. Nevertheless, the existence of o3z, oégy and o2, causes the very high peak

at the sampling point so the bit “1” of ACP signal of the desired subscriber can be
detected as bit “0” since the noise variance is high enough to make a mistake in the bit
detection.

Then, by computer simulation, we use a low-pass filter with 30 GHz of cut-off

frequency and the obtained eye-diagrams at BER = 10~ are illustrated in Fig.
5.13(a)-(e) for the case of SBR = 1.0, 0.8, 0.6, 0.4 and 0.2, respectively. The total
error-free subscribers in each case are found to be 2, 3, 4, 3 and 3, respectively. For
the case of SBR = 1.0 expressed in Fig. 5.13(a), the eye-diagram is unclear as same as
obtained from the calculation. The eye-diagrams from SBR = 0.8 and 0.6 are still
suffered from the overlapped pulses and the noise variances, resulting in an unclear

eye-diagrams as shown in Fig. 5.13(b)-(c). As expected, the eye-diagrams obtained

from SBR = 0.4 and 0.2 shown in Fig. 5.13(d)-(e) are suffered from only o3y, o

and o, since there is no any interferences between each consecutive bit. Therefore,

the eye-diagrams look quite clear but the BER unfortunately reaches the limit at 10
due to the great amount of noise variances.
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5.3.2 Average Performance

The random access of the interfered subscribers can improve the BER since
the dominant noise variance o3g, is depended on the position related to the desired

subscriber. Therefore, from our result, the signal transmission in an asynchronous
case can enhance the BER as discussed in Chapter 4. The eye-diagram for each SBR

at the BER = 10 >obtained from both the mathematical calculation and the computer
simulation is shown in Fig. 5.14 and Fig. 5.15, respectively.

The eye-diagrams from the calculation are obtained at their maximum error-
free subscribers of 2, 2, 6, 6 and 8, respectively. For the case of SBR = 1.0 in Fig.
5.14(a), it is more clear in comparison with the worst case obtained in Fig. 5.12(a).

This is because the effect of opgy, odgyand o3, is Mitigated through the random
access of interfered subscribers. The disorder in an eye-diagram caused by c5gy
olnand o2, is loosened and the amplitude of the eye-diagram at BER = 107 is

decreased. This means that the BER is bound by the effect of o, more than the worst

case. For the case of SBR = 0.8 shown in Fig. 5.14(b), some of the overlapped pulses
are remained that resulting in the unclear lines during the bit transition. Although the

eye-opening is quite wide, the &gy, is high and resulting in its limit of the BER. For

the case of SBR = 0.6, 0.4, and 0.2 shown in Fig. 5.14(c)-(e). The o3 is Mitigated
since we have performed with low value of SBR since the waveform fluctuation at the
level of bit “1” is decreased. Nevertheless, the effects from o35y and &2,, shown in
the thickness of eye-diagram at bit level “0” become more aggressive than the worst

case. These two noises source become the dominant noises that can limit the BER of
the system.

For the case of using the computer simulation, the eye-diagrams obtained at 3,
3, 7, 7 and 8 error-free subscribers for the case of SBR = 1.0, 0.8, 0.6, 0.4 and 0.2 are
illustrated in Fig. 5.15(a)-(e), respectively. In Fig. 5.15(a), the eye looks chaotic as
same as we can obtain from our numerical results. Furthermore, for the case of SBR =
0.8, 0.6, 0.4 and 0.2, the eye-diagrams present clearly bell-shaped pulses and the

thickness in eye-diagrams are cause by opgy , o2y aNd o3, » respectively.
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5.4 Signal Transmission over 20-km of SMF.

In this case, we also run a simulation over a 20-km of SMF in order to find the
power penalty cause by the transmission part. Since the optical pulse is very narrow,
the optimal length of a DCF is used to compensate the chromatic dispersion.
Nevertheless, in the real system, it is difficult to make perfect dispersion
compensation because we cannot find a DCF which its dispersion slope is perfectly
matched to the SMF’s. Therefore, we’d like to find the power penalty caused by
imperfect dispersion slope compensation so that this penalty can be used for power
budget calculation.

One of the important parameter for a DCF is a ratio of a dispersion slope to chromatic

dispersion (RDS). Its unit is nm ™. The ratio between RDS of the DCF to RDS of
transmission fiber is called slope compensation (SC) rate as shown in (5.1).

_ RDSp¢r

SC =
RDSsyr

(5.1)

If we have a DCF with RDS as same as the RDS of a transmission fiber, the
SC rate is equal to 1. Therefore, we can have nearly 100% of dispersion
compensation. A brief specification of SMF and DCF modules at 1552.52 nm used
for the simulation are listed in Table. 5.2, respectively.

We repeat the simulation in 5.2.2 with a transmission fiber and 3 types of DCF
module. After we have measure the BER as a function of ROP, a receiver sensitivity

at BER = 10 is collected to investigate the power penalty as a function of the SBR
and the number of OCDMA subscribers. We show, the relation between the SBR and
the power penalty, for the case of single subscriber in Fig. 5.16. The maximum power
penalties of 2.672, 2.501, and 2.072 dB belong to SBR = 0.2 for all 3 types of DCF
whereas the minimum penalties of 0.043, 00.193, and 0.142 come from SBR = 1.0,
respectively. It is a fact that the optical signal of SBR = 0.2 experiences more effect
from the dispersion slope mismatched in comparison to the SBR = 1.0 due to its large
optical bandwidth. Therefore, in low SBR, it is very sensitive to the dispersion effect.

The receiver sensitivity is measured again after the signal is transmitted over a
fiber and the DCF. Then, the differences in the receiver sensitivity in comparison to
the back-to-back case are obtained as the power penalty due to the dispersion slope
mismatched. The power penalties of each DCF are depicted in Fig. 5.17, respectively.
Most of the power penalties are no more than 3 dB for the case of SBR = 1.0, 0.8, 0.6,
and 0.4 whereas it is approximately 3-5.5 dB for the case of SBR = 0.2. The results in
Fig. 5.17 confirm that low SBR experiences more effect of the dispersion slope
mismatched than the high SBR, and the power penalties obtained from all 3 types of
the DCF are in the same range. Nevertheless, the total number of subscriber for the
case of SBR = 0.2 is reduced from 3 in the back-to-back case to 2 by the dispersion
slope effect. Moreover, the eye-diagrams of each SBR at its maximum subscribers are
shown in Fig. 5.18. All eye-diagrams seem to be nearly the same in comparison to the
back-to-back case because the pulse broadening due to the dispersion slope in the
optical signal is filtered by the LPF.
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5.5 System Power Budget

Since the transmitted power for all cases of SBRs are 9 dBm and we can
obtain the receiver sensitivity from our results, we can calculate the power budget of
the system by using (2.11). For the worst case scenario, we use the receiver sensitivity
from section 5.4 to calculate the power budget. Nevertheless, the access of each
subscriber to the system is the random process. Furthermore, we cannot perform the
simulation under the average performance of the system. Therefore, we use the
receiver sensitivity from chapter 4.4.2 as the representative of the average
performance of the OCDMA-PON, respectively.

The receiver sensitivities and the power budget of each SBR for the worst case
and are shown in Table 5.3. We can see that, the maximum power budget of 33.798
dB comes from the case of SBR = 0.2 whereas the minimum power budget of 25.201
comes from the case of SBR = 0.6 with 3 subscribers. Moreover, the power budget
calculated from the asynchronous transmission as the representative value for the
average performance is shown in Table 5.4. In the average case, the receiver
sensitivities are improved for all SBRs. Therefore, the power budget in increased to
35.03 dB as the maximum, obtained from the single subscriber of the case of SBR =
0.2. On the other hand, the minimum power budget is found to be 24.92, obtained
from SBR = 0.6 with total 6 subscribers, respectively.

Table 5.3 Power budget calculated from the worst case scenario.

e . OCDMA-PON
Specification SBR=10 [ SBR=08 | SBR=06 | SBR=04 | SBR=02
Transmitted Power (dBm) +10 dBm
Receiver Sensitivity (dBm)
= 1-Subscriber -20.813 | -23.031 | -23.45 | -23.687 | -23.798
= 2-Subscribers -13.776 N/A -17.878 | -20.797 | -22.355
= 3-Subscribers N/A N/A -15.201 | -18.018 N/A
= 4-Subscribers N/A N/A N/A -16.835 N/A
Power Budget (dB)
= 1-Subscriber 30.813 | 33.031 33.45 33.687 | 33.798
= 2-Subscribers 23.776 N/A 27.878 | 30.797 | 32.355
= 3-Subscribers N/A N/A 25.201 28.018 N/A
= 4-Subscribers N/A N/A N/A 26.835 N/A




Table 5.4 Power budget calculated from the average case.
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Specification OCDMA-PON
SBR=1.0 ‘ SBR=0.8 ‘ SBR=0.6 ‘ SBR=0.4 ‘ SBR=0.2
Transmitted Power (dBm) +10 dBm
Receiver Sensitivity (dBm)
= 1-Subscriber -20.52 -23.78 -23.96 -24.67 -25.03
= 2-Subscribers -16.79 -20.37 -22.55 -23.39 -23.86
= 3-Subscribers N/A N/A -20.92 -21.88 -22.38
= 4-Subscribers N/A N/A -19.89 -21.08 -21.97
= 5-Subscribers N/A N/A -15.21 -19.21 -21.22
= 6-Subscribers N/A N/A -14.92 -18.41 -20.88
= 7-Subscribers N/A N/A N/A N/A -19.3
= 8-Subscribers N/A N/A N/A N/A -18.81
Power Budget (dB)
= 1-Subscriber 30.52 33.78 33.96 34.67 35.03
= 2-Subscribers 26.79 30.37 32.55 33.39 33.86
= 3-Subscribers N/A N/A 30.92 31.88 32.38
= 4-Subscribers N/A N/A 29.89 31.08 31.97
= 5-Subscribers N/A N/A 25.21 29.21 31.22
= 6-Subscribers N/A N/A 24.92 28.41 30.88
= 7-Subscribers N/A N/A N/A N/A 29.3
= 8-Subscribers N/A N/A N/A N/A 28.81
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CHAPTER 6 The System Performance Comparison between OCDMA
and TDMA over PON

In this chapter, we show, the system performance comparison between the
conventional PON based time-division multiple access (TDMA) technology and the
proposed OCDMA-PON using various SBR. The receiver sensitivity of the TDMA-
PON at various bit rates is shown. Moreover, the spectral efficiency, the system
complexity and the power budget are discussed in the rest of this chapter,
respectively.

