Contributions to Optimal Detection in
OTDM and OCDMA Optical Receivers

PhD Dissertation

By
Arash Yazdani

PhD Program on Network Engineering
Network Engineering Department

Universitat Politecnica de Catalunya

Advisors:
Prof. Sebastiad Sallent Ribes
Assoc. Prof. David Rincén Rivera

Castelldefels, Barcelona, Spain, June 2016



Abstract

Recent developments in optical communication systems have increased the performance of optical networks.
Low attenuation fiber optics, high spectral purity lasers and optical amplifiers, among others, are systems
that have allowed to transport terabits per second across thousands of kilometers, in a more reliable, se-
cure and efficient manner, when compared to radiofrequency (RF) systems. New optical access network
technologies such as EPON and GPON are also providing Gbits connectivity to customers in both the en-
terprise and consumer markets. This transport capacity provides enough data for the growing demand of
new communication services.

The main goal of the researchers in optical networks is to provide higher-speed data transmission by
exploiting the intrinsically fast behavior of the optical domain. Optical signal processing is a key technology
for constructing flexible and ultra high-speed photonic networks. In this context, it will be possible to build
ultra-high speed, simple and reliable optical networks, at low operational expenses, regardless of the format
of the information [1].

Before these technologies enter into commercial operation, some obstacles should be removed, such as the
problem of obtaining extremely precise synchronization the network without any optical-electrical conversion.
Also synchronization-related problem appear at the receiver for some systems such as OTDM and OCDMA,
where even the fastest photo-detectors are not able to separate the data of the desired user from the signals
of the adjacent users. This means that detection of ultrashort pulses in the presence of the multiple access
interference (MAI) is an important in these systems. Therefore, it is vital to apply an all-optical signal
processing on the received optical signal before the photo-detection [2]. In most of the ultra-high-speed
light-wave communication systems, it is an effective technique to use an optical time gating at the receiver
side in order to extract the desired user’s signal from the received signal. This approach requires an optical
clock recovery procedure. But by increasing the data rate in optical networks the accuracy of the optical
clock recovery decreases [3] because of increasing jitter and MATI and consequently the system performance
is degraded. Currently the only approach is to use a clock signal that has the same pulse-width as the data,
and when the jitter is large, this technique fails to properly capture the main part of the data signal and
collects more interference instead. So these techniques have to lower the data-rate to avoid large BER. Our
proposed technique can achieve larger signal to noise ratio versus the fixed pulse-width clock.

The main goal of this work is to discuss the characteristics of the current transmission technologies, in-
cluding OTDM and OCDMA, providing a detailed analytical model and proposing a solution for improving
the performance of optical receivers. We use a nonlinear media (Four Wave Mixing) as a combiner in the
receivers. We have modeled analytically the relationship between the input and the output of the nonlinear
media systems in these techniques using nonlinear Schréodinger equations. Then, we solved these equations
by Volterra series. Our aim is to develop analytical models of the response of the optical receiver, and
validate them with simulations. Also we consider the effect of variation of the bandwidth of the clock in the
performance of receivers with presence of jitter. We obtain the optimum value of the clock’s bandwidth and
compare theory and simulation results together. Using our proposed technique, the data-rate of the optical
systems can be increased and we can achieve lower BER for the same jitter. The goal of these efforts is
the improvement of the overall performance of the network, in terms of transmission speed, bit error rate
(BER), reliability and cost. The results could be applied to next-generation optical networks, in both the
backbone and access scenarios.
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Chapter

Introduction

This chapter has the following organization. The motivation of this Ph.D is presented in section 1.1. Section
1.2 enumerates the main results and contributions of the research work presented in this document. Finally,

section 1.3 describes the structure of the document.

1.1 Motivation

In recent decades, when optical networks were identified as the main highways of telecommunications for
transporting high volumes of information, the requirement for all-optical multi-access networking became im-
portant. An all-optical multi-access network is an access optical network which interconnects end-users with
core networks sharing common optical resources. This network can be seen as a collection of multiple nodes
interconnected via single- or multi-mode fiber optics, executing all their essential signal processing require-
ments such as multiplexing/demultiplexing, add-drop, switching and amplification in the optical domain.
Optical CDMA, TDM and OFDM medium access mechanism are one possible way that permit multiple
users to access the same optical channel optimizing the use of the physical resources, improving the quality
of service (QOS) requirements (low access delay, bandwidth, losses,...) and maximizing the efficiency.

The main goal of the researchers in optical networks is to provide reliable higher-speed data transmission
by exploiting the intrinsic fast behavior of the optical domain. Optical signal processing is a key technology
for constructing flexible and ultra high-speed photonic networks. In optical networks, which use ultra-short
light pulses for data transmission, even the fastest photo-detectors are not able to separate the data of
the desired user from the signals of the adjacent users. Therefore, it is vital to apply an all-optical signal
processing on the received optical signal before the photo-detection. In these systems, it is an effective

technique to use optical time gating at the receiver side in order to extract the desired user’s signal from
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the received signal. This approach requires an optical clock recovery procedure. But by increasing the data
rate in optical networks the accuracy of the optical clock recovery decreases and consequently the system
performance is degraded. This model could be applied to the multiple access technologies (OTDM, OCDMA
or O-OFDM).

The main goal of our research is to optimize the key parameters of optical access networks (specifically,
of the optical receivers) and to apply some signal processing techniques, in order to increase the overall
performance of the optical links (in terms of data transmission rate and other operational parameters).
Specifically, we will obtain approximate (but accurate enough for our goals) relationship between the input
and output of nonlinear systems that are used in OTDM and OCDMA receivers networks. For this purpose,
a system model is proposed to describe nonlinearity for nonlinear media in receivers. We will use Schrodinger
nonlinear (NLS) coupled equations and will analytically solve these equations, while maintaining the BER,
in order to optimize these systems by decreasing the BER for a certain data rate and/or increasing the data

rate.

1.2 Main Research Contributions

The major contributions of this PhD dissertation are as follows:

e Definition of a model for optical receivers of OTDM and OCDMA systems and optimize the systems

in order to decrease BER.

e Development of analytical tools for solving nonlinear Schrodinger equations with application to non-
linear optical systems using Volterra series. These tools are later used in modeling and analysis of

receivers in high-speed OTDM and OCDMA systems.

e Finding the significant Volterra kernels and truncating the Volterra series representation of the nonlin-
ear system solution. This simplifies the analysis of the optical communication systems in the presence

of nonlinearity and makes it possible to present a closed-form solution.

e Introducing a new technique to minimize the effect of non-ideal synchronization in the detection of

signals in ultra-fast OTDM networks.

e Obtaining an analysis and simulation of the effect of the clock signal’s pulse width on the bit error rate

(BER) at the OTDM receiver in presence of jitter.

e Calculation of the optimum value of the clock signal’s pulse width that minimizes the BER in OTDM
and OCDMA receivers.
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e Development of an analytical model for describing nonlinear receivers that are used for in multi-user
OCDMA networks. In this model optical orthogonal codes (OOC) are assumed to be used by users

and the correlation is employed at the receiver to separate the desired signal.

e Evaluation of the influence of the pulse-width of codes in OCDMA networks for decreasing BER and

increasing speed of transfer of data in optical communication.

1.3 Thesis Outline

The thesis is organized in six chapters and five appendixes. Background materials and the context for the
contributions is provided in the first three chapters. Our results and the novel contributions of the author
are presented in Chapter 4 and Chapter 5. The detail of mathematical analysis results in general are given
in the appendixes. The organization of this document is shown next.

After introducing our goal in Chapter 1, Chapter 2 provides an overview on different multiple access
techniques on optical networks such as OTDM, WDM and OCDM. Also in this chapter we consider to
the auto and cross correlation of coding methods and several coding schemes in OCDMA techniques and
compare them together.

Chapter 3 focused on the application of nonlinear techniques in optical communication. We review the
application of the FWM (Four Wave Mixing) as a nonlinear media in optical receivers. Also we model
FWM by helping nonlinear Schrédinger equations and using the Volttera series for solving these nonlinear
equations. In the end of this chapter we review the application of FWM as optical AND gate, wavelength
convertor and phase conjugation.

Chapter 4 studied the case of OTDM networks. In this chapter we focus on clock recovery techniques
at the receivers. The model is developed by applying FWM as optical time gate. We show that the pulse
width of the clock signal can be optimized to achieve a minimum bit error rate. The effect of jitter is also
considered as a noise in the system, finding the optimal values of the clock pulse width to minimize the BER.
Simulation results are also presented to evaluate the accuracy of the analytical expressions.

Chapter 5 presents an analytical model of receivers in optical CDMA networks. We study the performance
of all-optical AND gates based on the FWM process, for application in the receivers of the time spreading
multiplexing techniques because of its simplicity and low cost. The performance of AND gating receiver in
time spreading OCDMA systems is analysed by modeling Schrédinger equations and using Volterra series
for solving these equations. Finally, a comparison between simulation and analytical models is performed.

Chapter 6 summarizes the main concluding remarks from this PhD and points out future work directions.
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Appendixes A, B, C and E present the analytical model for calculations of relationship between the optical
detector current and Fourier transfer of optical field, Volterra series terms, characteristic Fourier transform of
stationary random processing and mean and variance of current in the output of optical detector, respectively.

Appendix D shows the complete solution of the NLS equations for optical AND gate using Volterra series.



Chapter

Division Multiplexing Techniques in Optical

Networks

Multiple access techniques are needed to fulfill the demand for high-speed and large capacity communications
in optical networks, which permit multiple users to share the huge fibre bandwidth in base band. There
are two major classic methods of multiple access: each user is assigned a specific time slot in time-division
multiple-access (TDMA), or a specific frequency (wavelength) slot in wavelength division multiple-access
(WDMA). Both techniques have been extensively studied and utilized in optical communication systems.

Alternatively, optical code-division multiple-access (OCDMA) has been considered because of its potential
for improved information security, simplified and decentralized network control, enhanced spectral efficiency,
and increased flexibility in the granularity of bandwidth that can be provisioned. In OCDMA, signals of
different users may be overlapped both in time and frequency sharing a common communications medium,
and multiple-access is achieved by allocation of minimally interfering code sequences to different transmitters,
which must subsequently be detected in the presence of multiple access interference (MAT) from other users.

Another method to increase capacity is optical orthogonal frequency division multiplexing (O-OFDM),
where data is transmitted over multiple subcariers. Recently, OFDM has received interest as a means
of spectral shaping, reducing the guard band requirement between neighboring channels and therefore, it
increases bandwidth utilization and spectral efficiency.

This chapter has the goal of presenting the OTDM, WDM, OCDMA and OFDM techniques, considering
their specific characteristics, peculiarities, technical challenges and state of the art. Therefore, first we
introduce to TDM and OTDM techniques and then we revise the classical CDMA mechanism, pointing out

the fundamentals of spread spectrum and the orthogonal codes that cause the spectrum to be spread. Next
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we explain how CDMA can be implemented in optical communication. Finally, we consider several types
of OCDMA systems and compare them and study the optical signal processing and OCDMA codes and

methods for decrease of interference in OCDMA.

2.1 Optical Time Division Multiplexing

Time division multiplexing (TDM) is a technique where several optical signals are combined, transmitted
together, and separated again based on different arrival times. Fig. 2.1-a shows an example of the TDM
technique applied to four signals. In this technique, each signal transmits one bit at a time. So, in the
situation shown in Fig. 2.1-a, the output signal has a throughput four times greater than that of each input
signal. The input signals should be synchronized with the output signal as for the characteristic of time
division. The receivers should also be synchronized in order to recover the information sent to each one of
them.

In recent decades, most optical communication services used TDM, but the multiplexing was realized
electrically and the transmission devices processed a single bit stream. SDH and SONET were examples
for electronic TDM transmitted over a single optical carrier. Researches have allowed to transmit data at
a rate up to 160 Gbps with optical processing. Due to the high bit rate, some of these works had focused
on routing and synchronization technologies for faster signals [2]. Getting to rates of 160 Gbps per channel
was possible to reach either greater throughput, or fewer transmitters and fibers could be used, as shown in
Fig. 2.1-b.

Due to the disponibility of erbium doped fiber amplifiers (EDFA), OTDM systems usually use the third
optical window (1.55 pm). These devices permit long distance links to be viable using shifted dispersion
fibers, thus minimizing the chromatic dispersion problem [5]. Execution methods for OTDM systems have

been proposed using fibers with special manufacturing characteristics [6], combination of time-delayed pulses
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Figure 2.1: (a) Time Division Multiplexing (TDM) (b) Transmission bit rate optimization using OTDM.
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Figure 2.2: (a) OTDM configuration using splitters and delay lines to multiplex 4 independent streams (b)
Extraction of one channel in an OTDM stream using control pulses.

by fibers with different lengths [7] or solitons [8].

Fig. 2.2-a illustrates another procedure for OTDM, proposed in [7]. In this method, each time slot is
divided in four time intervals with RZ (return to zero)-coded bits. This way, at the beginning of each time
slot, the laser generates a pulse during 1/8 of a period of that slot. The signal produced in the laser passes
through a 1:4 power splitter. Three of the signals are delayed by fibers with different physical lengths.
Afterward, the pulses are modulated separately with the respective information and are then recombined
and amplified for transmission. In this way, only one transmitter is used.

In order to avoid electronic limitations, the demultiplexing process should be realized optically. The
optical extraction of data can be built using Nonlinear Optical Loop Mirrors (NOLM). By means of control
pulses, this device works as an AND logical gate that selects every n'” pulse, as is shown in Fig. 2.2-b.
An Add/Drop type of multiplexer is able to receive or substitute a particular channel, intercalated in time,
without interfering with the other signals. The challenges in the OTDM demultiplexing process are 1) the
synchronization between the receiver and the input signal, 2) a trade-off between using bandwidth versus
signal to noise ratio (SNR) and this technique need the ultrafast optical switching, the ultrafast signal

processing and the optical buffering [9].

2.2 Wavelength Division Multiplexing

Wavelength division multiplexing (WDM) is another multiplexing technique for obtaining high capacity in
long-haul transmission systems. In this technology, a number of optical carrier signals are multiplexed onto a
single optical fiber by using different wavelengths of laser light in fiber-optic communications. This technique

enables bidirectional communications over one strand of fiber, as well as addition of capacity. WDM has the
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Figure 2.3: Multichannel point-to-point fiber link. Separate transmitter-receiver pairs are used to send and
receive the signal at different wavelengths.

potential for utilizing the large bandwidth offered by optical fibers.

For long-haul fiber links forming the backbone or the core of a telecommunication network, the role of
WDM is to increase the total bit rate. Fig. 2.3 illustrates schematically such a point-to-point, high-capacity,
WDM link. The output of several transmitters with their own special carrier frequency (or wavelength) is
multiplexed together. The multiplexed signal is passed into the optical fiber to the other end, where a
demultiplexer sends each channel to its own receiver. With this method, the system capacity is enhanced
in proportion to number of multiplexed signals. For instance, Coarse WDM (CWDM) provides up to 16
channels across multiple transmission windows of silica fibers. Dense WDM (DWDM) uses the C-Band
transmission window but with denser channel spacing. Channel plans vary, but a typical DWDM system
would use 40 channels at 100 GHz spacing or 80 channels with 50 GHz spacing.

In the DWDM technique, one of the motivations for the flexible grid is to allow a mixed bit rate or mixed

modulation format transmission system to allocate frequency slots with different widths so that they can be
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Figure 2.4: An example of the use of the flexible grid. For the flexible DWDM grid, the allowed frequency
slots have a nominal central frequency (in THz) defined by: 193.1 4+ n x 0.00625 where n is a positive or
negative integer including 0 and 0.00625 is the nominal central frequency granularity in THz. A slot width
defined by: 12.5 x m where m is a positive integer and 12.5 is the slot width granularity in GHz.
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Figure 2.5: CDMA technique. (a) Signals from four users, spread by the use of the spreading code, in the
same frequency band; (b) Desired signal is despread; (c) Signals after filtering.

optimized for the bandwidth requirements of particular bit rate and modulation scheme of the individual
channels. An example use of the flexible DWDM grid is shown in Fig. 2.4, where two 50 GHz slots are

shown together with two 75 GHz slots [10].