6.1 System Configuration of TDMA-PON

The TDMA-PON system configuration is setup as shown in Fig. 6.1. The
main components in the transmitter side are consisted of the continuous wave (CW)
laser, the NRZ pulse generator, and the Mach-Zehnder Intensity modulator. The CW
laser has the center wavelength of 1552.52 nm with a linewidth of 10 MHz, and the
transmitted power of 10 dBm. The extinction ratio of the modulator is 30 dB. Then,
the optical signal is launched into the optical fiber ITU G.652.D, followed by a
dispersion compensating fiber. At the distribution unit, the optical signal is split by a
power splitter and sent into each ONU. In front of the photodetector, a variable optical
attenuator (VOA) is used to attenuate the input optical signal in order to prevent the
overload signal power at the photodetector. Moreover, we adjust the VOA to find the
relation between the ROP and the BER, respectively. We use PIN photodetector with
a responsivity of 0.6 A/W with the dark current of 50 nA, respectively. The detected
electrical signal will be filtered high component frequencies out by an LPF with a cut-
off frequency of 75% of the system bit rate. Finally, the electrical filtered signal is
used to find the BER by using the BER analyzer, respectively.

Fig. 6.1 TDMA-PON system configuration.
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6.2 System Performance of TDMA-PON

We organize the simulation into a 8 cases. The system bit rates are organized
as 40, 80, 120, 160, 200, 240, 280, and 320 Gbps, respectively. Therefore, the bit
period of each case is found to be 25, 12.5, 6.25, 3.125, 1.56, 0.78, 0.39, and 0.195 ps,
respectively. It should be noted that, in the TDMA-PON, the transmission mechanism
is based on time-slot sharing among subscribers. In the ultra-high bit rate, the bit
period is inversely proportional to the system bit rate. Unlike the WDMA and
OCDMA-PON that we can add more wavelengths or codes to the system in order to
increase the total bit rate whereas the bit period of each subscriber is still the same. In
each case, the cut-off frequencies of the LPF are 30, 60, 90, 120, 150,180, 210, and
240 GHz, respectively. For the back-to-back case, the filtered electrical eye-diagrams

at the BER =102 are shown in Fig. 6.2 and Fig. 6.3, respectively.

As we can see in Fig. 6.2-6.3, the eye-opening of the eye-diagram is almost
closed for every system bit rate. Since the electrical NRZ waveform is ideal with the
perfect rectangular shape, the shape of the eye-diagrams are almost the same. The
thickness of the eye-diagram at the level of bit “0 and “1” are very large. Therefore,
we can conclude that the signal distortion in the eye-diagrams is caused by the
photodetector noise, especially the thermal noise and shot noise.

The BER as a function of ROP for each system bit rate is shown in Fig. 6.4.
The receiver sensitivities are increased since the system bit rate is increased as well.
This is because, at the same amplitude, the high bit rate with the small pulse width
experienced lower ROP in comparison to the low bit rate. In the back-to-back case,

the receiver sensitivities at the FEC limit of BER =102 for the case of 40-320 Gbps
are -21.79, -20.05, -19.15, -18.61, -18.03, -17.75, -17.0, and -16.93 dBm, respectively.

For the signal transmission over 20 km of the optical fiber, the effect of
chromatic dispersion is a serious issue for the high bit rate system. The pulse
broadening of the optical signal is the cause of ISI that can limit the speed of the
signal transmission. Therefore, in this case, we place the DCF with an appropriate
length that can make a complete compensation for the 2" dispersion. Nevertheless,
the effect of the dispersion slope is still remained for the case of imperfect dispersion
slope compensation. In this case, we simulate the signal transmission over a fiber with
3 cases of the DCF in order to find the power penalty caused by the dispersion slope
mismatched at each system bit rate. The specification of the DCF is already discussed
in Table 5.2. The eye-diagrams for the case of 40 and 320 Gbps TDMA-PON with
various SC rate of the DCF are illustrated in Fig. 6.5 and Fig. 6.6, respectively. For
the case of 40 Gbps system, the bit period is 25 ps and the pulse broadening caused by
the dispersion slope mismatched is so small that the shape of the eye-diagrams are
nearly the same. On the other hand, for the case of 320 Gbps TDMA-PON, the bit
period is found to be 0.195 ps. It is 8 times smaller in comparison to the 40 Gbps
system. Therefore, the effect of the slope mismatched can be seen clearly for the case
of employing the DCF with the SC rate of 0.5 and 2.0. The shapes of the eye-
diagrams, shown in Fig. 6.6, are not symmetric because of the dispersive effect.
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Fig. 6.2 The filtered electrical signal, obtained at BER = 10 for the case of (a) 40, (b)
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Fig. 6.3 The filtered electrical signal, obtained at BER = 10 for the case of (a) 200,
(b) 240, (c) 280, and (d) 320 Gbps of TDMA-PON, respectively.
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Fig. 6.6 Eye-diagrams of the 320G TDMA-PON with various SC rate of (a) 0.5, (b)
1.0, and (c) 2.0.
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Fig. 6.7 Power penalty caused by the dispersion slope mismatched.

The power penalty, caused by the dispersion slope mismatched, of each
system bit rate is obtained from the receiver sensitivity of the transmission case and
subtracted by the receiver sensitivity of the back-to-back case, respectively. We can
see that, the power penalties are quite small with the range of 0.01-0.27 dB, shown in
Fig. 6.7. Nevertheless, by increasing the system bit rate, the power penalty is
increased due to suffering from the ISI effect so that the maximum power penalty is
approximately 0.73 dB for the case of 320G TDMA-PON using DCF with SC rate =
2.0, respectively.

6.3 System Performance Comparison between TDMA and OCDMA-PON

We discuss the number of subscribers, total bit rate, spectral efficiency, and
the system complexity between the TDMA-PON and the OCDMA-PON in order to
compare the efficiency of the system.

6.3.1 System Power Budget

The power budget calculation is stated in eq. (2.11). Since we know the
transmitted power and the receiver sensitivity, we can calculate the power budget. For
each system bit rate, the power budget of the TDMA-PON after transmitted over 20
km of a fiber and a DCF with SC rate of 1.0, is shown in Table 6.1. The maximum
power budget 31.63 dB is obtained from the 40G TDMA-PON whereas the minimum
power budget of 26.97 dB is obtained from the 320G TDMA-PON, respectively.
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Table 6.1 TDMA-PON Power Budget.

_ Bit Rate

Attributes 40G | 80G | 120G | 160G | 200G | 240G | 280G | 320G
Transmitted Power
(dBm) "0
Receiver Sensitivity | ) o3 | 2005 | -19.14 | -18.50 | -18.02 | -17.71 | -17.27 | -16.97
(dBm)
(Pdoé‘;erB“dget 31.63 | 30.05 | 29.14 | 28.59 | 28.02 | 27.71 | 27.27 | 26.97

6.3.2 Number of Subscribers

The number of actual subscribers is actually depended on the receiver
sensitivity. In the PON design, the ROP of each subscriber must be at least equal to
the receiver sensitivity in order that we can guarantee the BER under the FEC limit.
Therefore, we can split optical signal into many branches, or ports, by using the
passive optical power splitter. Each branch of splitter is connected to one ONU
located at each subscriber’s home. In this case, the total number of subscribers is
based on the number of a power splitter and the number of ports of the power splitter.
Nevertheless, the bit rate per subscriber is inversely proportional to the number of
ports. Although we can have many subscribers in the system, the bit rate per
subscriber is also reduced.

To find the number of total ports that can be assigned to the subscribers. We
have to calculate to optical power in front of the power splitter so that we can further
estimate the number of total subscribers. Then, in order to select the appropriate
power splitter, the insertion loss of the splitter must lower than the input optical power
in front of the power splitter. The number of ports and the insertion loss of the splitter,
obtained from the commercial product, are shown in Table 6.2. Moreover, the power
at each stage of the PON is shown in Table 6.3, respectively.

Then, we can calculate the remaining power budget by subtracting the input
power in front of the power splitter with the receiver sensitivity. Finally, the
remaining power budget is used to find the total subscribers support by the TDMA-
PON. The power budget in front of the splitter and the total number of subscribers are
shown in Table 6.4. The maximum number of subscriber for the 40G and 80G
TDMA-PON are 16, the maximum subscribers of the 120G and 160G TDMA-PON
are 12, and the maximum subscribers supported by the 200G, 240G, 280G, and 320G
are 8, respectively.

Table 6.2 The specification of the optical power splitter,

Operate Wavelength (nm) 1260-1625

Number of Ports 1x2 | 1x4 | 1x6 | 1x8 | 1x12 | 1x16|1x32 | 1x64
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Table 6.3 Optical Power Distribution at each stage of PON.

Attributes Value
Transmitted Power (dBm) +10
e Optical Modulator Insertion Loss (dB) -7
e Fiber Attenuation for 20 km (dB) -4
e Fiber Attenuation for a DCF (dB) -1.25
e Total Splice Loss (dB) -1
e Total Connector Loss (dB) -3
Total Loss (dB) 16.25
Input Power to the Optical Power Splitter (dBm) -6.25

Table 6.4 Total Subscribers of the TDMA-PON.

Attributes Bit Rate
40G | 80G | 120G | 160G | 200G | 240G | 280G | 320G
Input Power to the 6.95

Power Splitter (dBm)

Receiver Sensitivity | ) o3 | 5005 | -10.14 | -18.59 | -18.02 | -17.71 | 1727 | -16.97
(dBm)

Remaining Power

Budget 15.38 | 13.80 | 12.89 | 12.34 | 11.77 | 11.46 | 11.02 | 10.72
(dB)

Total Subscribers 16 16 12 12 8 8 8 8

For the case of OCDMA-PON, we organize the power budget into 2 cases, the
worst case scenario and the average case scenario. From the worst case scenario, the
power budget in front of the power splitter, and the power at the output port of the 1
stage power splitter are shown in Table 6.5. Since the input signal at the power splitter
is code-multiplexed, the first power splitter is used to split the power to total N
OCDMA subscribers of the system. At the 1% stage, the power splitters that are
assigned to each SBR are depended on the number of OCDMA subscriber. Therefore,
the maximum numbers of OCDMA subscribers are 2, 1, 3, 4, and 3, respectively.
Then, in order to expand the capacity of the system, with the remaining power budget,
we can further split the signal power by using the 2" stage power splitter so that we
can share the total bit rate of each OCDMA as the OCDM/TDMA-PON. By applying
the appropriate power splitter based on the power budget, the total subscribers
supported by OCDMA/TDMA-PON are already shown in Table 6.5. With the
maximum value, the total subscribers are 16, 32, 32, 32, and 32 for the case of SBR =
1.0, 0.8, 0.6, 0.4, and 0.2, respectively.

In the average case scenario obtained from the asynchronous case, we can gain
more power budget because the receiver sensitivities are improved in comparison to
the worst case as already shown in Table 5.4. The maximum numbers of the OCDMA
subscribers at the 1 stage power splitter are 2, 2, 6, 6, and 8 and the remaining power
budgets at each SBR are shown in Table 6.6, respectively. After the 2" stage power
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splitter, the maximum numbers of subscribers supported by OCDMA/TDMA-PON
are 16, 32, 32, 32, and 32 for the case of SBR = 1.0, 0.8, 0.6, 0.4, and 0.2,
respectively.

For conclusion, the total numbers of subscribers of all TDMA-PONs are
greater in comparison to the number of subscribers supported by OCDMA-PON due
to the limit of the total codes. Nevertheless, the number of subscribers of the
OCDMA-PON can be further increased by splitting the remaining power budget to
other subscribers using TDMA technique, can be named as OCDMA/TDMA-PON.
The total numbers of subscribers are depended on the combination between the
number of OCDMA subscribers and the total ports of the 2" stage power splitter,
respectively.
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Table 6.5 Remaining power budget, type of power splitter and total subscribers of the

OCDMA-PON for the worst case scenario.

Specification

OCDMA-PON

SBR=1.0 ‘ SBR=0.8 ‘ SBR=10.6 ‘ SBR=0.4 ‘ SBR=0.2

Input Power to the
Power Splitter (dBm)

Receiver Sensitivity (dBm)

-6.25

= 1-OCDMA Subscriber -20.813 | -23.031 | -23.45 | -23.687 | -23.798
= 2-OCDMA Subscribers -13.776 N/A -17.878 | -20.797 | -22.355
= 3-OCDMA Subscribers N/A N/A -15.201 | -18.018 N/A
= 4-OCDMA Subscribers N/A N/A N/A -16.835 N/A

Remaining Power Budget
(dB)

1-OCDMA Subscriber 14563 | 16.781 17.2 17.437 | 17.548
= 2-OCDMA Subscribers 7.526 N/A 11.628 | 14.547 | 16.105
= 3-OCDMA Subscribers N/A N/A 8.951 11.768 N/A
= 4-OCDMA Subscribers N/A N/A N/A 10.585 N/A

1% Power Splitter

= 1-OCDMA Subscriber

NO

NO

NO

NO

NO

= 2-OCDMA Subscribers YES (1X2) N/A YES (1X2) YES (1 X 2) YES (1X 2)
= 3-OCDMA Subscribers N/A N/A YES (1% 4) YES (1X 4) N/A
N/A N/A N/A YES (1 X 4) N/A

= 4-OCDMA Subscribers

Total OCDMA-PON
Subscribers

Remaining Power Budget

N
=
w
N
N

* 1-OCDMA Subscriber 14.563 16.781 17.2 17.437 17.548
= 2-OCDMA Subscribers 4.026 N/A 8.128 11.047 12.605
= 3-OCDMA Subscribers N/A N/A 2.151 4,968 N/A
=  4-OCDMA Subscribers N/A N/A N/A 3.785 N/A

2" Power Splitter (For
OCDMA/TDMA-PON)

= 1-Subscriber YES (1X YES (1X YES (1x YES (1X YES (1X
16) 32) 32) 32) 32)

= 2-Subscribers YES (1% 2) N/A YES(1x4) | YES(1x6) | YES(1x8)

= 3-Subscribers N/A N/A N/A YES (1 4) N/A

= 4-Subscribers N/A N/A N/A YES (1 4) N/A

Total OCDMA/TDMA
PON Subscribers

» 1-OCDMA Subscriber 16 32 32 32 32
= 2-OCDMA Subscribers 4 N/A 8 12 16
= 3-OCDMA Subscribers N/A N/A 3 12 N/A
=  4-OCDMA Subscribers N/A N/A N/A 16 N/A
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Table 6.6 Remaining power budget, type of power splitter and total subscribers of the
OCDMA-PON for the average case scenario.

o OCDMA-PON
Specification SBR=10 | SBR=08 | SBR=06 | SBR=04 | SBR=02
Input Power @ Power Splitter -6.25 dBm
Recoversensiiviy (e |
= 1-OCDMA User -20.52 -23.78 -23.96 -24.67 -25.03
= 2-OCDMA Users -16.79 -20.37 -22.55 -23.39 -23.86
= 3-OCDMA Users N/A N/A -20.92 -21.88 -22.38
= 4-OCDMA Users N/A N/A -19.89 -21.08 -21.97
= 5-OCDMA Users N/A N/A -15.21 -19.21 -21.22
= 6-OCDMA Users N/A N/A -14.92 -18.41 -20.88
= 7-OCDMA Users N/A N/A N/A N/A -19.3
= 8-OCDMA Users N/A N/A N/A N/A -18.81

Remaining Power Budget

dB

( )' 1-OCDMA User 14.27 17.53 17.71 18.42 18.78
= 2-OCDMA Users 10.54 14.12 16.30 17.14 17.61
= 3-OCDMA Users N/A N/A 14.67 15.63 16.13
= 4-OCDMA Users N/A N/A 13.64 14.83 15.72
= 5-OCDMA Users N/A N/A 8.98 12.96 14.97
= 6-OCDMA Users N/A N/A 8.67 12.16 14.63
= 7-OCDMA Users N/A N/A N/A N/A 13.05
= 8-OCDMA Users N/A N/A N/A N/A 12.56

T ower Spiter I
= 1-OCDMA User NO NO NO NO NO
= 2-OCDMA Users YES(1X2) | YESUX2) | YESIX2) | YES(IX2) | YES(LX2)
= 3-OCDMA Users N/A N/A YES(1X4) | YES(1X4) | YES(1X4)
= 4-OCDMA Users N/A N/A YES(1X4) | YES(1X4) | YES(1X4)
= 5-OCDMA Users N/A N/A YES@X4) | YES(LX6) | YES(1X6)
= 6-OCDMA Users N/A N/A YES@X4) | YES(LX6) | YES(1X6)
= 7-OCDMA Users N/A N/A N/A N/A YES (1 X 8)
= 8-OCDMA Users N/A N/A N/A N/A YES (1% 8)

Total OCDMA-PON 2 2 6 6 8

Users

Remainingpoer Eucet [
= 1-OCDMA User 14.27 17.53 17.71 18.42 18.78
= 2-OCDMA Users 7.04 10.62 12.80 13.64 14.11
= 3-OCDMA Users N/A N/A 7.87 8.83 9.33
= 4-OCDMA Users N/A N/A 6.84 8.03 8.92
= 5-OCDMA Users N/A N/A 2.16 3.66 5.67
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= 6-OCDMA Users N/A N/A 1.87 2.86 5.33

= 7-OCDMA Users N/A N/A N/A N/A 2.95

= 8-OCDMA Users N/A N/A N/A N/A 2.46
ccommronnron TN
OCDMA/TDMA-PON)

= 1-OCDMA User YES(1X16) | YES(1X32) | YES(1X32) | YES@X32) | YES(LX32)

= 2-OCDMA Users YES(1X4) | YES(MX8) | YES(UX12) | YES(1X16) | YES( X 16)

= 3-OCDMA Users N/A N/A YES(1X4) | YES@Xx4) | YES@xe)

= 4-OCDMA Users N/A N/A YES(1X4) | YES@X4) | YES(X4)

= 5-OCDMA Users NIA NIA NIA YESIX2) | YESEIX2)

= 6-OCDMA Users NIA NIA NIA NIA YES (1% 2)

= 7-OCDMA Users NIA N/A N/A NIA N/A

= 8-OCDMA Users N/A NIA NIA NIA NIA
ovoen [ NG
PON Users

= 1-OCDMA User 16 32 32 32 32

= 2-OCDMA Users 8 16 24 32 32

= 3-OCDMA Users N/A N/A 12 12 18

= 4-OCDMA Users N/A N/A 16 16 16

= 5-OCDMA Users N/A N/A 5 10 10

= 6-OCDMA Users N/A N/A 6 6 12

= 7-OCDMA Users N/A N/A N/A N/A 7

= 8-OCDMA Users N/A N/A N/A N/A 8

6.3.3 Bit Rate

The maximum bit rate of the each TDMA-PON is its full capacity of its own
system of 40, 80, 120, 160, 240, and 320 Gbps. On the other hand, the maximum bit
rate of each OCDMA subscriber is fixed at 40 Gbps and the maximum bit rates of the
system are based on the number of subscribers that can achieved the FEC limit. For
the worst case, the maximum bit rates of the OCDMA-PON are 80, 40, 120, 160, and
120 Gbps for the case of SBR = 1.0, 0.8, 0.6, 0.4, and 0.2, respectively. Moreover, the
maximum bit rates of the average performance are 80, 80,240, 240, and 320 Gbps,
respectively.

In additions, the bit rate per subscriber is obtained by dividing the total bit rate
of the system by the numbers of subscribers. For the TDMA-PON, the bit rates per
subscriber are shown in Table 6.7. On the other hand, for the case of OCDMA-PON
and OCDMA/TDMA-PON, the bit rates per subscriber are reported in Table 6.8,
respectively. With the various combinations between OCDMA and TDMA
techniques, the bit rates are varied from 1.25-40 Gbps.
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Table 6.7 Bit rates per subscribers of the TDMA-PON.