2.3 Optical Code Division Multiple Access

Optical Code Division Multiplexing (OCDMA) is a process by which communication channel is identified
by a specific optical code rather than a wavelength, as in WDM, or a time slot, as in OTDM. The spread
spectrum technique is the basic principle used in Code Division Multiple Access (CDMA). Each user’s
transceiver in the system uses a different spreading code. To visualize the basic process used in CDMA,
consider a system with four users transmitting signals in the same frequency band, as shown in Fig. 2.5.
The signals are transmitted with the same power, even though they are presented one above the other in
the figure. If there where no time multiplexing, all users would transmit at the same time. To make this
possible, a special code is designated to each user (signal), and this code distinguishes one signal from the
others. The receiver recovers the desired signal by means of correlation between the received signal and
the code that is applied at the transmitter. The desired signal is then filtered and decoded and the other
signals, now with lower power, appear to the receiver as noise [11]. A spread spectrum signal must have
two special characteristics: the bandwidth is much bigger than the bandwidth of the signal that contains
the information; and it is generated from an independent modulation signal, that has to be known by the
receiver in order to be recovered. This independent signal, in the CDMA case, is each user’s individual

spreading code [12].
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2.3.1 Effects Derived from Spectrum Spreading

The transmission capacity, C, of a channel is obtained by the Shannon-Hartly law, expressed as

P
CzB-logg(l—Fﬁ), (2.1)

where B and P, respectively, are the bandwidth and signal power, and N is the noise power. Thus, fixing
the power and increasing the signal bandwidth, the channel capacity also increases. In CDMA, the sys-
tem capacity is determined by choosing the demanded Signal/Noise power, P/N, for each user or by the
spreading gain, i.e., by an increase of the bandwidth B in equation 2.1. The noise signals to be considered
include thermal noise, interference due to multiple access and, most importantly, interference from other
users. Originally proposed for military purposes, spectral spreading was used initially for confidential com-
munications, since spread signals have excellent rejection to intentional jamming. On the other hand, the
use of pseudo-random codes to generate the transmitted signal makes the information recovery process more
complex. The reason is that, in order to decode the signal, it is necessary to apply the same code used on
the transmitted signal. Among the advantages of the use of spectrum spreading are: improvement in the
transmitted signals immunity against multipath distortion; rejection to strong narrow-band interference; low
transmitting power (low energy consumption); and simpler service planning, since all users use the same
transmitting and the same receiving frequency. This type of transmission technique has been used success-
fully in radio communications. In optical systems, it is expected to use CDMA in a shared optical medium

local network (LAN), and in local access networks based on next generation PON’s [7].

2.3.2 Direct Sequence Spread Spectrum (DSSS)

Consider the information to be transmitted, m(t), to be a train of random pulses as in

m(t) = i apP(t — kT, — @),0 < a < Ty, (2.2)

k=—o0
where T}, is the width of each pulse, delayed by kT} seconds, aj is a random weighting variable and « is
phase shift respect to the origin, Fig. 2.6-a. This signal’s spectrum is shown in Fig. 2.6-b. The information
signals spectrum spreading by means of the use of the Direct Sequence Spread Spectrum (DSSS) technique
consists in multiplying m(t) by a signal of the same shape as m(t), but at a much higher bit rate. The
signal with these characteristics is called Pseudorandom (PN) sequence (Fig. 2.7-a). Fig. 2.7-b compares the

spectrum of m(t) and the PN sequence, respectively, Sy, (w) and Sg(w). One can observe that Sg(w) has a
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much wider bandwidth than the information’s spectrum. The bits in the PN sequence are called chips. The
ratio between the bit rate of the information signal and the chip rate is defined as the spreading ratio, or the
processing gain. In optical systems, on-off modulation of the PN sequence can be realized by means of an
XOR (exclusive OR) operation of the signal and the data pulse train. This new sequence can modulate an
optical carrier, as shown in Fig. 2.8-a, b. Despreading is obtained by multiplying the receiver signal by the
same PN sequence used in the generation of the spread signal, delayed by a period of T,; seconds, relative
to the delay suffered by the signal propagation in the communication channel. Therefore, it is essential to

maintain a synchronisation between transmitters and receivers.

2.3.3 Optical CDMA

In Optical CDMA (OCDMA) we use the CDMA method to transfer information in fiber optic links. At first,
OCDMA or fiber optic CDMA (FO-CDMA) was considered, due to the fact that the optical fiber has an
available bandwidth in the order of 25 THz for information transmission. However, the processing capacity
of electronic devices used in the electric-optic-electric conversion reduces the throughput of data in an optical
network. This problem can be minimized if both signal spreading and correlation are realized in the optical
domain. Having this as a goal, research on OCDMA has been focused on the development of compatible
pseudo-random sequences and on device projects able to process optically those sequences. In this sense,
Salehi proposes a class of optical orthogonal codes (OOC) [4, 13]. The basic difference between OOC and
codes used in RF systems is in the polarity of the PN sequences. Bipolar signals, levels +1 or -1, used in
conventional spread spectrum systems are unrealizable in optical systems.

The On-Off keying (OOK) technique is the simplest form of modulating light in order to generate OOC
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Figure 2.6: (a) Pulse train (bits) of a signal m(t) as defined in Equation (2.2). (b) Spectrum of the signal.
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Figure 2.7: (a) Pseudo-noise sequence used in DSSS to spread a signal intended for transmission. (b) The
spectrum of a PN sequence S (w) whose chip rate is much higher than other signal’s bit rate m(t), has a
much wider bandwidth.

codes. Fig. 2.8-b shows an optical code with 32 chips per bit and 4 active chips. Alternatively, this code can be
shown by means of an optical disc as illustrated in Fig. 2.9-a, in which the disc perimeter is equivalent to a bit
period (T3) and each chip period (7.) corresponds to a disc sector equal to 277, /T} [4]. This demonstration
is useful to build an analogy to maximum autocorrelation values, Fig. 2.9-b, and with sequence shifting, by
rotating the disc, Fig. 2.9-c. If many users are simultaneously connected, the use of OOC minimizes the
interference caused by multiple signals on the desired signal along with a non-linearity optical limiter. This
method can improve the performance of the optical system and with constant BER, a number up to five

times greater of users can access the system [13].

In relation to optical processing devices, some models are proposed as transmitter and receiver architec-
ture that work for bipolar OCDMA systems. At the transmitter, a laser generates ultra-fast pulses that are

split and sent through distinct paths. At the receiver end, the pulses are recombined and transformed in elec-
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Figure 2.8: (a) Basic CDMA transmitter diagram, in which the spread signal modulates a laser source and
XOR is exclusive OR (b) Optical code represented by light pulses in the chip positions 1, 10, 13 and 28.
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Figure 2.9: (a) Alternative representation of Fig.2.7-b optical code. Autocorrelation demonstration of a disk
representing an optical PN sequence. (b) peak value. (c) autocorrelation with some shifting in the sequence

[4].

trical pulses. Although it uses optical processing, this method has a limitation due to the noise introduced
in the optical-to-electrical conversion in the final decision stage of the receiver.

A particularly interesting characteristic of the CDMA technique is efficiency asynchronous transmission.
In the case of local area networks (LAN), that use a mechanism of bursty transmissions in a shared medium,
the OCDMA technique permits the performance of access to these LANs at high bit rates and with a better
cost-benefit relationship. This could open the way to use OCDMA in optical access networks such as next

generation EPON (Ethernet Passive Optical Network) [7].

2.3.4 Classification of CDMA Techniques in Optical Communications

Coding schemes can be classified based on different choices of optical sources (e.g., coherent vs. incoherent,
narrowband vs. broadband), detection schemes (e.g. coherent vs. incoherent) and coding techniques (e.g.,
time vs. wavelength, amplitude vs. phase) into six main categories: (I) pulse-amplitude-coding, (II) pulse-
phase-coding, (IIT) Spectral-amplitude coding (SAC), (IV) Spectral phase coding (SPC), (V) Spatial coding
and (VI) Wavelength-hopping time-spreading coding.

In the first two techniques coding is performed in the time domain and the schemes are based on incoherent
processing with fiber optic delay lines and incoherent optical sources [14, 15]. These schemes are very simple
to implement and require the use of unipolar pseudoorthogonal codes, such as optical orthogonal codes

(OO0Cs) and prime codes, with nonzero cross-correlation functions. The plans in pulse-phase-coding utilize
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Figure 2.10: (a) Principle of SPC-OCDMA. (b) Structure of optical Fourier transform and SPC.

optical field by using phase modulator within fiber optic delay-lines for introducing 0° or 180° phase shift
to pulses in a code sequence [16]. We can use bipolar orthogonal codes using coherent processing, such as
maximal-length sequences and Walsh codes [17], with close to zero cross-correlation functions, thus reducing
multiple access interference (MAI) and resulting in better code performance. Nevertheless, these two time-
domain techniques are not inherently suitable for dense, high-speed, long-span optical networks because
ultrashort pulses are required, making the systems sensitive to fiber dispersion and nonlinearities.

Coding is performed in the wavelength domain in spectral-amplitude coding and spectral phase coding
[18]. The spectral nature of codes is decoupled from the temporal nature of the data so that code length
is now independent of data rate. On the condition that coded spectra should be aligned to a common
wavelength reference plane, spectral OCDMA systems are code-synchronous. An ultrashort pulse is first
dispersed in multiple wavelengths by a grating in free space, spectral coding is performed by passing spectral
components of pulse through a phase or amplitude mask, and the coded spectral components are finally

recombined by another grating to form a code sequence. The length of the code sequence is determined by
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Figure 2.11: Principle of the SAC-OCDMA scheme.

the resolution of the gratings and masks. Bipolar orthogonal codes, such as maximal-length sequence and

Walsh codes, are used for minimizing MAI.

Fig. 2.10-a shows an encoder and decoder for the spectral phase encoding system (SPC-OCDMA). The
information source modulates very short laser pulses. The pulses are Fourier transformed and the spectral
components are multiplied by the code corresponding to a phase shift of 0 or w. Fourier transform can be
implemented by the grating and lens pair, as shown in Figure Fig. 2.10-b. In spectral amplitude coding
optical code division access (SAC-OCDMA), the frequency components of the signal from a broadband
optical source are encoded by selectively blocking or transmitting them in accordance with a signature
code. Fig. 2.11 shows the principle structure of a SAC-OCDMA system. Compared to SPC-OCDMA, SAC-
OCDMA is less expensive due to incoherent optical source. For the access networks environment, where cost

is one of the most decisive factors, the SAC-OCDMA seems therefore to be a promising candidate.

Spatial coding requires the use of multiple fibers or multicore fibers with two-dimensional (2D) opti-
cal codes in the time and space domains simultaneously [19]. Similarly, the wavelength-time schemes in
wavelength-hopping time-spreading coding require 2D coding in the time and wavelength domains [20]. The

wavelength-time schemes provide lower the probability of interception and offers scalability and flexibility.
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Probability of interception is converted because the pulse of each code sequence are transmitted in different
wavelengths, thus increasing the security against eavesdropping. Where encryption delay is critical, this
feature in physical layer can be useful for time-sensitive secure transmissions, such as in strategic or military
systems. In addition, with 2D codes, the requirement of ultrashort pulses is lessened and wavelength-time
systems are less vulnerable to fiber dispersion than coherent-spectral-coding systems, although some degrees

of fiber-dispersion management strategy may still be employed.

2.3.5 Optical Spreading Codes

The main purpose of OCDMA systems is to recognize the intended user’s signals in the presence of other user’s
signals, while maximizing the number of users in the system. In this case, the suitable optical sequence codes
with the best orthogonal characteristics must be utilized. In terms of the correlation properties, spreading
sequences are selected with the features of maximum autocorrelation and minimum cross-correlation in order
to optimize the differentiation between the desired signal and interference. Optical orthogonal codes and the

family of prime codes are considered in this section.

2.3.5.1 Optical Orthogonal Codes (OOC)

OOC is one of the most important types of temporal codes that have been proposed for intensity modulation
Direct Detection OCDMA systems. Because the code weight is very low (meaning that the code is very
sparse), there are limits to the efficiency in practical coding and decoding. Moreover, the number of codes that
can be supported is very low when compared to code sets with the same length used in RF communications
(PN -pseudo noise-codes for example). We need to increase the length of the code for getting more codes,
demanding the use of very short pulse optical sources having pulse width much smaller than the bit duration

[4]. The required temporal OCDMA codes must satisfy the following conditions (OOC properties):

a) The peak autocorrelation function of the code should be maximized.

b) The side lobes of the autocorrelation function of the code should be minimized.

c) The cross-correlation between any two codes should be minimized.

Conditions a) and ¢) imply that the MAI is minimized, while condition b) simplifies the synchronization
process at the receiver. If synchronous optical CDMA is used, then condition b) makes it possible to use

one code for all users, which may reduce the coding and decoding complexity. The correlation R¢,¢, () of
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two signature signals C;(t) and C;(t) is defined as
Re,c,(7) :/ Co(8)C (¢ + T)dt, fori,j=1,2, .. (2.3)

where the signature signal Cy(t) is defined as,

Cr(t)= > cx(n)Pr.(t —nT.), for k=1,2,... (2.4)

n=-—oo

where Pr_ is pulse function with bandwidth of T, and cx(n) € {0, 1} is a periodic sequence of period N. The

discrete correlation function R.,,(m) between any two sequences c¢;(n) and c;(n) is given by,
N-1
Reic;(m) = Z ci(n)ej(n +m), Ym=...—1,0,1,2,... (2.5)
n=0

The sum in the argument of ¢;(n +m) is calculated modulo N and we represent this operation from now on

as [z],, which reads x modulo y. In the discrete form, the above conditions are rewritten as:

I) The number of ones in the zero-shift discrete autocorrelation function should be maximized.

II) The number of coincidences of the non-zero shift discrete autocorrelation function should be minimized.
IIT) The number of coincidences of the discrete cross-correlation function should be minimized.

An OOC is usually depicted by a quadruple, (F, K, As, Ac), where F is the sequence length, K is the sequence

weight (number of ones), A, is the upper bound on the autocorrelation for non-zero shift and A. is the upper

tasmeay ) [ ] [ ] L [ ] 1 |
{1 3.8 Jmod(13) (1 L I I [ 1T 1 1 1 1 | |

0 10 20 30 40

Autocorrelation Cross -correlation

Figure 2.12: Two (13,3,3,1) OOC’s and their autocorrelation and cross-correlation.
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bound on cross-correlation. The conditions for optical orthogonal codes are:

F-1

Reye,(m) = ) ci(n)ei(n+m) < A, [m]p # 0 (2.6)
n=0
F-1

Ree;(m) = ci(n)ej(n+m) < A, Ym, i # j (2.7)
n=0

An example of a strict OOC (13,3,3,1) code set is C = 1100100000000, 1010000100000, plotted in Fig. 2.12.
It is clear from the figure that the peak autocorrelation is equal to the code weight of 3, and the non-zero
shift autocorrelation and the cross-correlation is less than or equal to one. The same code set C can be
represented using the set notation as C' = [1,2, 5], 1, 3, 8] mod(13), where the elements in the set represent

the position of the pulses in the code.

2.3.5.2 Prime Codes (PC)

The OOCs presented in last section lack the availability of a systematic way of code construction that can
be used at both ends of the communication links. Codes have to be constructed beforehand (using iterative
random search, combinatorial techniques, etc.) and some sort of lookup table is needed for each user. On the
other hand, the OOC is a highly sparse code and the number of supported users can be very low. Another
important type of codes proposed for OCDMA are the Prime codes. The prime code has a higher correlation
value as compared to the OOC but it can support more users. Furthermore, the ease of generation of prime
codes makes them a good candidate for OCDMA networks.

The Prime code consists of many blocks each containing a single pulse. For any prime number g, a code
comprises q blocks of length q. A set of code sequences of length N = ¢2, derived from prime sequences of
length q, where ¢ is a prime number, was derived in [21]. The procedure for code generation starts with
the Galois Field, GF(q) = 0,1,...,j,...,q — 1, then a prime sequence Sy = (Sko, Sk1,- -+, Skj, -+ Sk(g—1))
is evaluated by multiplying each element j of the GF(q) by an element k of GF(q) modulo q. q dis-
tinct prime sequences can thus be obtained which are mapped into a time-mapped binary code ¢ =

(ck(0), (1), ..., ck(4), .., c(N — 1)) according to,

1 forn =skj+jq, sk =k(OJ,
cn(k) =
0 otherwise.

where j = 0,...,¢ — 1 and (O means modulo q multiplication. Fig. 2.13 shows the ¢ = 5 prime code in
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mark position set format along with the autocorrelation of ¢z and crosscorrelation between c3 and c4. It
is known that the peak autocorrelation of prime sequences is q, non-zero shift maximum autocorrelation
of g-1, and maximum cross-correlation of 2, thus prime sequences can be considered as an OOC with
(F =¢* K = q¢,)\a = q—1,)\. = 2). The high non-zero shift autocorrelation of prime codes make the
synchronization much more difficult at the receiving end. On the other hand, more users can be addressed
using prime codes than with OOC of the same length and weight. Additionally, the prime codes can be

generated more efficiently using a parallel serial network of delay lines and switches [22].

2.4 Optical Orthogonal Frequency Division Multiplexing

Another method to increase capacity of transmissions of data is optical orthogonal frequency division mul-
tiplexing (O-OFDM). Recently, O-OFDM has found interest in optical fiber transmission as a means of
spectral shaping, reducing the guard band requirement between neighboring channels, and therefore increas-
ing bandwidth utilization and spectral efficiency. We can express the transmitted signal as [23]

[fe1-1

X(t) = Z Z Xp,mp(t T)exp(jwmt) (2.8)

"——LNLJ m=—o0

where X, ., is a two-dimensional complex valued symbol transmitted at the mt" subcarrier in the n'?

symbol period, w,, is the frequency of the mth subcarrier (relative to the channel’s carrier frequency), T is

=[1,6, 11,16, 21], ¢, =[1,7, 13,19, 25], ¢, =[1,8, 15,17, 24],
¢,=[1, 9, 12,20, 23], ¢_=[1, 10, 14, 18, 22]
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Figure 2.13: Autocorrelation and cross-correlation of prime sequence with q=5.
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Figure 2.14: O-OFDM (a) transmitther and (b) receiver, where PD is a photo detector.

the symbol period, and p(t) is the pulse shape. In the OFDM technique, p(t) = rect(t/Ts) is a rectangular
pulse with duration T, and the subcarrier frequencies are w,,2mm /Ty where —|N./2 < m < [N./2] — 1,
with || and [x] being the nearest integers above and below x. Then, it can be shown that the set of basis
functions ¢, (t) = rec(t/Ts)exp(j2m(m/T,)t) are orthogonal over any continuous time interval 7 <t < 74T
duration T5.