Attribute Bit Rate
40G | 80G | 120G | 160G | 200G | 240G | 280G | 320G
Bit Rate per Subscriber 25 5 10 13.3 o5 30 35 40

(Gbps)

Table 6.8 Bit rate per subscriber of the OCDMA-PON and OCDMA/TDMA-PON.

Bit Rate per Subscriber (Gbps)

Specification
SBR=1.0 SBR=0.8 | SBR=0.6 SBR=04 | SBR=0.2

OCDMA-PON

40 40 40 40 40

OCDMA/TDMA-PON (Worst)

= 1-OCDMA Subscriber

2.5 1.25 1.25 1.25 1.25

=  2-OCDMA Subscribers

20 N/A 10 6.67 5

= 3-OCDMA Subscribers

N/A N/A N/A 10 N/A

=  4-OCDMA Subscribers

N/A N/A N/A 7.5 N/A

OCDMA/TDMA-PON (average)

= 1-OCDMA Subscriber

2.5 2.5 1.25 1.25 1.25

= 2-OCDMA Subscribers 10 5 3.33 2.5 2.5
= 3-OCDMA Subscribers N/A N/A 10 10 6.67
=  4-OCDMA Subscribers N/A N/A 10 10 10
= 5-OCDMA Subscribers N/A N/A 40 20 20
=  6-OCDMA Subscribers N/A N/A 40 40 20

=  7-OCDMA Subscribers

N/A N/A N/A N/A 40

=  8-OCDMA Subscribers

N/A N/A N/A N/A 40

6.3.4 Spectral Efficiency

The spectral efficiency (S.E.) which is the ratio between the total information
rate divide by the given optical bandwidth, is discussed already in chapter 4.5. For the
case of TDMA-PON, the measured 3-dB drop optical bandwidth after the modulator
is shown in Fig. 6.8. We can see that the optical bandwidth of the OOK signal is
increased linearly by the function of the system bit rate. Therefore, after the
calculation, the S.E. of the TDMA-PON at each system bit rate with the maximum
value of 1.24 b/s/Hz for the case of 40 Gbps TDMA-PON and the S.E. of the
OCDMA-PON are illustrated in Fig. 6.9, respectively. The S.E. of the TDMA-PON is
obviously greater that the OCDMA-PON for all cases.
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CHAPTER 7 The OCDMA System Verification by Performing the

Experimental Setup

We have verified the system performance by using the simulation software in
chapter 5 already. Therefore, we can first conclude that the reduction of SBR can

reduce the o5y - The BER can be improved and the total error-free subscribers can
be increased when employing low SBR.

In this chapter, we would like to show the system performance by performing
the experiment. The results from the experiment setup can be used to confirm the
concept of our mathematical model. All of the experiments are performed at the
Photonic Network System Laboratory, National Institute of Communication
Technology (NICT), Japan.

First, we will introduce the system setup. Then, we will show the system
performance by obtaining the BER as a function of ROP and the eye-diagram the
desired BER of each SBR, respectively.

7.1 System Configuration

This experiment will be performed by using 2 types of the en/decoders. The
first one is the 16-port AWG en/decoder with the chip period of 5 ps. Another is the
16-chip planar ligtwave circuit (PLC) based en/decoder with the chip period of 40 ps.
The total encoding period of the AWG and the PLC en/decoder is 80 and 640 ps,
respectively. With these two available types of the en/decoder, we decided to perform
the experiment at the system bit rate of 1.25 Gbps with a total bit period of 800 ps.
Therefore, the SBR of the AWG en/decoder is found to be 0.1 and the SBR of the
PLC en/decoder is 0.8, respectively. The AWG and the PLC en/decoders are shown in
Fig. 7.1

The system configuration of the SBR = 0.1 case (AWG case) is illustrated in
Fig. 7.2. Since the chip period of AWG en/decoder is 5 ps, we need approximately 1.6
nm for optical bandwidth of the light source to keep the kt ratio equal to 1. This
amount of the bandwidth is corresponding to nearly 2 ps of a pulse width. Therefore,
we use a mode-locked laser diode (MLLD) that can generate 1.97 ps optical pulse
with a repetition rate of 10 GHz. The center wavelength of the MLLD is 1552.52 nm.
The pulse train is modulated by electrical signal, generated by a pulse pattern
generator (PPG), in order to generate 1.25 Gbps optical signal. Then, the signal will
be amplified by an erbium-dope amplifier (EDFA) and fed into a 1x4 coupler. Each
branch of the coupler, the random length of fiber delay line is added to perform the
experiment in an asynchronous transmission. Then, all branches are adjusted to have
the same power and same polarization by a variable optical attenuator (VOA) and a
polarization controller (PC), respectively.
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Fig. 7.1 The en/decoder used in the experiment (a) AWG en/debodér, and (b) PLC
en/decoder.

The desired signal is launched into port #9 of the AWG and the interfered
signal is launched into port #10 (or #7) for the case of 2-users and port # 7 and #11 for
the case of 3-users, respectively. The output-port of the encoder is port #9. All
encoded signals from the output-port #9 will be then decoded by AWG decoder using
port #9 as the input-port and port #9 as the output-port in order to recover the target
ACP signal, respectively. The ACP signal is then amplified and split into 2 branches
to power meter 1 to observe received optical power (ROP), and to the EDFA-
cascading section to maintain the same optical power of 0 dBm in front of the
photodiode (PD) by using the VOA. The optical signal is converted to electrical signal
by PD and followed by the 2.2 GHz low-pass filter (LPF) which exhibits Bessel shape
in order to eliminate the high frequency components. Finally, the signal after filtering
process is measured the BER by using an error detector (ED), respectively. It should
be concerned that, the system performance must satisfy the requirement of BER lower
than 10-°.

For the case of SBR = 0.8, we need the optical pulse train at a repetition rate
of 1.25 GHz and the approximate optical bandwidth of the light source of 0.2 nm.
Therefore, we use the continuous wave (CW) laser with the center wavelength of
1552.52 nm, the first PPG, and the electro-absorption modulator (EAM) in order to
generate the optical pulse train with a repetition rate of 40 GHz as shown in Fig. 7.3.
The second PPG in corresponding with Mach-Zhender Intensity modulator (MZI) is
used to down-convert the bit rate of the optical signal to 1.25 Gbps, as same as the
case of SBR = 0.1, respectively. Then, the optical signal will be amplified and fed into
a 1x4 coupler. After the addition of random delay and the polarization adjustment,
each optical signal is encoded by a 16-chip PLC. The amplitude and the phase of each
chip obtained in the encoded signal are manually adjusted by a built-in heater
controlled by the injected current inside the PLC devices. All of the encoded signals
will be adjusted to have the same power and polarization state by using VOA and PC,
respectively. After all of the encoded signals are combined together by a 4:1 coupler,
we need to maintain the polarization of the combined signals by using a polarizer. The
decoder is phase-adjusted by using the target code. After that, the decoded signal is
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launched to the cascaded-EDFA section in order to maintain the ROP in front of the
PD as used in the case of SBR = 0.1. Finally, we measure the BER to obtain the
system performance by using the ED.

MLLD

Driver

ED

Mzl

PPG

EI 2.2GHz |
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1x4 Coupler
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Fig. 7.2 OCDMA system configuration with SBR = 0.1 using 16-chip AWG
en/decoder.
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Fig. 7.3 OCDMA system configuration with SBR = 0.1 using 16-chip AWG
en/decoder.
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7.2 System Performance of the Single Subscriber Case

We show the difference in the en/decoded waveform of the en/decoded signal
between the AWG and PLC case. The BER as a function of ROP of this single-
subscriber case will be used as a reference result for the multi-subscriber cases,
respectively.

7.2.1 AWG case

In this case, we use only the signal obtained from input-port #9/output-port #9
of the encoder. The total period of the encoded signal, measured by the Agilent
86100C oscilloscope with the receiver bandwidth of 40 GHz, is 80 ps as shown in
Fig. 7.4(a), respectively. As a result, the SBR of this case is found to be 0.1. The
effect of the slab diffraction of the AWG causes the power imbalance in each chip.
The encoded signal spectrum is also measured and shown in Fig. 7.4(b). Since the
chip period of the encoder is 5ps, the free spectral range (FSR) of the AWG encoder
is 200 GHz, respectively. This encoded signal is decoded by the input-port #9/output-
port #9 of the decoder in order to obtain only the ACP signal. The ACP signal
waveform is illustrated in Fig. 7.5(a) with the triangle-like shape. The total period of
the decoded signal is approximately 155 ps. By using the matched decoder, the filter
shape of the decoder is matched to the spectrum of the encoded signal, resulting in the
high power in each target spectrum as shown in Fig. 7.5(b). Therefore, all of the
en/decoded signal waveforms are reached an agreement with the theory. It should be
noted that, both waveforms obtained from the screen is bandwidth-limited by the
oscilloscope.

In order to measure the system performance, the ACP signal will be first
converted to the electrical signal at the PD. Then, the LPF will remove the high
frequency components in order to recover the original data. Therefore, the filtered
electrical signal waveform is broadened as a function of the filter response. This
filtered electrical signal will be sent to the ED to measure the BER. The eye-diagrams
of the signals, observed at BER = 10 and 10-° are depicted in Fig. 7.6. The peak-to-
peak voltage (V,_,) of Fig. 7.6(a) and 7.6(b) are 40 and 84 mV, respectively.
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Fig. 7.4 Encoded signal of the 16-chip AWG en/decoder (a) optical waveform, and

(b) optical spectrum.
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Fig. 7.5 Decoded signal of the 16-chip AWG en/decoder (a) optical waveform, and
(b) optical spectrum.
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Fig. 7.6 Eye-diagrams of the single-subscriber case using AWG (a) BER = 1073

and (b) BER=10" .
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7.2.2 PLC case

The power of all 16 chips is adjusted to be equal. Moreover, in each chip, we
need to adjust the phase difference between each adjacent chip by a step of 7/8
(code #8). Unfortunately, both the amplitude and the phase are controlled by the built-
in heater. Therefore, the adjustment in each parameter will affect another one. The
encoded waveform is shown in Fig. 7.7(a) with the total encoding period of 640 ps.
The SBR in this case is 0.8. In this case, we can see all 16 chips of the encoded signal
clearly because the bandwidth of the oscilloscope is higher than the chip rate of the
encoder. The measured spectrum is shown in Fig. 7.7(b) with the FSR of 0.2 nm. Both
signals in the time-domain and the frequency domain in Fig. 7.7 are compatible to the
theory.