Examples of an O-OFDM transmitter and receiver are shown in Fig. 2.14, where the transmitter has a tone
generator, usually a pulsed laser or an overdriven MZ modulator, which produces phase-locked optical tones.
Optical OFDM manipulates pulses in the frequency domain, in contrast with OTDM which manipulates
them in the time domain. In the receiver, the phase-locked tones are first demultiplexed, followed by parallel
data modulation, followed by recombining. There are two types of optical OFDM, being the first single
carrier modulation on each optically generated subcarrier (O-OFDM/SC), where each user transmits and
receives data stream with only one carrier at any time. The other type is electrical OFDM on each optically-

generated subcarrier (O-OFDM/E-OFDM) [23].

2.5 Multi User Interference Rejection

In both the spectral phase coded OCDMA and temporal phase coded OCDMA systems, multiuser inter-

ference noise from undesired users is still present even after the signals have passed through the matched
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Figure 2.15: Illustration of optical time gating for multiuser interference rejection.

OCDMA decoder. In addition, since the optical signal energy present in both the decoded and undesired
channels are similar in magnitude, both will appear essentially identical from the perspective of a typical
photoreceiver that is band limited to the data bit rate, preventing the desired signal from being recovered
correctly. Thus, further processing techniques are necessary in order to eliminate the interference. In prin-
ciple, an ultrawide bandwidth optical photoreceiver could be used at the OCDMA receiver front-end, and
the removal of interference could be performed in the electrical domain. However, given the bandwidth
requirements of an OCDMA system, which is typically on the order of many tens or even hundreds of GHZ,
this is likely to be impractical due to the need for ultrafast electronics. As a result, multiuser interference
rejection is most commonly performed in the optical domain, where wideband optical processing can be per-
formed relatively easily. Two categories of optical processing techniques for multiuser interference rejection

are discussed here: optical time gating and optical thresholding.

2.5.1 Optical Time Gating

The basic concept of the application of optical time gating to exploit the decoded OCDMA signal is shown
in Fig. 2.15. Through the proper selection of an appropriate code set for a synchronous coherent OCDMA
system, it is possible to design the system such that the multiuser interference energy falls outside a time
interval where the properly decoded signal pulse resides. Thus, by optically gating we have low loss within
the desired time window for the composite signal. Besides, at the same time we would have high extinction
outside that window, so only the properly decoded signal bit stream can be extracted.

For the purposes of application to coherent optical CDMA system, some of the more important perfor-
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mance parameters for optical gating technologies include:

o Gate width

Gate repetition rate

Gate extinction rate

Data pulse energy levels and dynamic range

Gating control/clock pulse energy levels and dynamic range

As a result of these high efficiency requirements, relatively high-speed optical processing techniques should
be applied, such as those used for all-optical demultiplexing. Although there are a wide variety of options,

some of the technologies that have been demonstrated specifically for coherent OCDMA systems include:
e Nonlinear interferometers

e Four-wave mixing (FWM) techniques

2.5.1.1 Semiconductor Optical Amplifier (SOA)-Based Nonlinear Interferometers for Optical

Time Gating

The nonlinear phase change required in the nonlinear optical loop mirror (NOLM) can be implemented by
using of as a semiconductor optical amplifier (SOA), allowing for the potential of device integration. An
interferometric architecture similar to the NOLM can be used, as illustrated in Fig. 2-16. When the SOA is
offset from the center of loop by Az, the device is referred to as Terahertz optical asymmetric demultiplexer
(TOAD) [24].

When the clock pulse is not present, incoming data pulses reflect from the TOAD. By injecting a clock
pulse, which is typically chosen to be on the order of 10 dB larger in amplitude than the data pulse intensity,
gating can occur. The clock pulse saturates the SOA, thereby changing its effective index. The clock pulse,
which travels only in the clockwise direction, is injected following the clockwise propagating data pulse to give
the clockwise data pulse the opportunity to propagate through the SOA before the clock pulse saturates the
SOA index. Since the SOA slowly recovers on the time scale of hundreds of picoseconds, counter-propagating
data pulse that arrive immediately after the clock pulse event has occurred see the SOA in approximately
the same relative state and do not experience a differential phase shift. The temporal duration of the gating
window is set by the offset of the SOA, Az, from the center of the loop. As the offset is reduced, the gating
window width decreases until the actual length of the SOA needs to be taken into account. The nominal

gate width is related to the offset by Atgare = 2Axlcfiper, Where cpiper is the speed of light in fiber and [
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Figure 2.16: Illustration of terahertz optical asymmetric (TOAD) time gate.

is length of the ring. The TOAD optical time gate has been successfully applied to an implementation of
SPC-OCDMA [25].

2.5.1.2 Four Wave Mixing (FWM) Optical Time Gating

Another method in optical time gating is Four Wave Mixing (FWM). FWM is a third-order nonlinearity,
similar to intermodulation distortion in the electrical domain. In FWM, the nonlinear beating between
the data signal and a control signal at a different wavelength generates new optical tones as sidebands.
FWM-based gating can be performed in optical fiber or in waveguide devices such as semiconductor optical
amplifiers (SOAs).

In SOAs, FWM occurs through carrier density modulation. Two copolarized optical signals are coupled
into the SOA. One is the control signal at frequency f. and typically has a much higher intensity than the
other input signal (data) to be wavelength converted, which is at ferequency f4. The two copropagating
signals mix and, through carrier density modulation, form an index grating off which signals can be scattered.
The scattering of the control signal from this grating generates two waves, one at the data frequency and
one at a new frequency, feonverted = 2fc — fq. This is the useful wavelength-converted signal. Also, data
signal scattering generates two much weaker waves, one at the control frequency and one at a new frequency,

Ssatettite = 2fc — fq. This is called the satellite wave and is generally not used.

Data

CI;\

Figure 2.17: Tllustration of the four-wave mixing (FWM) time gate .

soA
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Figure 2.18: Illustration of optical thresholding for multiuser interference rejection.

By injecting a short optical control pulse along with the incoming OCDMA signal into the SOA as
illustrated in Fig. 2.17, it is possible to create an optical time gate by filtering out the resulting wavelength
converted signal. The clock pulse is temporally aligned to the correct position relative to the desired OCDMA
pulse, and an optical bandpass filter is placed at the output of the SOA in order to extract the FWM signal
only. The FWM optical time gate has been successfully applied in TPC-OCDMA [26].

2.5.2 Optical Thresholding

Another method for OCDMA multiuser interference rejection is nonlinear optical thresholding. The basic
concept is based on a device that has a nonlinear power-transfer response, as illustrated in Fig. 2-18. The
pulses for the properly decoded pulses are of large peak amplitude and therefore pass through the device
with low relative loss. On the other hand, the undesired channels, that are of low peak intensity since they
have been spread in time, are effectively suppressed. One of the advantages of optical thresholding over
optical time gating is in eliminating the need for a synchronizing clock pulse.

There are various alternatives to implementing an all-optical thresholding device. Two methods that

have been specifically applied to OCDMA systems include:
e Nonlinear Optical loop mirrors (NOLM)

e Second harmonic generation (SHG) in periodically poled lithium niobate (PPLN)
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2.5.2.1 NOLM-Based Thresholding

The NOLM used for all-optical nonlinear thresholding are very similar in construction to the NOLMs used
for optical time gating without the clock pulse and its associated input port. Also, rather than using a
50:50 coupler to create the loop, an asymmetric coupling ratio is used, such as 70:30. By introducing this
asymmetry, the nonlinear phase shift experienced by the two counter-propagating pulses of large amplitude
is also different, and can result in the incoming pulse to be sent to the output port rather than get reflected.
On the other hand, for low amplitude pulses, the nonlinear phase shift is not large for either and the pulses
are primarily reflected as in the standard loop mirror configuration. NOLM-based thresholding has been
used in phase-coded OCDMA systems both as a stand-alone device [27], as well as in conjunction with optical

time gating [28].

2.5.2.2 PPLN-Based Thresholding

Periodically poled lithium niobate (PPLN) devices can be used for nonlinear second harmonic generation.
Since the output power is strongly dependent on the input signal intensity, they can be used as nonlinear
thresholding devices. PPLN-based optical thresholding has been successfully applied in wideband SPC-

OCDMA systems [29], using waveguide-based devices.

2.5.3 Second Harmonic Generation (SHG)

Approximately all of dielectric materials have nonlinear response to a strong optical field. This nonlinear
effect is due to uncoordinated movement of electrons at the border under the influence of the applied field.
As a result, induced polarization, P, follows nonlinear relationship with the electric field, E, that can be
expressed as follows [30]:

P=c(xV.E+x?:EE+x®:EEE+..) (2.9)

where ¢ is the permittivity of vacuum and x) j = 1,2, ... is the susceptibility of jth order. Generally, y )
is a tensor of order j + 1th. Linear susceptibility, x(!), then compared to other order susceptibility is bigger.
x@ is known the second order nonlinear effect that SHG is due to this property. This index for materials
such as glass, which has a molecular symmetry, is zero. Therefore, optical fiber generally do not have any
second order nonlinear effect. For this reason, we should use materials that have Asymmetric molecular for
generating second harmonics, as shown in Fig 2.19.

In the second harmonic generation process, photons with frequency w that will interact with nonlinear
materials, are combined together and new photons are produced with double energy. As a result, these new

photons have a frequency twice the previous frequency (Fig. 2.20).
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Now we describe how to reduce the multiple interference effect with SHG. A nonlinear threshold detector
using second harmonic generation is shown in Fig. 2.21 [31]. A crystal for generating the SHG decode signals
is placed between the photo-detector and the decoder. In this technique, the electric field of the input signal
gets squared by the first stage and is applied to the input of a filter with a rectangular impulse response.
The output is the electric field of the second-harmonic (SH) signal. After the crystal, a rectangular impulse
response filter is used to remove the effects of the Group Velocity Mismatch (GVM) between the main signal
and the SHG signal. The response of this filter are modeled as rectangular with length, T, and amplitude,
L L 5 group velocity mismatch [32].

Vg1 Vg2

1/Ty, where Ty, = L|af, L is length of nonlinear crystal and o =

When the nonlinear crystal used is thin, T, is much smaller than the pulse duration, the filter response
is Dirac signal, and the filtering effect can be ignored. But when the crystal is thick, T}, is bigger than the
pulse duration, the SHG signal is broadened in the time domain and is bandpass filtered in the frequency
domain. Furthermore, for SHG receiver use thin crystal.

According to the optical carrier signal is twice by nonlinear crystal, So we need to get the signal to a
photo detector at a wavelength equal to half the wavelength of the main signal. When by the desired sender
is sent bit of “1”, the energy of the second harmonic signal with a short pulse signal decoding is much
stronger than the lower range of MUI. Thus, output of photo detector is quite different for the two bits “0”

and “1”

2.5.4 Two Photon Absorption (TPA)

Two-photon absorption (TPA) is the simultaneous absorption of two photons of identical or different fre-
quencies in order to excite a molecule from one state (usually the ground state) to a higher energy electronic
state. The energy difference between the involved lower and upper states of the molecule is equal to the
sum of the energies of the two photons. Two-photon absorption is a third-order process several orders of
magnitude weaker than linear absorption at low light intensities. It differs from linear absorption in that the

atomic transition rate due to TPA depends on the square of the light intensity, thus it is a nonlinear optical

—7

w Wy = 2w,
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[o— L —

Figure 2.19: Nonlinear crystal for second harmonic generation.
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Figure 2.20: The second harmonic generation.

process, and can dominate over linear absorption at high intensities.

In the TPA process shown in Fig. 2.22, two identical photons, whose their energy is less than the energy
of the distance of two band and more than half of its energy band, generate a pair of electrons and proton
at the same time attracting. So for photo-detectors where the distance between the energy bands is larger

than incoming photons, the current of photoelectrons generation can be expressed as follow:

dN a i 9
i th(t) + 2hUI(t) (2.10)

where I is the intensity of received light, h is the Plank constant (h = 6.624 x 1073%), v is the frequency
of received light, « is one photon absorption coefficient and ( is the TPA coefficient. In fact, two photon
absorption is proportional to the square of the incident light intensity and increases rapidly by increasing

the light intensity. So the number of generations of photoelectrons in the duration of [0, A¢] is :

N = /OM <%I(t) + %I(t)2>dt (2.11)

The operation of the TPA receivers is studied in [33] and [34]. In TPA receivers, it is assumed that one

From E SHG 3 To
Detectar E ( ) 2 E2 (t) 1 3 PD
€ | : T, ACK REWE

Figure 2.21: Nonlinear thershold detector using SHG.
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Figure 2.22: Two photon absorption process.

From
Decoder To
E(t) SPM Egpu(t) Optical PD

Fiber = E(t) explyLIED)?] | LPF

Figure 2.23: Structure of nonlinear threshold detector using the SPM technique.

photon absorption is zero (o = 0).

2.5.5 Self-Phase Modulation (SPM)

The intensity dependence of the refractive index leads to a large number of interesting nonlinear effects, the
two most widely studied are self-phase modulation (SPM) and cross-phase modulation (XPM). Self-phase
modulation refers to the self-induced phase shift experienced by an optical field during its propagation in

optical fibers. The value of induction phase is calculated as follows:[35]

¢ = koL = (n + na|E|*)ko L (2.12)

where ko = 27/, L is the length of the nonlinear environment, and n is the linear refractive index. We can

obtain the value of phase nonlinearity as follows:

onL = (n2|E|*)koL (2.13)

where ¢n is in effect of SPM. Thus, because of SPM, we observe the spectral broadening of the input

signal that is proportional to the light intensity changes. The spectral deviation is:

Aw(t) = ~d0xe) _ o OEOF

7 5t (2.14)
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where the SPM coeflicient is defined as v = ngko, and (2.14) would become:

(2.15)

From (2.15), it can be seen that the frequency has changed over time. This time-dependent frequency
variation is also called frequency chirping, which broadens the signal’s spectrum. According after decoder
time changing of the pulse amplitude of the main user is much larger than signal due to interference of other
users, So using SPM is good solution for reducing interference effect. Because SPM effect has considerable
broadening on the spectral main pulse, while the low intensity MAI signal’s spectrum is broadened much
less. The structure of the SPM-based nonlinear thresholder is shown in Fig. 2.23 [31]. When a bit “1” is
transmitted, the rapid variation of the power of the recovered short pulse creates a strong broadening of the
spectrum. Therefore, a considerable amount of energy can pass through the optical low-pass filter (LPF)
that follows the SPM fiber. We assume that cutoff frequency low-pass filter is designed so that all the energy
of the original signal passes through the filter to be removed. While SPM on the signal due to interference of
other users have less effect and spectral widening on it is lower than main pulse. So much less of interference
signal pass from filter. Furthermore, the value of received energy by photo-detector in cases “0” and “1” will

be largely different.

2.6 Conclusions

In this chapter we studied the state of the art of the technologies related to the multiple access mechanisms
applied to optical communications. The aim of this chapter was to consider the methods and techniques
used in optical transmission. For this purpose, we introduced the different techniques used in the division
multiplexing in optical networks: OTDM, WDM and OCDM. We follow our discussion by classification of
the OCDMA techniques based on sources, detection and coding methods. After considering of different
coding approaches we describe optical processing techniques and different methods for mitigating the effect
of interference. In the end of this chapter, we comment several applications of nonlinear optical techniques

in optical transmission and specifically application of time-gating in the OTDM and the OCDM receivers.
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Chapter

Application of Nonlinear Techniques in optical

communications

The field of nonlinear optics has grown enormously in recent years and has evolved into many different
branches. The growth of research in nonlinear optics has contributed to the rapid technological advances
related to fiber optics and optical communications. On the one hand, the nonlinear response of optical
fibers create impairments in the signal transmission quality in long-haul fiber optics links. On the other
hand, fiber nonlinearity can be exploited for against the dispersion, fiber losses and scattering phenomena.
Optical fibers can be used as a linear transmission medium and have basic properties such as: (1) optical
power does not have an effect on the refractive index; (2) the superposition principle for multi independent
optical signals holds; (3) optical wavelength or carrier frequency do not change in the length of fiber in the
effect of power; (4) the light signal does not interact with any other light signal. When optical power or
bit rates are low we can have these assumptions. However, when we have high optical power and optical
amplifier and simultaneously several optical signals together (as is the case in the WDM), optical fiber
behaves as a nonlinear medium with completely different properties. These properties are not good for
optical transmission but, for some special cases they can be used for increasing the transmission capabilities

of the fiber [36].

Nonlinearity in optical fiber is proportional to the intensity of the electromagnetic field of the propagating
optical signal. The nonlinearity effect in optical fibers occurs due to a change in the refractive index of the
medium caused by optical intensity and scattering phenomenon. The power dependence of the refractive
index is responsible for the Kerr effect whereas scattering phenomena are responsible for Brillouin and Ramon

effects [37]. Depending of the type of input signal, Kerr nonlinearity has three different effects: self phase

31
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modulation (SPM), cross phase modulation (XPM) and Four Wave Mixing (FWM) [36]. These effects has

been explained in the chapter 2.

FWM is one the most popular applications of nonlinear optical processing. FWM is a nonlinear effect
that occurs in optical fibers during the propagation of a composite multichannel optical signal. The power
dependence of the refractive index in optical fibers will not only shift the phases of the signals in individual
channels is mentioned above w, but will also give a rise to new optical signals through the process known as
Four Wave Mixing. The Four wave mixing is related to the fact that if there are three optical signals with
different carrier frequencies that propagate through the fiber, a new optical frequency will be generated. In
fact, FWM acts like a mixer in the electronic domain but for optical signals. We also mentioned the low
response rate of the electronic equipment for modulating and switching of the information, then we need to
use all-optical signal processing.

Accordingly, in this chapter our goal is to model the result of applying FWM to a signal. In order to
accomplish that, we obtain the response of the nonlinear system by solving the nonlinear equations, thus
obtaining the relationship between input and output optical signals. An important aspect, in order to take
profit of any phenomenon (in our case, nonlinearity) is its correct characterization or modeling. We solve
these equations bt using Volterra series and the results will be applied in Chapter 4 and Chapter 5, where we
investigate the performance of FWM used as an AND optical gate for application in OTDM and OCDMA

receivers.

3.1 Nonlinearities in Optical Fibers

As we mentioned in the introduction of this chapter, we must consider the theory of electromagnetic wave
propagation in dispersive nonlinear media in order to understand the nonlinear phenomena in optical fibers.
We want to obtain the basic equation of a nonlinear system by solving Maxwell’s equations and apply
effect of the linear and nonlinear parts of the induced polarization. Therefore, we can express the induced
polarization P(r,t) = Pr(r,t) + Pnr(r,t) where the linear part Pj, and the nonlinear part Py, are related
to the electric field. Regarding the nonlinear part, nonlinear effects appears to short pulses with widths
from 10ns to 10fs when they propagate through the fiber. Both dispersive and nonlinear effects influence
their shapes and spectra. We can write relation between the electrical field and the induced polarization as

follows:

1 8%2E 0%Pr, 0’Pyr,
B - = = 1
v 2oz Mge T e (3.1)
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The origin of all nonlinear optical phenomena lies in the nonlinear response of the material to an electro-
magnetic field. In fact, the polarization induced in the material does not have a linear relationship with
the applied magnetic field and includes a series of nonlinear terms. The relationship between the induced

nonlinear electric polarization, P, and electric field, E, is [38]:
P=co(xV.E+x® :EE+x®:EEE+..) (3.2)

where gpis the vacuum permittivity and x(), x(&, ¥ are the first, second and third order nonlinear

2 “ b2

susceptibility and .7, “:” and “:

7

are the expansion of order tensor multiplication in the subject matter.
The linear susceptibility x(!) represents the dominant contribution to P, that has influence in the refractive
index n. Nonlinear effects such as second-harmonic generation and sum-frequency generation are due to
the second-order susceptibility x(? that it is nonzero only for media that lacks an inversion symmetry at
the molecular level. However, for a symmetric molecule such as silica glasses (5i02), is zero. All third-
order nonlinear effects such as FWM, third-harmonic generation and parametric amplification are due to the
third-order of the nonlinear magnetization, x(3). Indeed, FWM in optical fibers was studied according to its
ability for generating new wavelengths. The main features of FWM can be understood from the third-order

polarization term in (3.2),
Pnr = eox*:EEE, (3.3)

Consider four continuous wave (CW) waves oscillating at frequencies wy, we, ws and wy, linearly polarized

along the same axis Z. The electric field can be written as [39]:
1, & :
E= 5)27,2::1 E,elkmz=wmt) 4 ¢ ¢ (3.4)

where k,,, is the propagation constant (k,, = npwm/c), Ny, is the mode index in w,y,, E,, is the amplitude
of electric field of the mth wave (1 < m < 4), x indicates that the polarization is along the = axis, and the
abbreviation c.c stands for complex conjugate. By substituting (3.4) in (3.3), Py, can be written as:

1
2

4
Py = 35X Z Ppelthmz=ent) 4 ¢ c (3.5)
m=1
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P, consists of Fy, Fs, E3 and FE,4. For example, P4 can be expressed as

30 . .
Py = Tox;i?m[|E4|2E4 +2(|E1|? + | B2 + | E3) By + 2B, By E3e?® + 2B, B, Efe?®~ + -] (3.6)
where Xgr?;r)w is the fourth rank tensor that is on contributes to the refractive index [35] and 61 and 6_ are
defined as

9+ = (kl + ko + k3 — k4)Z — (o.}l + wy + w3 — w4)t (37)

0_ = (kl + ko — k3 — k4)Z — (w1 + wo — w3z — W4)t (38)

The first four terms containing E, in Eq. (3.6) are responsible for the SPM and XPM effects, but the
remaining terms result from the frequency combinations (sum or difference) of all four waves. Many of these
are effective during a FWM process depending on the phase mismatch between F4 and P, governed by 6.,
0_, or a similar quantity. Significant FWM occurs only if the phase mismatch nearly vanishes. This requires
matching of the frequencies as well as of the wave vectors. The latter requirement is often referred to as
phase matching. In other words, FWM occurs when photons from one or more waves are annihilated and
new photons are created at different frequencies such that the net energy and momentum are conserved

during the parametric interaction.

Usually we are interested in the sixth term of (3.6). Then, the phase matching condition becomes:

ki+ky—ks—ks =0 (39)
_ 4
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Figure 3.1: Four-wave mixing (a) Degeneration case, and (b) Non-degeneration case.
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w1 +ws —w3—wyg =0 (310)

If we define Ak as the wave vector mismatch, the matching condition fulfills Ak = 0. We can rewrite the

aforementioned two conditions as:

Ak = njwi + naws — nzws — ngwy = 0 (3.11)

W4 = w1 + wg — w3 (312)

The special case, in which w; = wa (degenerate case), is interesting because FWM can be initiated with a
single pump beam. This degenerate case is often useful for optical fibers. This practical matching occurs
when Group Velocity Dispersion (GVD) is very low and the channel spacing is narrow. In Fig. 3.1a, b,
the generation of new optical frequencies due to FWM for two cases with two and three interacting optical
channels are shown. As illustrated in the figure, if we have two optical channels with frequency fi; and fs,
we would have two more optical frequencies both in fi10 = f1 — Af and foo1 = fo + Af. If there are three

optical channels with frequencies fi, fo and f3, eight more optical frequencies are created (where f;j;; is

fi+fi— fr)

3.2 Coupled FWM Equations

In order to obtain the coupled FWM equations we suppose that nonlinear environment factors do not have
significant effect on the fiber modes. Therefore we can write the optical field E;(r,t), where r is axis vector

and t is time, as follow:
Ej(’l“, t) = Fj(x,y)aj(t,z)exp(ikojz) (313)

where Fj(z,y) is the fiber mode distribution, a;(¢, z) is the jth amplitude signal and ko; is the propagation

factor at carrier frequency w;. So, according to section 3.1, the coupled FWM equations would be [30]:

daq (t, 2) Qo > Brj 0Fay(t, 2) jn/wl 9 9
— 2—7611(75;2)—; AR + % fi1lai(t, 2)] —|—2kzﬂf1k|ak(t,z)| ay(t, z)

+ 2f123405(t, 2)as(t, z)cu(t,z)ejAkz (3.14)
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Oas(t, 2) g > Brj* 8ka2(t,z) jn/wg 9 9
_37_:_7@@@_Z;M X T X hwmum-mggmmmﬁﬂ as(t, z)
+ 2f2134a’1‘(t,z)ag(t,z)a4(t,z)ejAkz (3.15)

das(t,z) o (t,2) — i Bri®  0Fas(t,z) jn'wg

2 2
9, — % RO v faslas(t, 2)[> + 2> fanlaw(t, 2)]* | as(t, 2)
k=1 k#3
+ 2341201 (t, 2)as(t, 2)ay(t, z)e*jAkz (3.16)
Oay(t, z d*a (t,z in'w
Pege) = - 3 A e+ I || s, 20+ 23 k6 a2
+ 2431201 (¢, 2)as(t, 2)az(t, z)e_jAkZ (3.17)

where «q is the attenuation constant in nonlinear environment, 35 is the nth order dispersion, Ak is the

wave vector mismatch and n’ is the nonlinear refractive index, that can be calculated [35] as:

3
"= ZRe(x3 3.18
W= e (3.15)
and the overlap integrals f;; and f;;r; are defined as follows:

I |Fj (2, y) | Fr(z, y) Pdedy

EF«HWmM%WXHW@W%W)

(3.19)

(F F{FiF)

fijret = (3.20)

1/2
@wWEMﬂmmﬂ

where angle brackets (())denote integration over the transverse coordinates « and y and fji, fiju are the

coefficients of the spatial distribution of the fiber mode. For the degeneration FWM case, where w; = wa,
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we have:

ay(t,z) = as(t, z) = ap(t, 2)
as(t,z) = as(t, z)

as(t,z) = ao(t, z) (3.21)

We define ap(t, z) as a pump (clock) signal, as(t, z) as the received signal in a nonlinear system and ao (¢, 2)
as the output signal. Then, the coupled FWM equations are:

x| | 2fplap(t, 2)I* + 2fpslas(t, 2)|?

dap(t,z)  ap > Bri®  OFap(t,z)  jn'w,
o = gt =) S T

+ 2 fpolao(t, 2))? lap(t,2) + 2 fpsoas(t, z)ao(t, z)ap(t, z)ejAkz (3.22)

2 foolao (t, Z)|2 + 2 foslas(t, Z)|2

oo -k k .
dao(t, z) ap olt.2) _Z Brj " %aolt, z) LI

| k
£ TRl ot

+4foplap(t, 2)|? ao(t, 2) + 2 fospas(t, 2)ab(t, z)e‘jAkz (3.23)
Oags(t, z B 8 as(t, z jn'o.)S

% = Las(t,2) Z (k ), 20 || 2clastt, 2)F + 2 solao(t, )
+4fsplap(t, 2)|? |as(t, z) + 2 fsopae (2, 2)a%(t, z)eijAkZ (3.24)

These equations are nonlinear Schrédinger equations (NLS). For simplicity we define the nonlinear pa-

rameters as follows:

n'w;

Yij —fzj ; iaje{Svap}

nwz

’Y’L]k - fzgk iyja kG{S,O,P}

For the sake of simplicity, the coupled equations can be expressed in the frequency domain. If we suppose
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that A(w, z) is the Fourier transform of a(t, z)

Alw,2) = / a(t, z)e It dt

then, the coupled equations for Ap(w, z), Ao(w, z) and Ag(w, z) are:

aApa(:J, 2) _ ozo;uJ)Ap(w, z) — jA(w)Ap(w, 2)

+ 71 27pp jj Ap(wi,2)Ap(we, 2)Ap(w — w1 + wa, 2)dwi dws

+ 27,5 fj As(wr, 2)A%(we, 2)Ap(w — w1 + wa, 2)dwdws

+ 290 jj Ao (wr, 2)AH(we, 2) Ap(w — w1 + wa, 2)dwi dws

T jf Ap(wa, 2)AS(wr, 2) Ao (w — w1 + wa, 2)dwdws (3.25)

8Aoa(:d, z) _ Oco;w) Ao (w, 2) — jA(W) Ao (w, 2)

+ 7 | Yoo jf Ao(wr, 2)AH(we, 2)Ao(w — w1 + wa, 2)dwidws

+ 2705 fj As(wr, 2)A%(we, 2)Ao(w — w1 + wa, 2)dwidws

+ 4Y0p jf Ap(wi,2)Ap(we, 2)Ao(w — w1 + wa, 2)dwi dws

+ QWOSpe_jAkZ jf A (wa, 2)Ap(wi, 2)Ap(w — w1 + wa, 2)dwi dws (3.26)
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8Asa(:1, z) _ Ozoéw) As(w, 2) — jA(w)As(w, 2)

+ 7 vss ff Ag(wr, 2)AS(we, 2)Ag(w — wi + wa, 2)dwidws

+ 2750 fj Ao (wr, 2)AH(we, 2)As(w — w1 + wa, 2)dwidws

+ 4vsp jj Ap(wi,2)Ap(we, 2)As(w — w1 + wa, 2)dwi dws

+ 2yope TAR2 ff AG(wa, 2)Ap(wr, 2)Ap(w — wy + we, 2)dwi dws (3.27)

where ag(w) is the attenuation factor of fiber and A(w) is the linear dispersion in fiber, that is defined as

Aw) = Z ﬁk?
k=1 ’

3.3 Solving the FWM Equations by Volterra Series

The NLS equations are a set of nonlinear partial differential equations whose exact analytical solution
generally is very difficult to obtain except for some specific cases. A large number of approximate analytical
and numerical methods have been developed to solve the NLS equations. One of the most powerful methods
for describing the nonlinear system is Volterra series. This method is similar to the Taylor series, but it is
able to capture memory effects. The Taylor series can be used to approximate the response of a nonlinear
system to a given input if the output of this system depends strictly on the input at that particular time.
While Volterra series are capable of capturing the response os a system whose current state depends on
previous, current and future state. Expanding the first three terms of the Volterra series provides a good

approximation of the solution of the NLS equations.

3.3.1 Volterra Series

Volterra theory and series were mentioned for first time in 1877 by Vito Volterra. The main benefit of
Volterra series in compare of other series is, the output of the nonlinear system depends on the input to the

system at all the times. The Volterra series of a system with input x(¢) and output y(¢) can be expressed as
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[40], [41]:

et 1 00 e}
y(t) = k0—|—z ﬁ/ / kn(s1,82,...,8n)x(t — s1)x(t — s2) ... X x(t — s, )ds1dsa...ds,  (3.28)
n=1 Y= >

where k,, is the nth Volterra kernel, which can be considered as the impulse response of higher order of the

system. The Fourier transform of (3.28) can be written as:

Y(w)zg/.../Hn(wl,...,wn1,w—w1—...wn1)X(w1)...X(wn1)

X X(w—wi —...Wp_1)dwy . ..dw,—1

where X (w), Y(w) are the Fourier transforms of z(t), y(t), respectively.

As an example, we now solve with the Volterra series the following nonlinear equation.

da(t,z) iﬂg 0?%al(t, 2)

o 52 op + jvla(t, 2)[a(t, z)

= —20(t,2) - B

If the input is a(¢,0) and the output is a(t, z) we have:
Y(w) =4A(w, 2)

X(w) = A(w,0) = A(w)

By substituting (3.31) in (3.30), we can write the two first terms of the response as follows:

Alw, z) = Hi(w, 2)Alw) + jj Hs(w1, w2, w — w1 + wa, 2)A(wr ) A% (we) A(w — w1 + wa)dwidws
Supposing that G;(w) = —a(w) + jA(w) and G3(w) = j, we obtain [42]:

Hi(w,2) = eG1w)z — p(—a(w)—jA(w))z

e(G1(w1)+G] (w2)+G1(ws))z _ oG1(w1—wa+tws)z

PGr(wr) + G (w2) + Gi(ws) — Gi(wr — w2 + w3)

Hi(wi,wa,ws, 2) =G

(3.29)

(3.30)

(3.31)

(3.32)

(3.33)

(3.34)
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Considering now a system with different inputs, x1(t), z2(¢), ..., zx(t) and an output, y(t), we can express
Volterra series as follows:

yt) =kot > > ... %/ / Kis iz, ...in (81582, s 8n)
i1=11ip=1 TYTee B

ir=1
X a:l(t — 51)...$1(t — 57;1)

X IEQ(t — S(1+i1))...$2(t — 8(1'1_1_1'2))

X ...

X Tk (t — S(14iy4..4in_1)) Tk (t — 8n) | ds1dsa...dsy (3.35)

where i1 + i3 + ... + ix = n. In frequency domain we have:

Y(QJ) = Z Z NN Z /OO .. /OO Hil,iQ,...,ik(wla ey Wp—1,W — W1 — ...wn_l)

11=0142=0 i,=0""
X X1 (wl)...Xl(oJil)

X Xo (wil_;,_l)...XQ(il + ig)

X ...

X Xt (W1giy 4. +ip_q)e-Xp(Ww — w1 — cewpn—1) | dwidws...dw, 1 (3.36)

3.3.2 Solving NLS equations by Volterra series

Regarding to expressed equations in last section, we consider FWM in degenerate state for a system with
inputs, As(w,0), Ap(w,0) and for outputs A,(w, z), As(w,z). The relation between inputs and outputs
are described by (3.25), (3.26), (3.27). For simplicity, we suppose that in these equations in the length of
the nonlinear environment As(w, z), A,(w, 2) do not have any influence on pump signal (clock), A4,(w, 2).