After the decoding process, the ACP waveform is shown in Fig. 7.8(a) with
the triangle-like shape. We can measure the period of the ACP, and it is
approximately 1200 ps. The spectrum of the ACP is also shown in Fig. 7.8(b). After
the LPF, the filtered electric signal, measured at BER = 10 and 10-° with the period
of 1200 ps is shown in Fig. 7.9 respectively. The measured voltagesv, ,, obtained

from Fig. 7.9(a) and 7.9(b), are 136.3 and 262.4 mV, respectively.

We observed the optical power in front of the cascade-EDFA section as the
ROP, and we also collected the BER at each ROP, respectively. The ROP as a
function of the measure BER of the single-subscriber case, obtained from the AWG
and the PLC case, is shown in Fig. 7.10. The receiver sensitivities of the system,
measured at the BER of 10 are found to be -42.58 and -41.54 dBm, respectively. We
can see that, by using the AWG with the SBR of 0.1 can improve the receiver
sensitivity in comparison to the PLC case with the total power penalty of 1.04 dB.

p-p !

The BER performance of the AWG case is steeper than the PLC case because
the amplitude of the AWG case is dropped drastically due to most of the signal power
is distributed over only 30% of the bit period. We can obtain from Fig. 7.6, at the
point of BER =10 and BER =10, the difference in the ROP is 2.6 dB. As a result,
in the signal amplitude, the Vv, is decreased from 84 to 40 mV. For the PLC case,

most of the signal power is distributed over all of the bit period. Therefore, we need 6
dB of the attenuation in order to reduce the v, , from 262.4 mV at BER = 10 ° down

to 136.3 mV at BER = 10, respectively.



117

i fle Control Setp Measre Calbrate Utiities Help sums ||

x|
Al
£a
m 2
o |
(@) (b)

Fig. 7.7 Encoded signal of the 16-chip AWG en/decoder (a) optical waveform, and
(b) optical spectrum.
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Fig. 7.8 Decoded signal of the 16-chip AWG en/decoder (a) optical waveform, and
(b) optical spectrum.
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Fig. 7.10 Measured BER as a function of ROP.

7.3  System Performance of the 1-Interfered Subscriber Case (Adjacent Code)

In this case, we add the interfered subscriber using the adjacent code in order
to investigate the BER under the worst case scenario. We have proposed the BER
performance, by our mathematical calculation, in chapter 4 already. The results show
that, by employing SBR = 0.6, 0.4, and 0.2, we can achieve the BER under FEC limit
whereas the BERs of SBR = 1.0 and 0.8 are higher than the requirement of the FEC.
Moreover, we have performed the simulation under the same scenario and the results
are compatible to our mathematical calculation.

The optical waveform of the encoded signals, obtained from both the desired
and the subscribers, are shown in Fig. 7.11. Since the two encoded signals are
multiplexed together, the strong signal interference can be seen. At the decoder, the
multiplexed signals will be decoded as the ACP and the CCP, respectively. The power
of the CCP is dependent on the phase-difference of the code between the desired and
the interfered subscriber. Therefore, by using the adjacent code, the phase-difference
is the smallest and the power of the CCP is found to be the maximum. Fig. 7.12 shows
the decoded signal after have decoded by the desired decoder. The bit sequence of the
desired subscriber is “1110010001”, represented by the very clear shape with high
power of the ACP, is shown in Fig. 7.12(a). On the other hand, we also transmit the
bit with the sequence of “0100001110”, using the adjacent code. The CCP is
represented in Fig. 7.12(b) with the low power in comparison to the ACP. As we can
see in Fig. 7.12(c), the second bit, the ACP is distorted by the PBN caused by the beat
terms between the ACP and the CCP. Moreover, at the 7"-9" bit, the desired
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subscriber transmitted bits with mark “000” whereas the interfered subscriber
transmitted bits with mark “111”. We can see the CCP or MAI signal very clearly. As
a result, with these severe OCDM noise terms, they can lead to the error in the bit-
pattern recognition at the receiver.

7.3.1 AWG Case

In this case, we use the input-port #9/output-port #9 and the input-port
#9/output-port #10 of the AWG encoder as the desired and the interfered subscriber,
respectively. The input-port #9/output-port #9 of the AWG decoder is assigned as the
desired decoder. After the decoder, the measured PCR between these two codes is
7.75 dB. The eye-diagrams of the decoded signal are shown in Fig. 7.13.

The different delays, adjusted by the optical delay line, are added to the
interfered subscriber in order to obtain the eye-diagrams and the BERS at various
positions over one bit-period. The worst case scenario which the highest peak of the
CCP is aligned at the center of the ACP is shown in Fig. 7.13(a). At this point, the
strongest constructive and destructive interferences between two optical fields can be
seen. The extremely strong fluctuations of the optical waveform cause no eye-
opening. Nevertheless, by the employing various delays, we can see very small eye-
openings due to the interferences are still high as we can see in Fig. 7.13(b)-(c). All
V,_, obtained from Fig. 7.13 can be measured as 148.5, 170.5, 187.1, and 192.5 mV,

respectively. Furthermore, we also shift the CCP to both the left and the right side of
the ACP. The left-shift and the right-shift of the CCP cause the mitigation of the
interference due to the overlapped period between the ACP and the CCP is reduced.
Therefore, the eye-opening of the ACP is loosened as stated in Fig. 7.14. The
maximum peak of the CCP obtained in Fig. 7.14(a) is left-shifted from the ACP and
most of the CCP is place outside the ACP. In this case, the serious PBN cannot be
generated and the total noise sources of this signal transmission are MAI and receiver
noise, respectively. As a result, the eye-opening of Fig. 7.14(a) is nearly the same
height as shown in Fig. 7.5(a) for the case of single-subscriber. Nevertheless, the BER
in this case is worse than the single-subscriber due to suffering from various noise
sources.
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Fig. 7.11 Encoded waveform obtained from (a) desired subscriber, (b) interfered
subscriber and (c) multiplexed signal.
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Fig. 7.12 Decoded signal obtained from (a) desired subscriber, (b) interfered
subscriber and (c) multiplexed signal of the desired and interfered subscriber.
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Fig. 7.13 Eye-diagrams of the decoded optical signals with various delays (a) O ps,
(b) +20 ps, (c) +40 ps and (d) +60 ps.
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Fig. 7.14 Eye-diagrams of the decoded signals at various delay (a) -80 ps and (b) +80
ps.
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Fig. 7.15 Eye-diagrams of the filtered electrical signal with various delays at the BER
=10~ (a) 0 ps, (b) +20 ps, (c) +40 ps and (d) +60 ps.

The eye-diagrams of the filtered electrical signal at various delays of the
interfered subscriber are illustrated in Fig. 7.15. Note that, all figures are obtained at
BER = 10. The high frequency components of the decoded optical signal, especially
the beat terms of each 5-ps chip between the desired and the interfered subscribers
which is corresponding to a 200 GHz of bandwidth, are filtered out by a 2.2 GHZ
LPF. Although the eye-opening of the optical eye-diagrams in Fig. 7.13 are suffered
from the severe interference, we still can obtain the eye-opening in the filtered
electrical signal.

We measure the BER of the 1-interfered subscriber case by employing the
adjacent code. The measured BERs of this experiment are reported in Fig. 7.16 as a
function of ROP. Each line represents the system performance at each position of the
highest peak of CCP with respected to the center of the ACP. The worst case scenario
is obtained at the point which the highest peak of CCP is aligned at the center of the
ACP. The receiver sensitivity at BER = 10is found to be -30.34 dBm. The shift of
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the CCP away from the center of the ACP resulting in the reduction of the overlapped
period between the CCP and the ACP, and the PBN is reduced. As a result, the BERs
are improved and the receiver sensitivities are lower in comparison to the worst case.
The power penalties in order to achieve the BER = 10°as a function of delay, in
comparison to the receiver sensitivity of the single-subscriber case, are observed and
shown in Fig. 7.17, respectively. Moreover, with the delay of -400 and +400 ps, the
CCP from these two cases is completely placed outside the ACP. Only the MAI noise
is generated. Therefore, the BERs obtained from these two cases are limited by the
MAI with the power penalty of 2.45 dB. In additions, the BER of the worst case is
limited by the MAI and the PBN with the power penalty of 12.75 dB. Therefore, we
can conclude that the power penalty caused by only the PBN is found to be 9.79 dB,
respectively.

BER

ROP (dBm)

Fig. 7.16 BER performance from the case of 1-interfered subscriber using the
adjacent code as a function of ROP.
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Fig. 7.17 The relation between the power penalty and the delay of the CCP.

7.3.2 PLC Case

We have manually adjusted 2 of the PLC encoders using code #8 with the
phase difference between each consecutive chip of 7z/8 as the desired subscriber, and
code #9 which its phase difference between each consecutive chip is ~ as the
interfered subscriber, respectively. The measured PCR between two codes, after
decoded by the decoder with code #8, is approximately 6.91 dB. Therefore, the code
performance of this manually adjusted en/decoder is worse than the AWG case by
0.84 dB. Fig. 7.18 shows the filtered electrical waveform of the ACP, CCP and the
decoded signal obtained from the multiplexed signal between the desired and the
interfered subscriber, respectively. The PBN signal from the beat terms causes the
severe signal fluctuation that can lead to the error in the bit pattern recovery.
Moreover, the strong MAI signal from the adjacent code can also bring the failure in
the bit pattern recovery

The eye-diagram of the decoded optical signal and the filtered electrical signal
is shown in Fig.7.19. This optical eye-diagram in Fig. 7.19(a) is captured from the
worst case scenario. We cannot see the eye-opening around the center area of the
ACP because of the strong signal interference, mainly from the PBN. This decoded
optical signal is then filtered by the LPF and the electrical eye-diagram is shown in
Fig. 7.19(b) with none of any eye-openings. The cut-off frequency of the LPF cannot
eliminate all of the PBN caused by the 40-ps chip of the en/decoder. Moreover, the
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cut-off frequency is 1.76 times higher than the system bit rate and this can bring more
amount of receiver noise than usual. As a result, the eye-opening is closed for all
available ROPs and we cannot measure the BER in this case.