Mentioned to (3.36), Volterra series for this system are as follows [43]:

k:odd

Ap(w, z) = Z /.../Hpk(wl,...,wk_l,w—wl—|—...+wk_1,z)
(Kioda)

X Ap(wl)A;(wg)...A;(wk_l)Ap(w —w1+ ... + wk_l)dwldwg...dwk_l (337)
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where we can assume that since the pump signal A, has a much bigger amplitude (in the order 10-100 times)

than Ag and A,, we can neglect the terms related to As; and A,.

LUZ

Ap(w, z) =

Z/ /Hsk Wiy ee s W1, W — W1 + oo+ Wi—1, 2)
kl

(Ic ndd

x Ag (wl)A* (QJQ)A* (wk_l)As(w —wi + ...+ wk_l)dwldwg...dwk_l

+ Z Z / /Helkwla-- yWhtl—1, W — W1 F o + Wt1—1, 2)
(l ndd) (k 6’1)(’77.

X Ap(wl)A;(wg)...Ap(wk,l)A;(wk)
X As(Wit1) A5 (Wrt2)--- A (Wht1-2) AS (Wht1-1)
X AS((JJ — w1+ ..+ wk+l71)dwld~~~dwk+l71

+ Z Z / /Hw (Wi, vy W= 1, W — W1+ oo+ W11, 2)
(l odd) (k euen

X Ap(wi)Ap(w2)... Ay (wr—2) Ap(wk—1)
X A (wi) As (Wh1) - As (Wit —2) AS (Wit -1)

X Ap(w — w1 + .. + Wipi—1)dws ... dwi -1 (3.38)

Z/ /Hok (W1, ey W1, — W1+ e+ WE—1, 2)

k odd

X As(wl)A*(wg)...A*(wk_l)As(w —wi + ... + wk_l)dwldwg...dwk_l

+ Z Z / /Holkwl,-- S Whl—1,W — W1 F o + W 1—1, 2)
(l odd) (k 6’1)(’77.

X Ap(wl)A;(wg)...Ap (wk_l)A;(Wk)
X As(wr+1) A (Wht2)- Ag (Wrt1-2) As (Wkt1-1)

X As(w —w1+ ...+ wk+l_1)dw1...dwk+l_1

+Z Z/ / o,,cw17~~~7wk+l—1yw—w1+~~~+Wk+l—172)
(l odd) (k 6’1)6’77.

x Ap(wi)Ap(we)... Ay (wr—2) Ap(wk—1)
x Ag(wr)As(Wrt1) - As(Wrt1-2) AL (Wrt1-1)

X Ap(w — w1 + .. + Wipi—1)dwr d...dwi -1 (3.39)
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For obtaining the polynomial of Volterra series for A,(w, z) and As(w, z), we substitute equations (3.36),

(3.37), (3.38) in (3.25), (3.26), (3.27), obtaining:

OHp, (w1, .. Wi, 2)
0z
+ 72pp Z Hy (w1 ooy wiey 2)Hy (Wi 1, o0y Wipms 2) Hp,, (Wikme 15 005 Wi 2) (3.40)

(et

=G1(w1 —wa + ... +wi)Hp, (W1, ..., Wk, 2)

0H;, (w1, ..., wk, 2)
0z

+j2’785 Z Hsl(wlv"'7wkvz)H:m(wl+1v"'7wl+mvz)Hsn(wl+m+1;"'awkvz) (341)

(l+i;:i":=k)

=Gi(w —wa + .. + wi)Hs, (w1 -y Wi,y 2)

8Hsl,k(wla ...,OJk.H, Z)
0z

=G1(wr —wa + o F W) Hyy (W1 00, Whett, 2) + 52755 Z

(pf’r:jr:=l)

*
E [Hsp,h (Wi, oy Wp+hs Z)Hsm,i (Werthlv ooy Wptht+m+is Z)Hsn,j (Wp+h+m+i+1v ey Wh5 2)}

(nivi)

J2%s0 Z Z [Hop,h (W1 e Wp+hs Z)Hgm_i (wp-i-h-‘,-l; ooy Wptht+m+is Z)Hsn,j (wp+h+m+i+1; ey WE Z)]
(Gmsts) y (ndvdie)
p+m+4n=I1

. *
+ J47sp E Hy,, (W1, .oy i, Z)Hpn (Wint15 oy Wintms Z)HSz,(k,_m_n) (Wingnt1s oo Wl 2)

m,n
+ j2’750peijAkZ Z Hy,, (wla ey Wy Z)H(/;T‘(,C,m,n) (merlv ooy Whk—n+41, Z)Hpn (wk*nJrlJrla ooy Wh1 Z) (342)
m,n
8H(/ (W1, ooy Wit 1, 2) , )
Si,k éz ) ’ =G1(w1—OJ2+~~~+wk+l)Hs,,,k(W1a"'awarl’Z)+=72’755 Z

(p-Lmbnizs)

’ ’ ’
> [Hs,,,h(wl, ooy Wphy 2)H ) (Wt hts oo Wpthpmeis 2) Hy | (Wpthtmtit1s oo Whepl Z)}

(niviio)

. ’ ’ ’
J27s0 Z Z [Hop‘h (W1, oy Wpth, Z)Ho:” (Wptht1s e Wpthpmteis Z)Hsnyj (Wpthtmetit1s e Wkt Z)]
p+m+4n=I
. ’
+ jdvsp Z Hy, (W1, Wi, 2) H (Wit 1 -0y Wit Z)HSz,u-,_m_n) (Wintnt1y ooy Wht1y 2)
m,n
+ j2’750pe_jAkz Z H, m (wla coey Wy Z)H:l,(,c_m_n) (merlv ooy Wh—n+1s Z)Hpn (wk*nJrlJrla ooy Wh1 Z) (343)

m,n
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0H,, , (w1, ..oy Wts 2)
0z

=G1(wr — w2 + .. Fwig1)Hop (W1 ooy Whtt, 2) + 5200 Z
(o)
2 [Hop’h (W1 oy Wpths 2)H | (Wptht 15 ooy Wphmis 2) Ho, [ (Wphgmrib 15 -y Whetl Z)}
(0 771)
jQ’Yos Z Z [Hsp,h (o.)1, ooy Wpthy Z)H:m,i(wp+h+17 cory Wpt+h4+m+i Z)Hon‘j (wp+h+m+i+17 ceey WEA1, z):|
() ) (i)

p+m4n=I

+ .]4"70;() Z H, m (UJ1, ceey Wimyy Z)H;n (Wm—i-l; vy Wm+n, Z)HOL.(k—mfn) (Wm—i-n—i-l; cony WEH1, Z)

m,n
+ jZ%Spe_jAkz Z H, (w1,..,Wm, z)H;T’(k_m_n) (Wit 15 oes Whentts 2) Hp, (Wh—n i 15 ooy Wht15 Z) (3.44)
m,n
8Hl ,(w17"'7wk+l7z) ’ .
oLk 5 = Gi(wr —w2 + ... Fwp)Hy,p | (W15, Wht, 2) 4+ 7200 Z

(pfmtnt)

’ ’ ’
Z [Hop,h (@1, ey Wphy 2)Hr (Wptht s ooy Wt hbmetis ) Ho | (Wphtmepit1s oo Whetts Z)}

(niviio)

. ’ ’ ’
i2%s ) > [Hsp,h (W1, oy Wpths 2)H, | (Wphae1s ooy Wpthpmtis 2) Ho (Wpthmtis 15 -y Whetl Z)}
p,m,n h,i,5
( (p,m23) ) (h+7:+.7‘:k)
p+mtn=l
. ’
+ 54%p Y Hpp (@1, ooy 2) Hyy (@i 1 oo @iy 2) Hoy o (W 1, ooy k1, 2)
m,n
+ j2’yospe_jAkz Z H, (wi,...,wm, z)H;’(k_m_n) (Wit 1y ooy Whmntls 2) Hp, (Wh—ntid41, ooy Whtl, 2) (3.45)
m,n

By definition, in above relationships we have:

’

(Wi ooy Wi, 2) = Hy (W10, Wm, 2) = Hy, (W15 00y Wi,y 2) (3.46)

Sm,o

In these equations we suppose that A,(w,z) = 0 in z = 0. Therefore with considering equation (3.38), all

polynomials H,, (w1, ...,wk, z) are zero.

3.4 Application of FWM in Optical Systems

FWM has many applications in telecommunication systems as well as optical processing, including the ability

to build optical gates, phase conjugation, wavelength conversion and real-time holographic imaging.
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SR

2o — oy, Wy Zoug— g

FWM

—— ———————

Figure 3.2: Degenerate Four Wave Mixing process with input and output frequencies.

3.4.1 Optical AND Gate

AND gates have wide applications in optical systems. One of the most important use of all-optical AND gate
is in the receivers of optical multiple access systems. For example, in OTDM systems we need to separate
the desired signal from other adjacent signals in time domain. But because of the small bandwidth of light
pulses, even the fastest electronic photo-detectors are not able to separate these signals. So it is necessary
to use all-optical processing on the received optical signal before the electronic photo-detection.

In Fig. 3.2 we suppose that two signals with frequencies w, and wj, enter a nonlinear device. Note that for
this AND gate phase-matching conditions must be satisfied in order to obtain degenerate four wave mixing
(DFWM). As described in section 3.1, the two input signal generate two additional frequencies at the output,

called conjugate and satellite signals:

Weonjugate = 2Wp — Ws

Wsatellite = 2Ws — Wp (347)

The structure of a time gate by using FWM is shown in Fig. 3.3. In this configuration a semiconductor
optical amplifier (SOA) has been used as a nonlinear environment for obtaining the FWM process. In SOA,

FWM is done by using carrier density modulation. Owning to the nonlinear interaction between the pump

Data R To PD
Optical
—* SOA —

Filter
Clock N

Figure 3.3: Using DFWM applied to an all-optical AND gate.
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signal with carrier frequency ws, a part of their energy has been transformed into a new signal with carrier
frequency (2w, — ws). If any of these two signals were zero then no energy will be transformed to the new
frequency and the output signal will be zero. So this structure will acts just like an all optical AND gate.
At the output of nonlinear media an optical filter separates the output signal with the central frequency

(2wp — ws) from the pump and input signals.

3.4.2 Wavelength Converter

Wavelength converters are used to change the frequency of the input signal. Transforming a wavelength to
other wavelength has many applications in optical telecommunications, especially in switching and routing
of optical carriers. There are several approaches to build wavelength converters and using FWM supposes
two important benefits in comparison to other alternatives. First this method can be performed at high
speed and a second one is its ability to convert signals of the same band frequency at the same time.
Again, we consider the case of degenerate FWM. We have a pump signal with frequency w, and an input
signal with frequency ws, obtaining frequency 2w, — ws at the output. We can adjust the output frequency

by changing the frequency of the pump signal.

3.4.3 Phase Conjugation

Phase conjugation is a physical transformation of a wave field where the resulting field has a reversed
propagation direction but keeps its amplitude and phase. In fact, It is possible, using nonlinear optical
processes, to exactly reverse the propagation direction and phase variation of a beam of light. In other
words, the wave seems to go back in time. It is useful when a signal through the heterogeneous environments
has been distorted. Because by phase conjugation and pass signal from same path, distortion would be lost.

FWM can be used to perform phase conjugation on the input signal. Considering equations (3.14), (3.15),

Ey
Pump

/
Es  Nonlinear Medium

uiput signal /
Qutput si |
2 /Pump

Figure 3.4: Phase conjugation by FWM.

Input signal
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(3.16), (3.17)and also with direction of wave propagation as shown in Fig. 3.4 can apply phase conjugation.
If all signals are in the same frequency and in the degenerate FWM case and also mention to Fq, Fy are
opposite direction, output signal F, would be reversed propagation direct of E3. So with phase matching
condition, nonlinear media acts as a mirror phase conjugation for input signal. One of application of this
phase conjugation is in lasers. With using this mirror in cavity of laser can eliminate the distortion due to

lasing environment on the signals in cavity.

3.4.4 Conclusions

In this chapter, we have considered the application of nonlinear optical techniques in optical communications,
focusing on FWM. According to the limiting response time of electrical parts in optical communications, it is
necessary to use all-optical processing in receivers. FWM could be used as combiner (AND gate) in receivers
of multiple access systems, reducing the effect of interference due to other users. We have described the
mathematical model of FWM and the equations related to input, pump (clock) and output signals, (3-25),
(3-26), (3-27). We have solved these equations using Volterra series. The chapter has described also some
applications of FWM in the telecommunications field. For more details about the kernels of Volterra series

and the detailed steps of the calculation, please refer to Appendix B.
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Chapter

Bit Detection in Optical TDM Networks

Optical networks are a promising technology in providing high-speed access (Tbps). Optical sources can
generate sub-picosecond pulses and transmit the information at significantly high data-rates. An important
goal in the area of optical communications is to provide high-speed data transmission by exploiting the
intrinsically fast behaviour of the optical domain. Detecting these ultra-short pulses is a challenge in optical
systems since commercially available detectors are not fast enough. Therefore, optical signal processing is a

key technology for detection and signal recovery in ultra-fast optical networks.

One of the traditional techniques for implementing optical networks is optical time division multiplexing
(OTDM). This is a powerful optical multiplexing technique that increases the channel usage in optical
fibers and enables high capacity transmission of data over a single optical channel. Without applying
multiplexing, exploiting the existing optical fiber bandwidth (Tbh/s) is problematic since the effective usage
of its maximum bandwidth depends on the capability of the electronics within the terminal and repeater
equipment. Commercially available electronic components are limited a data-rate of around 50Gb/s, and
hence, impose a bottleneck on high-speed communication. OTDM is a popular technique to overcome this

bottleneck.

OTDM networks use ultra-short light pulses for data transmission, but even the fastest photo-detectors
are unable to separate data from the desired user from signals produced by adjacent users. Therefore, it
is vital to apply all-optical signal processing on the received optical signal before photo-detection [44]. In
these systems, it is an effective technique to use optical time gating at the receiver side to extract the desired
user signal from the received signal. This approach requires an optical clock recovery procedure. However,
increasing the data rate in OTDM networks means the accuracy of the optical clock recovery decreases [3],

[45] and the system performance is consequently degraded.

49
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Different aspects of optical clock recovery have been studied by various researchers. For example, the
effect of the pattern sequence length on optical clock recovery (OCR) using passive filtering is evaluated in
[46]. The study is focused on the quality of the optical clock recovered with the passive filtering, and also
on the relation between quality and data sequence length. An optoelectronic phase-locked loop (PLL) with
three-wave mixing in a periodically poled lithium niobate (PPLN) for the phase comparator is presented in
[47]. A simple all-optical clock recovery technique for short data packets at 160 Gb/s and beyond, based on
the Fabry-Pérot filter (FPF) is suggested in [48]. The novel feature of the technique is the use of a highly
nonlinear fiber followed by an optical bandpass filter (centered at the initial carrier wavelength) which acts
as an ultrafast power limiter by removing the amplitude modulation of the FPFs output, as well as providing
the clock signal. Although one of the questions to be answered in any clock recovery system is the optimum
value of the clock pulse width, the aforementioned works did not address this topic.

In this chapter we analyse and simulate the effect of the clock signal’s pulse width on the bit error rate
(BER) in the receiver. We have considered a time jitter in the clock signal and the aim is to find an optimum
value for the clock signal pulse width to minimise the BER of the receiver. The BER is calculated from the
eye diagram for different parameters and plotted versus the pulse width of the clock signal. To the best of
our knowledge, this is the first analytical study on the influence of the pulse width of the clock signal on the

quality of the received signal.

4.1 Structure of Optical Clock Recovery in an OTDM Receiver

In high-speed OTDM networks, time gating in the optical domain is a very important issue for achieving a
good performance in detecting the received data bits. Optical time gating requires optical clock recovery,
which is an essential requirement for synchronising the clock signal with the received data signal. Fig. 4.1
shows the configuration of a typical optical clock recovery system [49]. As depicted, high-speed optical data

and clock signals are combined and entered into an Erbium-doped fiber amplifier (EDFA) as a nonlinear

Lens offset
1101 Local Clock CLK
AAGN = Out
Sl - @ O—| | H@) vco ———
DATA x(t)
SLAFD PLL Filter
Filter

RF Amp

A Mode-Locked |

cLocK Laser |

Figure 4.1: Configuration of the optical clock recovery in optical networks using a mode-locked laser.
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(T *0)2

Figure 4.2: Data and clock signals and their generated output when there is jitter in the clock signal.

media and then focused on the surface of a silicon avalanche photodiode (APD). The combination of the
EDFA and the filter can be considered as an optical AND gate [50]. The optical clock signal is generated by
a mode-locked semiconductor laser diode driven by a voltage-controlled microwave oscillator. The low-pass
filter shown in the diagram is used to block any short wavelengths that would otherwise generate a linear
photocurrent. The loop filter, H(w), is designed so that the closed-loop transfer function has the desired
bandwidth.