Therefore, in this section, we can conclude that, by using the en/decoder with
SBR = 0.8, we are unable to achieve the BER = 10°. On the contrary, by using the
en/decoder with SBR = 0.1, we can achieve the BER = 10 with the maximum power
penalty of 12.24 dB.
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Fig. 7.18 Filtered electrical signal obtained from (a) desired subscriber, (b) interfered
subscriber and (c) multiplexed signal of the desired and interfered subscriber.
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Fig. 7.19 Eye-diagram of the decoded signal (a) optical waveform and (b) electrical
waveform.
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7.4  System Performance of 1-Interfered Subscriber Case (Non-Adjacent
Code)

In the previous section, we show the experiment setup and its results for the
case of l-interfered subscriber using the adjacent code is already discussed. It is
clearly seen that the PBN is very strong for the case of SBR so that we cannot
measure the BER. Therefore, in this case, we skip the adjacent code and use the next
code instead. Since the PCR level of the skipped code is lower than the adjacent code,
the interference level can be reduced so that we can measure the BER and can make a
comparison of the system performance between the AWG and the PLC case,
respectively.

7.4.1 AWG Case

We use the signal obtained from the input port #11/output port #9 of the AWG
encoder as an interfered subscriber in this case. After we have multiplexed the desired
and the interfered subscriber together, the optical spectrum is shown in Fig. 7.20(a).
The channel spacing between these two codes, also known as the code spacing, is 0.2
nm which is in agreement with the theory. At the AWG decoder, the optical spectrum
of the signal after decoded by decoder using input-port #9/output-port #9 is shown in
Fig. 7.20(b). The spectrum of the interfered subscriber is attenuated by the frequency
response of the decoder. Therefore, the dominant spectrum comes from the desired
subscribers, respectively.

The optical eye-diagrams at various delays of the interfered subscriber are
shown in Fig. 7.21. As expected, the eye-opening of the worst case in Fig. 7.21(a) is
wider than Fig. 7.13(a). The reason is the power of the CCP in this case is lower than
the CCP employing the adjacent code. Therefore, the beat terms in this case are not as
severe as stated in the case of using the adjacent code. The left shift of 60 ps in Fig.
7.21(b) represents the eye-diagram with the clear eye-opening because the highest
peak of the CCP is shifted to the left and most of the interference is occurred at the
left side of the ACP. Moreover, eye-diagrams in Fig. 7.21(c)-(d) look like the case of
single-subscriber since the right shift of the CCP cause only the MAI signal outside
the ACP period.
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Fig. 7.20 Optical spectrum (a) encoded signals (b) decoded signal.

Fig. 7.22 shows the filtered electrical eye-diagram of the desired subscriber at
various delays of the interfered subscriber. Most of the PBN caused by the interfered
subscriber can be removed by the LPF, resulting in the large eye-opening in Fig.
7.22(a)-(b) with the averagev, , of 193.2 and 156.0 mV, respectively. On the other

hand, the eye-diagrams in Fig. 7.22(c)-(d) represent the case which the CCPs are
placed outside the ACP with the delay of 200 and 400 ps. Therefore, there is no any
PBN at the ACP so that we can obtain lower v, than the case in Fig. 7.22(a)-(b).

The v, , in Fig. 7.22(c) and (d) are 93.6 and 97.5 mV, respectively.

The BER of this case is already shown in Fig. 7.23. By using the skipped
code, we can achieved the BER = 10 for all delays of the interfered subscriber. In
the worst case, the receiver sensitivity is -39.07 dBm. As expected, the BER and the
receiver sensitivity are improved in comparison to the adjacent-code case. For the
case of the CCP which its position is placed outside the ACP, the signal distortion
caused by MAI is very small. The BER performance is very close to the BER line
which is obtained from the single-subscriber case.
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Fig. 7.21 Eye-diagrams of the decoded optical signals with various delays (a) 0 ps,
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Fig. 7.22 Eye-diagrams of the decoded optical signals with various delays, obtained
at (a) 0 ps, (b) +60 ps, (c) +200 ps and (d) +400 ps.
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Fig. 7.23 BER performance as a function of ROP, obtained from the case of 1-
interfered subscriber (non-adjacent code) using AWG device.

7.4.2 PLC Case

The third PLC encoder device is added into the experiment setup as the
interfered subscriber. We adjust the phase difference between each consecutive chip is
97/8 so that we can generate the encoded signal with code #10. The optical spectrum
of the multiplexed signal is shown in Fig. 24. The code spacing between code #8 and
#10 of 0.025 nm is according to the theory. Then, after the decoding process, the
spectrum of code #10 is attenuated by the frequency response of the desired decoder.
Therefore, the spectrum of the desired subscriber is dominant as shown in Fig.
7.24(b).

The interference caused by the interfered subscriber using code #10 is reduced
so that we can obtain the eye-opening in the electrical eye-diagram. Fig. 7.25 shows
the filtered electrical eye-diagram obtained at various delays of the interfered
subscriber. All of the eye-diagrams are observed at BER = 10°. Nevertheless, all eye-
diagrams are suffered from the interference caused by PBN and the LPF cannot
remove these beat terms so that it resulting in the thickness in the eye-diagrams. The
V,_, in Fig. 7.25(a)-(d) are 292.0, 284.7, 262.2, and 285 mV, respectively. We also

measure the BER, as a function of ROP, and it is shown in Fig. 7.26, respectively.
From our best case, obtained at the left shift with the delay of 160 ps, the receiver
sensitivity is -33.36 dBm. The power penalty of this case in comparison to the single-
subscriber case is 8.1 dB. Since the SBR = 0.8 has no of any guard-time periods, at all
chip positions, the PBN is generated and all of the BERs for the case of 1-interfered
subscriber are limited by the effect of the PBN and the MALI, respectively.



131

The observed receiver sensitivities at BER = 10, for both the AWG and PLC
devices, at various delays of the interfered subscriber are collected and then plotted in
Fig. 7.27 as a power penalty in comparison to the single-subscriber case. The
maximum power penalty, at the delay of 0 ps, obtained from SBR = 0.1 and 0.8 are
3.31 and 13.99 dB, respectively. This also confirms that by employing SBR = 0.1 is
capable of reducing the effect of PBN. Moreover, for the case of SBR = 0.1, the
incoming signal from the interfered subscriber has the probability to launch to the
system outside the ACP period of the desired subscriber. As a result, we can avoid the
PBN generation and the desired ACP will be deteriorated by the MAI only. For the
case of SBR = 0.8, the PBN can be generated at any available chip positions over one
bit period so that the power penalty in this case is limited by the effect of PBN and
MAI, respectively.
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Fig. 7.25 Eye-diagrams of the filtered electrical signals with various delays, obtained
at BER =10 (a) 0 ps, (b) +240 ps, (c) +320 ps and (d) +400 ps.
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Fig. 7.26 BER performance as a function of ROP, obtained from the case of 1-
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Fig. 7.27 Power penalty for the case of 1-interfered subscriber in comparison to the
single-subscriber case, obtained at various delays in one bit period.
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7.5  System Performance of 2-Interfered Subscriber Case

In order to confirm that the performance of the desired subscriber is performed
under the worst case, we setup the experiment by adding the 2" interfered subscriber
to the system. In this case, the signal quality of the desired subscriber is degraded by
two interfered subscribers. Therefore, the signal interferences are mainly governed by
the PBN, the MAI, and the SBN, respectively. It should be note that, the code spacing
between the desired and the 1% and the 2" interfered subscriber must be the same.

75.1 AWG Case

In this case, we use the input port #7/output port #9 of the AWG encoder as
the 2" interfered subscriber. The optical spectrum of all encoded signals after
multiplexing is shown in Fig. 7.28(a). In each FSR, the spectrum of the desired
subscriber is the center peak whereas the spectrums of the interfered subscribers are
placed at the left and the right side of the center peak the equal code spacing of 0.2
nm, respectively. After the decoding process, both spectrums of the interfered
subscribers are attenuated by the frequency response of the decoder. Only the
spectrum of the desired subscriber is matched to the frequency response of the
decoder. Consequently, the decoded spectrum shown in Fig. 7.28(b) is dominated by
the spectrum of the desired subscriber.

The alignment of each interfered subscriber must be considered to guarantee
the worst case scenario. Therefore, we adjust the highest peak of the CCP from the 1%
and the 2" interfered subscriber to be the center of the desired ACP. The most severe
fluctuation in the optical waveform mainly caused by the PBN at the center of the
desired ACP is captured and shown in Fig. 7.29(a). The destructive interference at the
center of the ACP is so strong that we cannot achieve the eye-opening in this case.
The left shift of these two CCPs by 20 ps also causes the strong interference, but the
most severe point is shifted to the left and we can achieve the small eye-opening in
this case, as shown in Fig. 7.29(b). Moreover, in Fig. 7.29(c), the CCPs are shifted by
100 ps to the left. Only few parts of the CCPs cause the PBN around the left part of
the CCP. Nevertheless, at the center of the ACP, the eye-opening is large due to none
of any PBN, MAI, and SBN signals around this area. In Fig. 7.29(d), the CCPs are
completely shifted outside the ACP period. There is only MAI and SBN in this case.
Obviously, the eye-diagram of the ACP in Fig. 7.29 is very clear due to there is no
PBN, MAI and SBN around the ACP.

At the receiver, the filtered electrical signals, obtained at BER = 10, at
various delays of the CCPs are shown in Fig. 7.30. Since the signal distortion in the
optical waveform, mainly caused by the PBN, MAI, and SBN, is maximized in Fig.
7.29(a), we should obtain the largest difference in v,_, in order to achieve the BER =
10°. Moreover, the degrees of the interference in the optical waveform are mitigated
in Fig. 7.29(b)-(c) and it is minimized as shown in Fig. 7.29(d), in comparison to the

worst case, respectively. Therefore, the Vv, in each case is decreased due to the
noises are reduced. As a result, the measured Vv _, obtained from Fig. 7.30(a)-(d) are
332.1, 176.3, 142.8, and 110.5 mV, respectively.



135

For the worst case, as we can see that the optical waveform in Fig. 7.29(a) has
the extremely strong interference so that the electrical waveform obtained in Fig.
7.30(a) has the largest v, , among the other cases in order to achieve the BER = 10-.

The measured BER, shown in Fig. 7.31, for the case of 2-interfered subscribers, at the
delay of 0 ps, confirms the performance of the worst case with the receiver sensitivity
at BER=10~of -37.76 dBm. Furthermore, the BER is improved when the highest
peak of 2 CCPs is shifted away from the center of the ACP and the effect of the PBN
can be reduced. As a result, the best BER can be obtained at the delay of 400 ps.
Since there is no PBN signal generation, the BER of the best case is limited by the
MAI at the receiver sensitivity of -43.63 dBm.

The power penalty of all cases, with respected to the single-subscriber case, is
illustrated in Fig. 7.32. All of the power penalties obtained in the case of 2-interfered
subscribers are obviously higher than the 1-interfered subscriber case due to suffering
from the greater interference level. The maximum power penalty is 5.87 dB. At this
point, the power penalty is mainly caused by the PBN, the MAI, and the SBN. On the
other hand, the minimum power penalty of 0.91 dB which is caused by only the MAI
and the SBN, can be seen at the delay of 400 ps.

*# ADVANTEST 8384 Optical Spectrum Analyzer #%  3/Aug/2015 15:41:34  gpay  ** ADVANTEST 98384 Optical Spectrum Analyzer **  3/Aug/2015 15:53:13 SyEEP MODE

SPEC Pk: 1552.72Bnm -B8.09dBn AVG:1 RES:0.01nm N:1001  ADAPTI! SPEC Pk: 1552.488nm -20.60dBm AVG!1 RES:0.01nm H:1001 ADAPTIV|
-ﬁéi ! ! ! A ! ﬁ ! ! ! SPAN o ! ! ! ! ! ! ! NORKAL
A /\JW f W \VJ‘ (\! ' START i n . n ADAPTIVE
| _ N
= o . ) WAVAYAVL
Code Spacing =0.2nm : SRR f\ - o \M f\ "
(25 GHz) SPAN “" FSR = 1.6nm. ki \1hl| \ DYNAMICL
100 ] P i | © )gmmm (200 GHz) MMWUJ ez
F?ZFE)(; Cl-}lizn)m l‘%/FTI:‘EZU PULSE
[ 15113.52‘ ‘ I ‘ 1552.‘520nm ‘ ()‘.EOI’\M/ID ‘1555.52 [ 1544.52‘_@ ‘ ‘ 1552.‘520nm ‘ ll.E()nm/‘D ‘1550.52
spali: fi.000nn | SWEEPHODE: FOAPTIVE | | perensten
(@) ()

Fig. 7.28 Optical spectrum of the 2-interfered subscribers case obtained from the
AWG device (a) encoded signal and (b) decoded signal.
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Fig. 7.29 Eye-diagrams of the decoded optical signals with various delays (a) 0 ps,
(b) -20 ps, (c) -100 ps and (d) -400 ps.
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Fig. 7.30 Eye-diagrams of the filtered electrical signals with various delays, obtained
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7.5.2 PLC Case

The 2" interfered subscriber is assigned to use code #6. Therefore, both two
interfered subscribers employing code #6 and code #10 have the code spacing of
0.0125 nm with respected to the desired subscriber employing code #8. The optical
spectrum of all encoded signals is shown in Fig. 7.33(a). Then, after the decoding
process, the decoded spectrum is shown in Fig. 7.33(b). In order to obtain the worst
case scenario, in the time domain, the highest peak of each CCP is aligned at the
center of the ACP. The strong interference causes the fluctuation in the optical signal
as shown in Fig. 7.34. At the center peak of the ACP, we cannot obtain the eye-
opening in the optical eye-diagram. Although we have adjusted the delay of two
CCPs, the eye-opening at the center of the ACP is still closed. Therefore, the
interference caused by the PBN, the MAI, and the SBN is very strong at every
available chip of one bit period.

The filtered electrical signal at each delay of two CCPs is captured and shown
in Fig. 7.35. We can see that, in all sub-figures, the thickness of the amplitude of bit
with mark “1” is very large and the eye-opening is very small. This is because the
interference from PBN is very strong at every delay of the two CCPs and the LPF
cannot remove the PBN signal. Furthermore, all eye-diagrams in Fig. 7.35 with the
Vv,_, of 249, 226.3, 262.4, and 92 mV cannot achieve the BER = 10°. The BER of all

cases is shown in Fig. 7.36 with the error floor approximately at BER = 107,
respectively.
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Fig. 7.33 Optical spectrum of the 2-interfered subscribers case obtained from the
PLC device (a) encoded signal and (b) decoded signal.
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Fig. 7.36 BER performance as a function of ROP, obtained from the case of 2-
interfered subscriber (non-adjacent code) using PLC device.

7.6 Average Performance of the system

One of the most advantages of the OCDM system is the asynchronous
transmission which the subscribers can access to the system at any time. There is no
need for the strict-time synchronization between the OLT and the ONUSs. Therefore,
the random access of each ONU resulting in various interference levels at the desired
ONU. The BER measurements in section 7.3-7.5 show that, the BER is depended on
the position of the interfered subscriber. Since each position of the CCP generates
different amount of the interference level caused by the PBN and the MAI, at each
position of the CCP, we can obtain different BER. We have already shown the BER at
the worst case scenario which the peak of the CCP is aligned at the center of the ACP
in order to confirm the greatest interference. All of the worst cases from our three
experiment setups are already stated in section 7.3-7.5. Furthermore, we have shown
the possibly best cases which are suffered from the lowest amount of the interference
in each experiment.

Therefore, in this section, we would like to introduce the average BER of the
system computed by using our measurement results. The average BER can be used to
represent the average performance of the OCDM system in an asynchronous
transmission. We will discuss, in section 7.6.1, the numerical BER based on the
probability of m interfered subscribers access to the system at each delay. Then, the
average BER for the case of l-interfered subscriber using the adjacent code, 1-
interfered subscriber using non-adjacent code, and 2-interefered subscribers are
shown and discussed in section 7.6.2, respectively.
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7.6.1 Average BER Expression

In order to calculate the average BER of the system at minterfered
subscribers, we define the average BER of the system as,

BER = 3" p(i)- BER(i), (7.1)
i=1

where i is the index number from 0 to total number of the measurement cases.
p(i) is the probability that group of minterfered subscribers can be located on the
specific point over one bit period. BER(i) is the measured BER of the case with index
number i.

From our experiments, we have divided the point of interest to be measured
into many points. For examples, we perform the BER measurement at the point which
the group of interfered subscribers is delayed by 0, -20, -40, and -60 ps and so on with
respected to the center of the ACP. Since we cannot measure the BER at all points
over one bit period, we must take into account the specific point that can be used to
represent the individual BER over a small period of occupying time At; . Therefore,

the probability p(i) can be calculate as,

At,

PP~ (7.2)
b

where T,is the bit period. Moreover, it should be noted that, the cumulative
distribution function (CDF) of the probability p(i) must be equal to 1.

7.6.2 The Average BER for the Case of 1 and 2-Interfered Subscribers

The point of interests to be measured for the case of AWG and PLC device are
shown in Fig. 7.37. For the AWG case, the period of the ACP is approximately 155 ps
and the most of the interference from PBN occurs around this period. Therefore, we
pay much attention over this period and we divide the point of interests by a step of
20 ps ranging from -100 to 100 ps. Then, outside the ACP period, most of the
interference comes from the MAI and most of the BERs in this period are nearly the
same so that we can divide our point of interests with the larger step of 100 ps,
respectively. For the PLC case, the ACP which its period of 1240 ps is exceeded from
one bit period of 800 ps, the interference from PBN can be generated all over a bit
period. Consequently, the division of the point of interests is performed equally by a
step of 80 ps over a whole bit period.

The occupying period At; of each point of interest should be obtained so that

we can calculate the probability p(i). The middle point between each consecutive
point of interest is considered as the boundary. Therefore, we measure the width
between each boundary and defined as the occupying period At; . For the AWG case,

the boundary of each point of interest is illustrated by the dash line in Fig. 7.38 and
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the occupying periods are also shown. Similarly, the boundary of each point of
interest and its occupying period for the PLC case is shown in Fig. 7.39. Finally, the
probability of the group of minterfered subscribers can access to each position over
one bit period is calculated and shown in Table 7.1-7.2, respectively.
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B SBR=0.8(PLC)
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Fig. 7.37 The measurement point for both the AWG and the PLC case.
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Fig. 7.38 The boundary and the occupying time of each point of interest for the case
of AWG en/decoder.
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Fig. 7.39 The boundary and the occupying time of each point of interest for the case
of PLC en/decoder.

Table 7.1 Calculated probability for the case of AWG en/decoder.

Case Number | Position | Occupying Timeat, | Probability p, | CDF
i (ps) (ps)
1 -400 50 0.0625 0.0625
2 -300 100 0.125 0.1875
3 -200 100 0.125 0.3125
4 -100 60 0.075 0.3875
5 -80 20 0.025 0.4125
6 -60 20 0.025 0.4375
7 -40 20 0.025 0.4625
8 -20 20 0.025 0.4875
9 0 20 0.025 0.5125
10 20 20 0.025 0.5375
11 40 20 0.025 0.5625
12 60 20 0.025 0.5875
13 80 20 0.025 0.6125
14 100 60 0.075 0.6875
15 200 100 0.125 0.8125
16 300 100 0.125 0.9375
17 400 50 0.0625 1.000
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Table 7.2 Calculated probability for the case of PLC en/decoder.