In high-speed communication systems, the accuracy of the clock recovery decreases because of the shorter
duration of the pulses, and consequently, a time jitter appears in the clock signal. This time jitter can cause
errors in the detection of the desired user data, as shown in Fig. 4.2. In this work, we have assumed the
jitter to be the main limiting factor at the receiver and so the effects of amplified spontaneous emission
(ASE) [51], thermal, shot and beat noises and nonlinear phenomena such as Raman and Brillouin scattering

are not considered in order to simplify the analysis.

Moreover, by widening the pulse width of the clock signal, the receiver’s performance can be improved.
This manipulation can be helpful in the detection of a larger portion of the data pulse. As shown in Fig.
4.3, by increasing the pulse width of the clock signal, a part of the pulses from adjacent users will also be
gathered by the detector. This effect generates another error source at the output signal and this error
becomes larger when increasing the pulse width of the clock. By widening the pulse width, the greatest
error occurs when the desired signal is zero and the adjacent bit is “1”, since the clock will be mixed with
them and the detector may detect a one instead of a zero. This effect is shown in Fig. 4.4. Considering the

trade-off between the two error sources, we hypothesize that there is an optimum value for the clock signal
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pulse width, for which the BER is minimized.

One of the most important characteristics of optical clock sources is their flexility regarding the manip-
ulation of the clock signal. For example, [52] proposes an approach for synchronizing the mode locked laser
(MLL) with a second fiber laser via an intracavity electro-optic modulator (EOM), while [53] presents a
method to alter the pulse-width of the laser by manipulating the grating bandwidth, utilizing electro-optic
modulation. Using these two techniques the pulse-width an appropriate frequency of the clock signal can be

set to the desired values.

4.2 Calculation of the Bit Error Rate

In this section we analyze the bit error rate (BER) by considering the phase error in the optical clock recovery
system. We only consider the jitter of the clock signal as the noise source, and ignore other noises. The
scheme of a receiver using time gating in OTDM networks is shown in Fig. 4.5.

The output of the EDFA can be approximated [54] as

w(t) = npe” " (gL)?aZ(t - T)aq(t), (4.1)

where 7 is the delay between clock and data signals, a.(t) and a4(t) are respectively the optical powers of

Ideal A
Clock S Non-Ideal
Recovery [ Clock

i

I

1

1

Recovery

Data
signal

Figure 4.3: Non-ideal clock recovery and its time delay respect to the received data signal when the desired
bit is one.
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Figure 4.4: Non-ideal clock recovery and output signal when the desired bit is zero and the adjacent user’s
bit is one.
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Figure 4.5: Diagram of the OTDM receiver based on optical time-gating.

(FWM) defined [55] as

the clock and data signals with peak powers of P, and P, L is the length of the nonlinear medium, « is the
loss of the nonlinear medium, g is the third order susceptibility and ng is a measure of the four-wave mixing

1— ef(aJrjAk)L 2
-]

(a+ jAk)L

(4.2)

Here we assume that the mismatch factor, Ak, is zero. For simplicity, we define v = nre=*F(gL)?, as a

coefficient that represents the strength of the nonlinearity of the EDFA, which only depends on the physical

characteristics of the nonlinear medium and is assumed to be time invariant. We assume that 7 is a zero
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mean Gaussian random variable [56]. Moreover, we consider the clock and data signal in one bit period.

The clock signal can then be written as

+2

ac(t) = P.e 72, (4.3)

where T, is the full width at half maximum (FWHM) of the clock pulse-width. We also suppose that the
variation of the clock signal is small enough, so that we only consider the effect of the two adjacent user

signals for evaluating the BER of the desired user. In these calculations we consider the data signal as follows

(T2 2 _ (t=Tp)?

b_ie 2Ta +bge *Ta +be 7a , (4.4)

aq (t) =Py

where bg is the data bit of the desired user, b_; and b; are the data bits of the users before and after the
desired user, T}, is the bit period and T, is the FWHM of the data pulse. The Fourier transform of (4.1) can

be expressed as [50]

X(w) = / / eI A (wy)eTI92T A% (wa) Ag(w — wi + we)dwy dws, (4.5)

where A.(w) and A4(w) are the Fourier transforms of a.(t) and a4(t), respectively, and can be written as

follows

Ac(w) = P.TA2me 5 T2, (4.6)
Aa(w) = PATVZ (b_1eT 4 by + bye#T) =% Th, (4.7)

The integration time of the photo-detector is considered to be much greater than the pulse widths of the
data and clock signals, and thus the output signal of the photo-detector can be calculated from the following

equation:

[ee]
IzR/ 2(#)dt = RX (w = 0). (4.8)
In this formula R is the responsivity of the photo-detector, which is defined as

R e

=2 (4.9)
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where 7 is the quantum efficiency of the photo-detector, g. is the electron charge (1.6 x 107°C), h is the

Planck’s constant (6.63 x 1073%.J.5) and v is the optical carrier frequency.

The error probability can be calculated applying the law of total probability:
P, = P(b=0)P(error|b = 0) + P(b = 1)P(error|b = 1). (4.10)

By considering an equally-probable binary transmission and Gaussian distribution for the output current,

(4.10) becomes as follows

o2 o 22)| am
oo g1

where m; and 03 (j = 0,1) are, respectively the mean and the variance of the output current when bit j
is sent, i.e., (bp = j). Th is the optimum threshold that minimizes the bit error rate (BER), and can be

approximated [57] as

mi109 + Moo1
oo+ 01

Th = (4.12)

Substituting (4.12) in (4.11) gives us the following relation for P,

P.=Q <w> (4.13)

oo + 01

The mean, my, and variance, o2, of the output current can be derived from (4.8) as follows

m; = RE{X(w=0)}, (4.14)

0? = RF{X*(w=0)} - R’E*{X(w=10)}. (4.15)
Applying (4.5) in (4.14) and (4.15) we obtain

my = Ry /_DO /_OO Or (w1 —wa)Ac(wr) AL (wg)E{Ad(wg — wl)}dwldwg, (4.16)
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0%+ m3 = R / / / Gr (w1 — wr — 1+ v2) Ao(wr) A% (w2)

X E{Ad(wg —wi)A(vy — Vl)}A: (11)Ac(v2)dwi dwedyy dvs, (4.17)

where ¢, (w) is the characteristic function of the random variable T and is defined as ¢, (w) = E{exp(—jwT)}.
As indicated in [56], the error in the clock recovery leads to an error in the timing synchronization between

the data and the clock, which is indicated by 7 in this paper, and is considered to be a Gaussian zero mean

W2 . .
random variable with variance o2 and therefore its characteristic function is ¢, (w) = e~ Substituting

(4.6) and (4.7) in (4.16) yields

2 2 3 e e _(wy—wy)? o2 _witwd T2 _(wp—wy)? T2
my = RyP?PyT*T 2V 2> e TR0l om TR R
—00 J —00

X (bg + cos((wg — w1)Tp)dwi dws. (4.18)
Setting x = wy — wa, (4.18) can be simplified as
mr = R'foPdeTdQ\/iW% /e*%([’i*T% x (bg + cos(zTy)) du, (4.19)
where T is /T2 + 272. Using 1=, e~ cos Brdr = ge_ﬁ, (4.19) can be written as

2
4v2 Ce

Voi+1? ot

my = RyP?>PyT?*Tyr? (4.20)

Similarly by defining © = w1 — w2 and y = 11 — v, (4.17) becomes
2 2 _p22pip2papag s [ [ —2tlpr _@ow? o
JI +m1 :R ’y PCPdTCT(iSﬂ- / / e 4 e 4 Ir
—o0 J —o0

X <b0 + cos(be)> (bo + cos(yTb)> + %cos((x —y)Ty) | dxdy, (4.21)
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and by calculating the integrations we have
ik (13)
b T 124202 2
2 2 2,2 pd p2pdm2 4 0 ™
07 +m7 =R*y*P_ PiT.T5321" X | — —=1|1+2¢
I I v d d T T2 —|—20$< )
1 *22#’2’2 2 2Tg
+ T34+203 e ‘T2 4.22
T+/T?+ 202 T\/T?+ 202 ( )
According to (4.20) and (4.22), these four parameters (mg, 02, m1 and o) are as follows:
0 1
42 T
mo = RYP?PyT?*Tyn* ————e 7+77, (4.23)
oz +T?
7% ) —ﬁ 7%
2 p2 2 pd p2dg2ae0 4| € T t2e T e 77
=R*~“P.P;T.T:.32 — 4.24
0o Y el gl ol go4m T T2—|—20'72_ 0.2,.+T2 ) ( )
442 __Th
my = R'YP?:PdT?;TdWQﬁ L+e 77477 |, (4.25)
1 d: (1+"—*)
2 2.2 pd p2dm2a0 4 T2+207 72
01 =R*v*P_P3T.T3321" X | ————=1+2e¢
LT etatetd Nm(
2
2T} 272 1 __ T3
+e T?4+202 + 2e” T2 — m l1+e oF+T? (426)

Substituting (4.23)-(4.26) in (4.11) gives us the bit error probability of this system.

4.3 Simulation results

We have simulated and analyzed the effect of the clock pulse width on the SNR of the receiver in an OTDM

system using MATLAB. First we generate an OTDM signal with random data from eight users. In the

receiver we build a clock signal for the desired user that repeat in time period of desired user. Then the
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Figure 4.6: (a) Example of data signal at the input of the OTDM receiver with 5 users, and 11 repetitions
of the OTDM frame with T;=1 ps. The desired signal is shown with red line in the figure. (b) Example of
clock signal at the input of the receiver for 5 bit and 11 times repetition with 7,=2 ps.
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Figure 4.7: (a) Example of the data and clock signals at the input of the receiver with 5 users and 11
repetition of the OTDM frame with T.=2 ps and T;=1 ps. The desired and clock signals are shown with
red and blue lines respectively and the other adjacent bit are black and dashed. (b) Signal at the output of
the receiver when there is no jitter in the clock and the bandwidth of the clock is bigger than the bandwidth
of data.

clock signal and the received signal are multiplied. In the output of system, we obtain the integral of the
signal duration of bit belong desired user. We can modify the values of several parameters such as different
bandwidth of clock and data, or jitter. Each simulation has been repeated 1000 times for each value of the
parameters and we obtain the eye diagram of the desired signal at the output. We plot the eye diagram
for each case and calculate my, mg, o9 and oy from the eye pattern [58]. The BER is then obtained using
(4.11). The simulation results are obtained for a bitrate of 10 Gb/s, and a data pulse width of 4 ps.

A simple example of simulations of the signals in the input, clock and output for a ideal OTDM receiver
are shown in Figs. 4.6 and 4.7. In these figures the nonlinear effects of AND gate are not considered. We

show 5 users that send information in 5 adjacent time slots, and the OTDM frame is repeated 11 times. We
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assume that the bit duration of the data signal is 1 ps and the bit duration of the clock signal is 2 ps and
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Figure 4.9: Examples of eye diagrams at the output of the receiver for Ty = 4ps, T}, = 12.5ps (a) 7=0.2Ty
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Figure 4.10: BER versus clock pulse-width for different data pulse-widths with 7=0.8Ty, T, = 12.5ps,
Ty =4ps .

we do not have any jitter in the system. In figures of 4.6 and 4.7, the desired signals are depicted in red
line, the clock signal is blue, and the adjacent users are in black-dash line. This figures shown how we can
extract desired signal from received signal in a ideal OTDM system.

We now focus on the effect of jitter and widening effect of the clock signal in the performance of the
system. In these results it has been considered that by widening the clock signal its peak power is decreased
and so its total energy remains constant. In Fig. 4.8, four eye diagrams at the output of the receiver are
depicted for o= 0.5T; and different clock pulse widths. By increasing the clock pulse width the received
energy increases, and the upper level of the eye diagram becomes larger because I,,,4; is increased. As can
be seen, the best eye-diagram among the four depicted cases is for the second case, for which the clock pulse
width is T.=8 ps. Although the width of the eye diagram showing the variance is thicker for Fig. 4.8-b than
Fig. 4.8-a, it has a lower BER since the received energy is much higher. In Fig. 4.8-a, since the pulse width
of the clock signal is small, the signals from neighbouring users are not gathered by the photo-detector, and
therefore the received signal for data bit “0” has a small variation. But for the data bit “1”, due to the jitter
of the clock signal, the photo-detector cannot integrate the entire data signal and thus the received signal
has a variation in its amplitude. In Fig. 4.8-b the clock signal is widened and therefore the received signal
for data-bit “1” is improved. Moreover, the overlap between the clock signal and signals of the neighbouring
users is increased, and consequently, the variance of the received signal for data bit “0” becomes greater.
Similarly, by increasing the width of the clock pulse in Fig. 4.8-c and Fig. 4.8-d the variance of the received
signal increases for both data bits “1” and “0”. Thus, by integrating more data signal and avoiding major
interference from the adjacent signals we can obtain an optimum value for the pulse-width of the clock signal

to minimize the BER.
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Fig. 4.9 shows the effect of widening the clock signal on the receivers with different jitter amplitudes.
Fig. 4.9-a and Fig. 4.9-b are for o, = 0.27,, and Fig. 4.9-c and Fig. 4.9-d are for o, = 0.77y. As we can
see, for Fig. 4.9-a and Fig. 4.9-c the eye height (the distance between the upper and lower levels) are almost
the same, but the width of the eye is thicker for the second example. The same effect holds for Fig. 4.9-b
and Fig. 4.9-d.

Fig. 4.10 shows the BER of the receiver versus the pulse width of the clock signal for different bit-rates,
plotting both the theoretical and simulated values. The analytical results are plotted using (4.11) by applying
mg, m1, oo and o as calculated from Eqs (4.23)-(4.26). In Fig. 4.10 the results are for o,= 0.87,; and
Ty = 4 ps. By increasing the clock pulse width the gathered energy becomes larger. However, by widening
the clock pulse, the portion of neighbouring users gathered by the receiver becomes larger. Hence there is
an optimum point for which the ratio between the gathered energy and the variance reaches a maximum.
The BER versus the pulse width of the clock signal for different bit-rates is plotted in Fig. 4.11 for o,=
0.57;. In both Fig. 4.10 and Fig. 4.11 the optimum clock pulse width is increased by increasing the data
rate, which means that wider clock pulses are needed for higher bit-rates.

The BERs obtained with different jitter amplitudes have been plotted versus the clock pulse width in
Fig. 4.12. The results show that by decreasing the time jitter of the clock signal, the performance of the
receiver is improved. For a fixed bit-rate, the distance of the signals from two adjacent users is larger for
shorter data signals, and therefore the interference probability on the desired user’s signal is lower. There is
an optimum value for the clock pulse width, which is the same for the different bit rates. Finally, Fig. 4.10,
Fig. 4.11 and Fig. 4.12 show that simulated results match remarkably well with the analysis described in

Section 3.
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Figure 4.11: BER versus clock pulse-width for different data pulse-widths with ¢,=0.5Ty, T, = 12.5ps,
Ty = 4ps.
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Figure 4.12: BER versus clock pulse-width for different jitter amplitudes, T}, = 12.5ps, Ty = 4ps.

4.4 Summary

Ultra-fast optical communication is the backbone of the high-speed global networking. OTDM is a popular
technique for multiplexing the data of multiple simultaneous users on a single optical channel. In this chapter,
the effects of the clock signal pulse width and different jitter amplitudes on the performance of the receiver
are studied in an on-off modulated OTDM network using both analytical and simulated results. We assume
that the optical clock signal used for time-gating has jitter, and therefore, there is a delay between the clock
and data signals. We model this delay as a zero mean Gaussian random variable. Using the analytical results,
an optimum clock signal width for obtaining the best performance of the receiver for different errors and
time periods has been obtained. Moreover it has been shown that the minimum BER is not always obtained
with T, = Ty and that the minimum can change depending on the variance of the error and bit duration.
It has also been shown that there is an optimum value for the pulse width of the clock signal for which
the BER is minimized. We can deduce that jitter amplitude is the key factor in determining the optimum
value of the clock signal for a fixed bit rate. Simulation results are presented to evaluate the accuracy of the
analytical expression. In this research we consider that the bandwidth of T, and Ty are a portion of Ty, and
therefore increasing the data rate and decreasing the bandwidth of T} would cause decrease the bandwidth
of Ty and T, in portion of T. Therefore, in order to improve the performance of the receiver and decrease

the BER of the system, recievers should be able to tune the bandwith of 7.



Chapter

Bit Detection in Optical CDMA Networks

The growth in the demand for high-speed transmission of information has increased the need for high capacity
optical networks. Multiple access techniques play a key role in accessing the bandwidth of multi-user data
communication networks. Optical code division multiple access (OCDMA) systems are becoming more and
more attractive in all-optical communications as multiple users can access the network asynchronously and
simultaneously with a high level of security [59]. The main advantages of this approach are the flexibility
in the allocation of channels, the ability to operate asynchronously and enhanced privacy and increased
capacity. Direct detection OCDMA systems have been widely studied and applied to high-speed local area

networks (LAN), because they allow multiple users to access network simultaneously [60].

Several coding schemes can be used depending on the available optical sources (coherent and incoherent),
detection method (coherent and incoherent), encoding domain (time, wavelength or space), and encoding
techniques (amplitude and phase), such as pulse-amplitude-coding, pulse-phase-coding, spectral-amplitude-
coding, spectral-phase-coding [61], spatial-coding[62] and wavelength hopping time spreading coding [17],
among others. One important aspect in OCDMA is the orthogonality of the code, a key property of the

system [59]. Many researchers have proposed several codes such as prime code, optical orthogonal code [63].

In this chapter we focus on the time-spreading technique since, because of its simplicity and low cost,
it is the most popular form of OCDMA, and we consider optical orthogonal codes (OOC) for the encoding
method as they have good auto- and cross-correlation properties. In this case each receiver calculates the
correlation between the received signal and a pre-assigned signature pattern, locally generated by the clock
signal, and then makes a decision on the received data based on the output of the correlator. The correlation
is usually calculated in the optical domain to increase efficiency [64]. The slow response of photo-detectors

in time domain causes the integration time of electrical part to be much greater than the duration of the
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ultrashort pulse, thus revealing the necessity of all-optical processing in the receivers [65].

In high-speed communication systems, increasing the number of simultaneous users is challenging since
it increases the multiple access interference (MAI), which looks like a noise to receivers and makes signal
detection difficult. At high data-rates (Tbps), the time width of the bits is small (in the order of femtoseconds)
and any small time-mismatch (usually referred to as jitter [66]) between the clock and the received signal at
the receiver will cause an error in the correlation receiver, leading to an increased bit-error-rate (BER). High
speed OCDMA systems are usually contaminated by jitter at the receiver because of the short duration of
the pulses, and consequently, the accuracy of the data recovery decreases with transmission speed.

The detection of the desired user’s signal in the presence of the multiple access interference is an im-
portant problem in OCDMA systems. For a given system performance, the maximum number of users is
limited by the the MAI-generated noise [67]. Different techniques have been proposed to reduce the effect
of MAI in optical domain, including “time gating” and “optical thresholding” of the auto-correlation peak.
Both techniques apply non-linear devices on the received signal to make MAI weaker. In nonlinear optical
thresholding, a non-linear photonic device is used before the electrical detection step in order to increase
the intensity difference between the main pulse and the interfering signals, without any need of exact syn-
chronization with the received ultra-short pulse of the desired user. The optical non-linear thresholding has
been successfully implemented using different non-linear optical effects such as second harmonic generation
(SHG) [68], self-phase modulation (SPM) [31] and two-photon absorption (TPA) [33]. On the other hand,
the time-gating method uses a control signal to separate the ultrashort pulse from its neighbourhood signals,
and unlike the thresholding method it requires a proper synchronization between the control signal and the
desired user’s pulses. Two common configurations for constructing optical AND gates are nonlinear optical
loop mirror and four-wave-mixing (FWM) processes [69)].

Some researchers have proposed techniques for increasing the accuracy of the detection, and also different
coding techniques for decreasing the BER, such as the use of OCDMA with optical orthogonal codes in
[70], the performance analysis of nonlinear receivers in Asynchronous Spectral-Phase-Encoding in OCDMA
Systems in [31], or the application of AND gates based on four-wave-mixing in OCDMA systems in [71], while
[72] discusses the mitigation the effects of jitter and MAI in the BER by using a joint jitter estimator and
canceller (JJEC). Also in [73] and [74] the authors propose a hybrid pulse position modulation/ultrashort
light pulse CDMA (PPM/ULP-CDMA) system for ultrafast optical communications. In these papers the
performance is improved of the system by increasing the effective the number chips and PPM symbols and
by decreasing the duration bandwidth of the pulse using a time-space processor.

Our goal in this chapter is to use optical time gating to decrease the effect of MAI in the presence of

jitter in time spreading OCDMA systems. In order to describe time gating as a nonlinear process we use
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Figure 5.1: OCDMA architecture using a nonlinear device in the receiver. DP,, is the nth user’s OOC, and
Tp, 18 the delay associated with the nth signal.

nonlinear Schréodinger (NLS) equations, which are solved using Volterra series and numerical approach. We
also consider fine-tuning the pulse-width of the clock as a technique to decrease the MAI so that the BER
of the receiver is improved. We analyze and simulate the OCDMA receiver with discrete NLS equations
using an optical orthogonal code (OOC) and evaluate the effect of the code pulse-width on the bit error rate
(BER) of the receiver in the presence of jitter. Our results confirm that there is an optimum value for the
pulse width of the code signal exists for which the BER is minimized. To the best of our knowledge, this is
the first analytical study of the time-spreading OCDMA technique using NLS equation to describe nonlinear

media and the influence of the pulse width of the codes in the quality of the received signal.

5.1 Structure of an OCDMA System with Optical Time Gating

at the Receiver

5.1.1 OCDMA System

In a typical OCDMA communication network there are N transmitter and receiver pairs (users), as shown
in Fig. 5.1. We assume that the communication between the transmitters and receivers is pairwise, and
communications between each nth (1 < n < N) transmitter and receiver pair is continuous. All optical
sources are incoherent. As a result, the optical light intensity of multiple users transmitting at the same
time are added in intensity. Furthermore, all users have the same effective average optical power at each
receiver so that one user could not overwhelm the others, and all users have identical bit rate and pulse

shape. For each user, each bit of information data is codified by a signature sequence consisting of a number
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of shorter time intervals called chips, encoded by a unique signature sequence called code-word. Then all the
encoded data from all users are added together and are sent over an optical channel. At the receiver side,
the same code-word for each user is used to decode the received signal. By correlating between the incoming
signal and the stored copies of that user’s unique sequence and comparing the output with a threshold level
(TL), the information is recovered. The received bit is decoded as a “1” if the output of the correlator
is bigger than TL and “0” otherwise. In OCDMA systems all users transmit their signals over a common
medium, which makes detection of the desired signal hard as it is mixed with some interference. Therefore, it
is important to use codes that cause smallest possible interference on each other in OCDMA system. In this
work, we use optical orthogonal codes (OOC), which have small autocorrelation and small cross-correlation

properties.

5.1.2 Four-Wave Mixing as a Time Gate

All OCDMA systems are primarily limited in their performance by MAI. The receiver’s goal is to integrate
over the desired user’s short pulse without adding the MAT signal, but even the fastest photo-detectors have
a response time longer than the decoded ultrashort optical pulse duration. This relatively slow response of
the receiver’s electrical part causes a fraction of the MAI signal to be collected by the photo-detector, and
this severely degrades the signal-to-interference ratio (SIR) of the receiver. For this reason it is common in
time-spread OCDMA receivers to use an optical non-linear device before the photo-detection to mitigate the
MAT effect on the system performance, as shown in Fig. 5.1.

In the time-gating method, an all-optical AND gate is used to separate the ultrashort pulse from the
MALI signal and to eliminate the interference signal. In Fig. 5.2 a nonlinear media (such as a silica fiber) is
used for the FWM process. The input signal, with carrier frequency w,, and the pump signal, with carrier
frequency of w,, enter the FWM device and with the nonlinear interaction between these signals, a part of
their energy is transformed into a new signal with carrier frequency 2w, — w,. This new signal will be zero
if any of these two signals was zero. An optical filter in the output separates the new output signal from
the pump and input signals. Globally, this mechanism acts as an optical AND gate. The synchronization of
the pump signal (clock) with the received pulse (input signal) can be achieved with an optical phase locked
loop based on the TPA technique [75]. Then, the random signal at the input of the nonlinear media in the
OCDMA receiver is

N
s(t) =Y bn(t —7) DPy(t — 1) €7 ) (5.1)

n=1

where b, is the nth data sequence that takes values “0” or “1” (on-off keying), DP,(t) is the nth user’s OOC



CHAPTER 5. BIT DETECTION IN OPTICAL CDMA NETWORKS 67

s{t) Four Wave All-Optical Filter

Mixing

[

C(t)

Figure 5.2: Nonlinear media: all-optical AND gate (FWM) and all-optical filter.

(signature sequence), 7 is delay between the nth user and the desired user, and ¢, is the phase shift of the

nth user.

5.1.3 Jitter

In high-speed communication systems, the accuracy of the clock recovery decreases, as was reported in [76]
for OTDM receivers, because of the shorter duration of the pulses and, consequently, a timing jitter appears
in the clock signal. In this chapter we consider the effect of the timing jitter caused by long transmission
distance, optical devices and limitations or errors in the synchronisation between the clock signal and the
received signal. All these effects contribute cause decrease the signal interference ratio (SIR) at the output
of the system. In fact, each bit in OCDMA system is divided into smaller parts (chips) and therefore timing
jitter effects are increased. Since orthogonal codes have good distance properties between codes in each bit,
by widening the pulse width of the codes, the receiver performance can be improved. This manipulation
could be helpful in the detection of a bigger portion of the code pulse. On the other hand, by increasing
the pulse width of the code, a part of the pulses from adjacent code or other users will be also gathered by
detector. This effect generates another error in the code detection, and by increasing the pulse width of the
codes, this error becomes larger. Given the trade-off between the two described error sources, we hypothesize
that there exists an optimum value for the code’s pulse width, so we can decrease effect of timing jitter in

detection and therefore minimize BER.

5.2 Analytical Model of the OCDMA Receiver

In this section we analyze the nonlinear behaviour of optical correlators in OCDMA receivers using Nonlinear
Schrodinger (NLS) equations, and we employ Volterra series to solve these equations. We consider the
variations in the bandwidth of clock signal (T.) and its effect in the output. For a more accurate response in
the simulations, we obtain the discrete version of NLS equations. For the reader’s convenience we summarize
the parameters used in equations on Tables 5.1 and 5.2, together with some of the values used on the

simulation and numerical results.
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‘ Symbol Description ‘
bn The nth data sequence
DP,(t) The nth user’s OOC (signature sequence)
On Phase shift of nth user
k Weight of the code
F Number of chips
T Duration of bit

T, Full width at half maximum (FWHM) of the
clock pulse-width (code word)

Ty FWHM of the data pulse

or jitter value
S(t, z) Received signal (input signal)
C(t, 2) Clock signal (pump)
X(t, 2) Output signal

A Code autocorrelation

Table 5.1: List of parameters used in the equations and the simulations.

‘ Symbol Description Parameters Magnitude ‘
) Attenuation constant 0.2 dB/km
51 First order dispersion 2.3 x 1072s/m
B2 Second order dispersion 4.5 x 1072652 /m
n Refractive index 5 x 10720
We Clock signal frequency 1.2161 x 10'° Hz
Wo Output signal frequency 1.2122 x 10'° Hz
Wy Received signal frequency 1.22 x 10'° Hz
fijki Spatial distribution of the fiber mode 1.25 x 101!
Acry Effective core area 8um?
Ak Wave vector mismatch 0
L Length of nonlinear media 30 m
At Duration of step in time domain 10 x 107" s
Az Length of step in direct of fiber 0.01 m

Table 5.2: Parameter values used for Schrédinger equations and simulations.

5.2.1 Autocorrelation at the Input of the OCDMA Receiver

According to the calculation of the mean and variance of the current at the output of detector due to
the interference signal, we need to calculate the output autocorrelation as shown in Appendix A. For this
purpose, first we should obtain the input autocorrelation and then use it for the output autocorrelation. In
order to calculate the autocorrelation of the received signal, we need to find the expected value of (5.1). To

that end, we define the auto-correlation as

Ry(t,t + A) = E[s(t)s*(t + A)] =

N N
B{EAELA) > bult — )b (t — T + A)DPy(t — 7)) DPpy(t — 7y + A)edrDedom (2011} (5.2)
n=0m=0
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We can estimate the auto-correlation separately in terms of phase, data and code because these parameters
are independent and they do not have any influence on each other. Therefore, we can obtain the phase

autocorrelation by assuming Ay is also a zero-mean Gaussian random process with probability density

function Pay,(Ap) = ~ 1 N e~ [(89)*/203 ] , where 02A¢ is the variance of the phase difference, which
o ©

depends only on A. Then, the autocorrelation of the phase shift is [77]:

_ too
o & / I2P B Py (Ap)d(Ap) = e~ (/D Deqan (5.3)
E¢{ejwn,(t)€—j¢m(t+A)} = {:_%D¢(A) nj:mr‘n o

where Dy (A) = 03 ,. Then by applying (5.4) and (5.2), we obtain
N
Ro(t,t+A) = e 22N B { B {b(t — 7)bu(t — 7 + A)DPy(t — 7,) DPy (t — 70 + A)} (5.5)
n=0

Regarding the autocorrelation of the data, Ry(¢,t + A) = Ey{b, ()b, (¢t + A)} and considering that b, (¢) =

e o bl(")PTh (t—IT}), where Pr, (t—1Tp) = {(1) gfl;ﬁ;giﬂ)n, we can obtain the autocorrelation function

of the data using the power spectrum function as [78]:

1 ,
526) = () |H ()P (5.6)
where s,(e7%) = Y0 R[m]e™7™“ is the discrete Fourier transform of autocorrelation of bit, R[m], and
- _ ym=0 — Elbn.bn]=% .
R[m] = E[bpm4n-bn] = {m#) N E[bmm.b,ﬁ]:%_ 1/48[m] + 1/4 so we have:
sp(e??) = Z {1/45[771] + 1/4] e Ime (5.7)

On the other hand, we have h(t) = Pp(t — .T) then, H(f) = TbSi?T;f—TJ?” and with substituting in 5.6 we

obtain:

Su(f) = T%( i {1/45[771] + 1/4]ejm“’> (Tb%>2 (5.8)

m=—0o0
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By simplifying and considering > °° emdnw = L 5700 8(f — 7r) we obtain:

n=—oo Ty n=-—oo

5in 2
5.0 =3 (e )+ o) 59)

We can use the inverse Fourier transform of the power spectrum function, S, (f), and obtain the auto-

correlation function as follow:

R(r) = FHS,()} = ytriag(50) + - (5.10)

vt~ (1 2) (o5 1) o (8)) ¢ (5 0) o) (1)) v

for the autocorrelation of the OOC code we consider DP,(t) = Y °° Ag-")PTC (t — jTc) where Pr, (t —

j=—o0

iT.) = {(1) ITe<t<UH+DTe - By definition, the correlation between OOC codes are R[l] = E[A A, g =

otherwise

A _
{% féSF ' where )\ is the code auto-correlation, and in the case of strict orthogonality would be zero.
K -

According to 5.6 we have:

1 5=
F
=0

=

sp, (e7) = [(K — Aa)Ol] + Mg e (5.11)

Assume that the Dirac function of code is ha(t) = Sinc(Tic), we have Hy(w) = fgfﬂrect(“ﬁ“) and substi-

tuting in (5.11) we obtain:

F—1 2
Sp (f) = TlF S| (K = AT + Ao |7 (\/T—;_rect(a;—TC)) (5.12)
c =0 s ™

Then, simplifying (5.12), we obtain:

1
T.F

Sp,(f) = (5.13)

2

F-1
TC TC QJTC —ilw Tc Tc WTC
(K — /\a)? (grect( o )) + Ao IZ; e = 7rect( )

Furthermore, the autocorrelation of the OOC can be expressed as:
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Rpp, (1) = L [(K — Xa)(sine(=)) + Aa Z in 1)))] (5.14)
DP,\T F\/_ S C S C .

According to (5.5), (5.10) and (5.14), the autocorrelation for all parameters becomes
_ A 1 1 . 2A . 2(A=-1)
— o 3D: (D) =
Rt ) =8 gtriag() + g 2K Aa)sel ) + X S sne( =)
(5.15)

5.2.2 NLS Equation in a Nonlinear System

The NLS equations, which describe the propagation of optical pulses over fibers and are

derived from

Maxwell’s equations, are the fundamental equations for describing a nonlinear system. The NLS equations

for analyzing the FWM in a non-linear optical media (as shown in Fig. 2), considering (3.2

(3.24), can be written as [54]

oC(t, z) el = Brj* oFC(t,2) jn'wc

9z BT ok

. K2fcc|c(taz)|2 +2fcs|S(t )

+2fex|X(t, Z)|2) C(t,z) + 2fcsxS(t, )X (t, z)C*(t, z)ejA’“Z]

0X(t,z) _ ag o Beg® 0P X (t2) | gnwx
9z _TX(t’Z) B Z ~ Otk + c

+ 4fXC|C(t, z)|2)X(t, Z) + 2fX505*(t, Z)CQ(t, Z)ejAkZ:|

0S(t, z)
0z

a S(t, T
_ __5 Z 5 o t2) | ]”cw x Kzfss|5(t,z)|2 +2fsx|X (L, 2))?

+4fscl|C(t, Z)|2> S(t,2) + 2fsxc X*(t, 2)C2(t, Z)e—jAkz:|

where Y77 | Bij ¥ /k! represents the linear dispersion, c is light speed and we assume that X (¢

2), (3.23) and

(5.16)

x KzfXX|X(t, 2)[? +2fxs|S(t, 2)|?

(5.17)

(5.18)

,z) and S(t, 2)

have no influence on the clock signal and its variation is only due to the attenuation and dispersion.