Case Number | Position | Occupying Timeat, | Probability p, | CDF
i (ps) (ps)
1 -400 40 0.05 0.05
2 -320 80 0.1 0.15
3 -240 80 0.1 0.25
4 -160 80 0.1 0.35
5 -80 80 0.1 0.45
6 0 80 0.1 0.55
7 80 80 0.1 0.65
8 160 80 0.1 0.75
9 240 80 0.1 0.85
10 320 80 0.1 0.95
11 400 40 0.05 1.00

For the AWG case, Fig. 7.40 shows the BERs of the worst case scenario for
the case of 1 and 2-interfered subscribers. Moreover, the average BERS of those cases
are also shown. It reveals that, all BERs of the average case are improved. The
receiver sensitivities are -31.26, -40.18, and -39.66 dBm so that the improvement in
the receiver sensitivities in comparison with the worst cases are 0.93, 1.11, and 1.90
dB, for the case of 1-interfered subscriber with adjacent code, 1-interfered subscriber
with non-adjacent code, and 2-interfered subscribers respectively.

For the PLC case, the average BERs are shown in Fig. 7.41. We found that, by
employing 1-interfered subscriber, the average case can improve the receiver
sensitivity by 2.69 dB in comparison with the worst case with the receiver sensitivity
of -30.16 dBm. Nevertheless, for the case of 2-interfered subscriber, the BER of the
average case is improved with the error floor of BER = 10, respectively.
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Fig. 7.40 The worst and the average BER obtained from the AWG device.
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Fig. 7.41 The worst and the average BER obtained from the PLC device.
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CHAPTER 8 Thesis Conclusion

The aim of this thesis is to propose the solution to suppress the noise in the
coherent time-spreading OCDMA-PON at a bit rate per subscriber of 40 Gbps. The
Fourier code which the phase difference between each consecutive chip of z/N was
used in this thesis due to its greater PCR with small number of chips in comparison to
the other types of code. The en/decoding process was performed by a programmable
multi-level phase-shifted en/decoder. In chapter 3, we show that the more number in
number of chips brought a greater PCR value in comparison to the case of low
number of chips. In chapter 4, a novelty mathematical model in order to shape the
length of the total encoding period with the factor SBR was proposed. In this case, the
number of chips for each SBR was constant. We showed the calculated BER under
Gaussian approximation of the signals obtained at each SBR from the worst and the
average case. The mathematical calculation results from chapter 4 were verified by
using simulation software in chapter 5. We found that the results from both the
mathematical calculation and the simulation were in a good agreement. Furthermore,
in chapter 6, the performance of the PON using OCDMA technique was compared
with the TDMA technique in terms of the power budget, number of subscribers, the
number of subscribers, and the spectral efficiency, respectively. Finally, we
performed the experiment setup of the 1.25G OCDMA system using the en/decoder
with the SBR = 0.8, and 0.1, respectively. The results from the experiment confirmed
our mathematical results and the simulation results that the using of en/decoder with
low SBR is greater in the noise suppression in comparison to the higher SBR.

8.1  Contributions from chapter 3

The first method to reduce the effects of noise in OCDMA system was to use
the more number of chips. We investigated the effects of using different number of
chips of 8, 16, and 32, respectively. The optical waveform of the ACP employing
Fourier code was a triangle-like consisted of 2N —1 chips. On the other hand, the
optical waveforms of the CCP are depended on the distance between the desired and
the interfered code. Then, the received power of the ACP and each CCP were used to
find the PCR. At the adjacent code, the PCRs from the simulation for the case of 8,
16, and 32 chips are approximately 7 dB. Nevertheless, at the maximum distance
between the desired and interfered codes, the PCRs for the case of 8, 16, and 32 are
found to be 16.33, 22.33, and 28.33 dB, respectively. This result confirmed that the
increase in number of chips is able to reduce the OCDMA noise effectively. Since the
PCRs of the adjacent code are low, the interferences are so strong that we should
avoid using the adjacent code. The simulation of 4 OCDMA signals employing code
#1, #3, #5, and #7 were sent into the system simultaneously and the BER could
achieve the BER under FEC limit. On the other hand, by adding the 5™ subscriber to
the system, the BER of the 5" subscriber was exceeded the FEC limit because it was
suffered from the low PCR of the adjacent code.
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8.2  Contributions from chapter 4

In this chapter, we proposed the mathematical model that used to shape the
length of the total encoding period under the factor SBR. The en/decoded signals
under various SBRs were used to calculate the signal power, noise power, and the
numerical BER, respectively. We organized the calculation under the synchronous
and the asynchronous transmission in order to find the performance of the desired
subscriber under the worst case and the average case as the representative of the
random access of the interfered subscribers.

The first advantage of the employing low SBR is the enhancement in the
receiver sensitivity which is clearly seen for the case of single subscriber. For the
multi-subscriber case, under the worst case scenario where all of interfered
subscribers were aligned to obtain the strongest interference at the center of the ACP,
the total numbers of subscribers that could achieve the BER under the FEC limit for
the case of SBR = 0.6, 0.4, and 0.2 are greater than the case of conventional OCDMA
system using SBR of 1.0 and 0.8, respectively. Moreover, in the asynchronous
transmission, the average BERs for the case of SBR = 0.6, 0.4, and 0.2 are lower than
the case of SBR = 1.0 and 0.8. The total numbers of subscribers of 8 can be achieved
by only SBR = 0.2 with the full capacity of 320 Gbps.

In depth analysis of the OCDMA noise sources, we found that the most severe
noise is the PBN. The variance of the PBN can be reduced effectively in the case of
SBR = 0.6, 0.4, and 0.2 through the statistical independent in the asynchronous
transmission. We also considered the system performance by using the S.E. The S.E.
from the average case is improved for all SBR in comparison to the worst case.
Moreover, the maximum S.E. of 0.62 b/s/Hz is obtained at SBR = 1.0, respectively.

The main contributions from this chapter are the solutions how to operate the
OCDMA-PON in the real scenario with the maximum number of subscribers and the
best point of SBR in order to operate the system under the maximum spectral
efficiency, respectively.

8.3  Contributions from chapter 5

We showed the system verification of the OCDMA-PON employing various
SBRs by using a simulation software. All components with the main system
parameters used in the simulation and the system architecture including the screen
layout are illustrated. The BER performances, the receiver sensitivities, the total
number of subscribers obtained from the mathematical calculation and the simulation
are in a good agreement. Moreover, we also showed the dispersive effect from the
dispersion slope mismatched which are obtained from 3 SC rates of the DCF modules.
The power budgets of each SBR are also report.

8.4  Contributions from chapter 6

First, the system architecture of the TDMA-PON was shown and we further
described briefly about the main system parameters that were used in the simulation.
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The signal transmission for the B-B case and the 20km with the DCF were shown.
Then, the power penalties caused by the dispersion slope mismatched of the TDMA-
PON were report. We compared the system performance of both TDMA-PON and
OCDMA-PON by considering the power budget, the number of subscribers, the bit
rate, and the S.E., respectively. The OCDMA-PON is greater than the TDMA-PON in
the power budget, and the system complexity under the same bit rate. On the other
hand, the TDMA-PON is greater than the OCDMA-PON in the number of subscribers
and the S.E., respectively.

Nevertheless, at the bit rate over 80 Gbps, it is onerous to operate the PON
using the TDMA technique since it needs the extremely fast electronic devices at the
transmitters and the receiver. Moreover, the effect of pulse broadening caused by the
dispersion slope mismatched is a serious problem that can cause the ISI effect. On the
other side, for the case of OCDMA-PON with low SBR, we need a light source with a
very good stability that can generate the ultra-short pulse with a desired repetition
rate.

8.5  Contributions from chapter 7

We performed the experiment setup of the OCDMA signal transmission at the
Photonic Network System Laboratory, National Institute of Communication
Technology (NICT), Japan. The en/decoders that were used to verify our
mathematical model are the AWG and the PLC which their SBRs are 0.8 and 0.1,
respectively. First, the experiment was performed the use of the adjacent code for the
case of 1-interfered subscriber in order to check the PBN suppression performance.
The results of the first experiment show that, by using the SBR = 0.1 can suppress the
beat noise and the BER is able to achieve the FEC limit with the power penalty of
12.75 dB. On the other hand, the case of SBR = 0.8 has the poor performance and the
BER cannot achieve the FEC limit.

The second experiment, the distance between codes are 2. We showed the
power penalty caused by the PBN and the MAI. The results confirmed that the case of
SBR = 0.1 is capable of suppressing the PBN better than the case of SBR = 0.8. The
power penalties of the 1-interfered subscriber are 3.31 and 13.99 dB for the case of
SBR = 0.1 and 0.8, respectively.

The last experiment, we performed with 2-interfered subscribers owing the
codes which the distance of code respected to the desired subscriber are 2. The results
still confirmed our mathematical results that the case of SBR = 0.1 is better than the
case of SBR = 0.8 in the noise suppression. The measured of power penalties are
found to be 5.87 dB for the case of SBR = 0.1 whereas it is impossible to achieve the

BER lower that 10 °for the case of SBR = 0.8, respectively. Moreover, the average
BER calculation using the measured BER is used to represent the average
performance of the system.
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8.6  Research Suggestion

The main scope of this thesis is to reduce the SBR of the OCDMA signal in
order to reduce the noise variance. By using low SBR can decrease the electrical
waveform fluctuation due to the high frequency components of the PBN is filtered out
by the LPF. Nevertheless, by reducing the SBR, we also need to use the light source
that have to generate the optical pulse width with the ultra-short FWHM. The nature
of the short FWHM pulse can spread the optical spectrum and this could bring the
poor S.E. The further analysis should be focused on the optimal point of the SBR in
order to maximize the S.E. Furthermore, the chromatic dispersion and the dispersion
slope effect can be solved by using the digital signal processing (DSP).

The other dimensions of the multiplexing schemes to increase the system
capacity of the OCDMA are a challenge. The polarization division multiplexing
(PDM) which each set of the OCDMA subscribers are transmitted via the same time
and frequency, but different in the polarization axis, is being studied by many
research groups. Moreover, the coherent detection with the aid of DSP may improve
the performance of the OCDMA over PON by the advance modulation techniques.

In the upcoming year, the trend of the flexible network will bring an enormous
breakthrough in the system bit rate, spectral efficiency and the capacity of the optical
communication. The OCDMA technique with the good correlation property could be
one of the candidates to be used in the next generation platform of the optical
communication systems, respectively.
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