5.2.3 Volterra Series

The NLS equations are a set of nonlinear partial differential equations whose exact analytical solution

generally is very difficult to obtain except for some specific cases. There are a large number o

f approximate
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analytical and numerical to solve the NLS equations. The Volterra series method is one of the most powerful
methods to describe the nonlinear system. This method is able to capture memory effects. In the Volterra
series the output of the nonlinear system depends on the input to the system at all other times. In this
section we consider the first three terms of the Volterra series to provide a good approximation of the solution
of the NLS equations [43]. Following this approach, and for simplicity of the calculations, the system output

X (w, 2) in spectral domain can be evaluated as:
X(w,2) = X1(w, 2) + Xo(w, 2) + X3(w, 2) (5.19)

where X (w, z), Xo(w, z) and X3(w, z) are the first three terms output and C(w), S(w) are the clock and the

received signal in spectral domain respectively. These terms are defined as follows:

Xi(w,z) = jj Hé)m (w1, w2, w — w1 + wa, 2)C(w1)S™ (w2)C(w — w1 + wa)dwr dws (5.20)

Xo(w, 2) :/// Hlom(wl,wQ,wg,wAl,w — w1+ ... +wy, 2)C(w1)S* (w2)S(w3)S* (wsg)

X Clw— w1+ ... +wyq)dws...dwy (5.21)

X3(w, 2) :/// H(l)ly4(w1,w2,w3,w4,w — w1+ ... +wy, 2)C(w1)C* (w2)C(w3)S™ (wa)

X Clw— w1+ ... +wyq)dws...dwy (5.22)
We consider that the phase match condition has been satisfied and the phase mismatch, AK, is zero. Then,
Volterra kernels H'O1 ys H'O3 , and H'O1 , can be expressed as follows (more details in Appendix B and [71]):

—2az

’ 1—c
Ho, , (w1, ws,w — w1 + ws, 2) = 2j fosoe ) 7—) (5.23)

—2az

’ l—e 2
Hop, (w1, w2, w3,ws,w — w1 + ... +wa, 2) = 2fosc(fss + 2fos)e () (5.24)

1_e— 20z

H,Om (W1, W2, W3, Wi, w — W1 + ... + wa, 2) = 8fosc(fsc + 2foc)e? @ (= ? (5.25)
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where fijr =~ fij ~ ¢ A‘;’ are spatial distribution of the fiber modes whose parameters are defined in Table

5.2.

5.2.4 Solving the NLS Equations for a Nonlinear Media by Volterra Series

We will now obtain the output of the nonlinear system by solving NLS equations with Volterra series, as
described in the previous section. Usually, optical signals are considered to follow a Gaussian shape but we
would have complicated integrals for obtaining X;, X5 and X3, so for simplicity we assume that the signals

are Sinc-shaped. The received and clock signals in time and spectral domain are as follows:

Z A_sine( CTCTb/F)) (5.26)
/ wT, b 2 Con (Th ) F)w
C(w) = F{C(t)} = A, Tm [ ]( 5 )T;l =273 Con (Ty/ F) (5.27)
=b Z Adblnc CTdTb/F)) (5.28)
k
Sw) = F{s(t)} = bAdeWH Z ~2mjCm (To/ F)uw (5.29)

where ¢(t), s(t) are the deterministic clock and the received signal in time domain and C(w), S(w) are the
Fourier transform of the clock and received signal, A/C, A, are the amplitudes of the clock and the received
signal, C,, is the code number, b is value of bit “0” or “1” and k is the weight of the code. The rest
of parameters are described in Tables I and II. Using Volterra series, we can write the first three output

response terms as follows:

E

X1 (w z ff 2]fOSCeG1(w)z( o2 Crm (Ty / Fan }

k
waT. j w ’ w —wi + wse)T,
QoA [[(25) 37 etmon /ey {ACTCWH<%>

m=1

k
x Y e 2mIOn T/ (wentw)y iy, du (5.30)

m=1
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k
_e—20z , w T o "
XQ(‘”"Z)://// 2fosc(fss + 2fos)e T s (AT [[(755) 3 e om /ey

m=1

k
X{bAdeﬂ'H szd Z 27jCo (T / F). wz} {A TT"H OJ3TC Z 6727erm(T17/F)w3}

m=1 m=1
k
waTy 27§Con (Ty ) F)w / (Ww—wi + ... +wy)Te
x{bATur []( 5 )mz::le 1Om T/ sy s (AT T 5 )
k
X Z e 2mCm(To/F)(w=wit 4wl oy | duwy (5.31)

m=1

k
€ az T 4
(n2) ////8fosc fsc +2foc)e T s (AT [[(52) 3 em2mOn T/ Fheny

2 m=1
k T k
W]Cm(T;,/F)wg} « {A;TCWH(WZ c) Z e—27erm(T1,/F)w3}
m=1
k
T : / — T,
X{bAdeﬂ'H W4 ?) Z 2 ICm T/ F)ws) (A T H((w -1 +2 o) °)
k
X Z e 2mICm(To/F)(w=wit 4wl oy | duwy (5.32)

m=1

By calculating the integrations in (5.30), (5.31) and (5.32), and depending on whether T is larger than T,

or not, we obtain different responses in different frequency ranges. By defining f(z) and E; as:

1 LT . . W)z _e72az ’
fla) = WGi?M%maEl = 273 fosce® ) Aa(A)*TyT? (5.33)

then, for Ty > T,., X; would be :

2 1 2 1
(1)FO’I’ w > T—'_?d’ w < —T— E - Xl(OJ,Z):O (534)
2 1
2 For — .
(2)For Td<w<Tc+Td

P Sh Sp P 2 (G C) 2 F((Ch = O — 200 ) f ()
s 2 (G~ Con) (Ci + O —207) " T 0 )T B 2 S0 TR

c d

(5.35)
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FoELEL 2 1 2
Xiw2) =B 3033 ra e lia— gy Gl (Cn = O (O = C )

m=1i=1 =1 ¢ Ty
1 2 1
+ o (20— G F(Co = ) V(o + C — 200 1)} (5.36)
2 1 2
(4)FOT —E—i< E—E

k . =2
Xi(w,2)=Er ) > > (Cf - 3@ _lcm)f«wm — Ci)w) f((2Cm — Ci — cn%)f((cm - ci)Tid).

(5.37)
When the pulse-width of the data is smaller than the pulse-width of clock (Ty < T¢) we have
(WFor w> 24 we-2_L1 & X(w2=0 (5.38)
T. T. T. Ty e '

Xi(w,2) = E ifﬁi : 2 (€l C) 2 F(Cs = O — 200 ) f(Cu)
1w, 2) = £1 (C] Cm) (01+Cm—201) l ) T 7 m l Td W

c

(5.39)
2
(3)For _ﬁ+i<w<f1
UL 1 27 1
Xi(w, 2) El,;;;(cl Cm){(C C )f(Cw)f((C ~ QG = Cn) )
1
G o, ooy (On = 200) (G = Ci)7)} (5.40)
(4)For Tid—%< <—Tid—|—T£C
P 2l 1 2 1
Xi(w,2) = By mz:;; G @ () (O~ CnE)f«c Con) )
+ ! F((2C = C) F(Con — C) =) F((2C1 + C = C) )} (5.41)

(Cv + Cm - 20]) T(: Td
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AL 1 1 2
Xi(w,2) = B ZZZ C—c. ){(Ci—cm)f(me)f((Cl = Ci = 2C0) )+

(&

mjle
(201~ G (O = OO (260~ Ci = Ca) 1)) (5.2
(6)For —fi—%<w<—%d
ko k 9mj Lo 1 9 .
X1(w, 2) El;;;@—g TG0 (Q0m = Cw)f(2Cm = G = C) ) (G = C) )
(5.43)

For a detailed analysis of the responses of X5 and X3 refer to Appendix D.

5.2.5 Autocorrelation, Mean and Variance of the FWM Output

For obtaining the mean and the variance of the current of the photodetector we should calculate the output
autocorrelation function of FWM’s output MAI signal. As shown in Appendix E we can define the auto-

correlation function of the four-wave mixer’s output signal in frequency domain as follows:

Rx(w,v,2z) = B{X(w,2)X*(v,2)} = Z E{Xpn(w,2)X (v, 2)} (5.44)
m,n=1,2,3

Since parameter Hy, , is imaginary and both Hp,, , and Hp, | are real, we can write (5.44) as

Rx(w,v,2) Z E{Xm(w,2) X (v, 2)} + 2F{| Xa(w, 2) X3 (v, 2)|} (5.45)

m=1,2,3

Now we can employ (5.45) for obtaining the autocorrelation of the MAT signal at the output of the four-wave

mixer.

Ryar(w,v,2)= Y E{Xyar, w,2) Xz, (0:2)} + 2B{| Xaran, (. 2) X3y ar, (v, 2)[} (5.46)

m=1,2,3

Rarar(w,v, z) is composed of four terms. Considering [71] and comparing the amplitude of Ryrar,, RymAr,

Ryrar, and Ryrap, we observe that the magnitude of Rasa7, is much greater than the other parts and
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therefore Rps a5 can be approximated by Raar, (w,v, z). Thus,

RMAI(w,v,z):E{XMAIl(w,z)XJ’C,Ah(v,z)}:////H'Om(wl,wg,w—wl + ws, 2)
X Hp, ,(01,09,0 — 01 4 02, 2) X Cw1)C(w — w1 + ws) X C(v1)C* (v — v1 + V)

x E{S* (w2)S(v2) }duwr dwadvidug (5.47)
Furthermore, considering (5.47) and (5.15), the auto-correlation function of R(w) is
Rs(w —v) = E{S(w)S5"(v)} = Sa(w)d(w —v) (5.48)
where S, (w) is defined as
Sa(w) = [ O; Ru(r)e~77dr (5.49)

Now we obtain the mean and variance of the photo-detector output current in the presence of MAI. The
optical field that is collected by the photo-detector can be decomposed into two statistically independent
parts, A(w) = S(w)+Apar(w)+Arwa(w). We neglect the effect of Ay s (w) (noise due to FWM) because
its value is very small compared to the other terms. So, as shown the detail in Appendix E the mean at the

output current can be rewritten as

(w—2v)T

prane = B = (2? [ [ 00X 0) + Rusasteo,o)ine(E e (5.50)

where I is the output current, M is the number of interfering users, and b is the value of the bit. Also the

variance of the photo-detector current is

U%,M,b = E{IQ} — EQ{I} = (%)4 /_Oo /_oo [RMA](wl,’UQ)RMA[(WQ,Ul)

UQ)T

7@1 _ Ul)T)Sinc(i(w2 _
2 2T

+ 2X (w2) X ™ (v1) Rarar (wa, v1)]Sine( )dw1 dvydwadug (5.51)

Using the results of (5.50) and (5.51), the bit error probability expression can be evaluated by applying the

total probability law:

M

_ Sy (MY Lo Th-praroy | o tas = Th
P(Error) = (1) ;<l>x2[c2( kL 20 (5.52)

where T'h is the optimum threshold of the receiver for deciding on the received bit.
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5.2.6 Numerical Approach for the NLS Equations

In order to check the accuracy of the presented analytical results, we use numerical approaches to find the
solution for NLS equations. Some researchers have proposed different numerical methods for solving the
NLS equations [79], [80], while [81] presents a time-splitting cosine-spectral (T'S-Cosine) method when the
nonzero far-field conditions are or can be reduced to homogeneous Neumann conditions. Our approach
consists on discretizing the time and length of the fiber and replacing the continuous NLS equations (5.16),

(5.17), (5.18) with their discrete form, as shown below:

C(tM-i-la Zn) - C(tmv Zn)
At

in'weAz
+] CC |:(2fCC|C(tmaZn)|2+2fCS|R(tmyzn)|2

A
Cltms zns1) = (1 — 22290 (b, 2) — jB1 A2

C(tm+17 Zn) - 2C(tm7 Zn) + C(tmfly Zn)

+ %Az

(At)?
+ 2fox|X (tm, zn)|2) Ctm, zn) + 2fcsxS(tm, 2n) X (tm, 20)C* (tm, zn)ejAkz (5.53)
X(trm Zn—i—l) = (1 - Azao )X(tm; Zn) B jﬁlAZX(tWH_l, Zn)At_ X(trm Zn) + %AZ

X (tm+1,2n) — 2X (tm, 2n) + X (tm—1, 2n) . jn'wx Az

[(zfxxw(tm, )+ 2/ 51 (b 20)2

(At)? c
=+ 4fXC|C(tma Zn)|2) X(tmy Zn) + 2fXSC'S>.< (tma Zn)c2 (tmy Zn)ejAkz] (554)
S(tm,znt1) = (1 — %)S(tm,zn) —jﬁlAzS(thrhzn)At_ Stm, 2n) + %Az

S(tm+17 Zn,) - ZS(tm; Zn) + S(tm—h Zn,)
(At)?

+4fsc|C(tm, zn>|2> S(tm,zn) +2fsxc X (tmy 20)C%(tm, z@e‘fﬂkﬂ (5.55)

in wsAz
+ TSR (St 20) + 25 X 0 0P

With these expression we can analyze the system step by step over fiber segments of length Az.

5.3 Simulation Results

5.3.1 Simulation Environment

Based on the previous analytical model, we have simulated with Matlab and analyzed the effect of the pulse-
width of the code on the BER of the receiver in an OCDMA system with six users using different OOC codes.

We show the structure of typical optical correlator for extracting the data of a certain user in the receiver
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of an OCDMA system in Fig. 5.3. In the time-gating method, a nonlinear media is used as an all-optical
AND gate to separate the ultrashort pulse from the MAI signal, thus eliminating the interference signal. In
fact the nonlinear media acts as a multiplier in electronic domain and for extracting of each user, the signal
by code stored replica of each user is multiplied in received signal. We use NLS equations in discrete form
(5.53), (5.54) and (5.55) to describe the nonlinear media so that we can simulate it numerically. After the
detection we use the integrator to gather the obtained signal during the length of a bit. By sampling at the

bit duration periods we can obtain the numerical value of the output.

The diagram of the simulation scenario is shown in Fig. 5.4. For this purpose, first we considered a bit for
each users based on codes that defined on the Table 5.3, of course the signals used for chips are Sinc-shape.
User’s signals are randomly delayed in order to account for the fact that in real environments users are not
synchronized. These user’s signals gathered together and create the received signal. The distribution of bit
values, “0” or “1”, is uniform. We use a nonlinear fiber as a combiner, and with the combination of the
received signal and the stored replica of each user code, the receiver extracts the desired user’s signal. Fig.
5.4 shows an example with six users whose codewords are shown in Table 5.3. At the input of the receiver we
have the sum of all the users for the duration of one bit. In all the simulations we assume that the duration

of each bit, Ty, is 6300 ps (bit rate of 158.73 Mbit/s)and the duration of each chip is 100 ps (10 Gchip/s).

In order to generate the FWM effect we use a nonlinear fiber optic whose length is assumed to be 30 m
and the power of the received and clock signal are 1 mW and 100 mW, respectively. The values of the other
parameters used in the simulations are given in Table 5.2, based on [54]. In order to perform the simulations,
we need information of the evolution of signals along the whole length of the fiber, during the whole period
of the simulated time, thus the calculations are performed step by step in a recursive manner. In each step,
at each Z + Az point we analyze the NLS equations (5.53), (5.54) and (5.55) from time 0 to T in At step

sizes, and at the end of the line we obtain the output of the system. The bit encoding follows an OOC code

photodetector

Sample at t=T
Te ! :

< Th
— or
=Th

Output data

r(t) Non\inear\

Media

Stored

replica of

Dplt){clock)

Figure 5.3: Ideal optical correlator using optical components.
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with parameters (F' = 63, A = 2, K = 9), whose code words are listed in Table 5.3, where F' is number of
division of at the duration of bit, chip, K is the code weight (number of chips that are used for the code)
and A is the autocorrelation between codes.

The output signal of the nonlinear media passes through the integrator and the sampler and, finally is
compared with the threshold value (Th). If the value is bigger than Th we decide that the sent bit was
“1” and “0” otherwise. We calculate the BER by comparing the bit originally sent with the value decided
at the output of the threshold module. Each simulation for each parameter is repeated until we achieve a

confidence interval of 95% in the estimation of the BER.

5.3.2 Calculation of the Threshold

The optimum threshold (Th) for deciding if the bit was “0” or “1” is half of the output value when we
simulate the system without any jitter, not delay between users and only one user, avoiding the interference
from other users. We also assume that the bandwidth of the codes for the received signal is equal to the
bandwidth of the codes in the clock signal, so we have maximum amplitude of the output. We only consider
the effect of nonlinearity of the system. We obtain for each user, a different value of Th. In order to illustrate
the process, Fig 5.5 shows waveform generated by six users using the codes define in table 5.3. The signal
obtained at the receiver input, composed of the sum of the waveform, is shown in Fig 5.7. In Fig 5.9 we
show the output signals when there is no jitter and users are synchronized (they start the communication
simultaneously). We can obtain Th for each user by integrating of the waveforms during one bit period,

Given the maximum value for the output of the integrator for each user, the T'h is half of these value.

5.3.3 Results

To confirm our hypothesis (the existence of an optimum value of the bandwidth of code pulse of clock

signal for which the BER at the receiver is minimized) we have simulated the system and obtained the BER

Ty Sample at t=T,

do1
Nonlinear Media Photo > Th
— o |—
User#1 [_,| Random Model based on
delay 1 Discrete NLS Equations detector <Th

0
dac1
Code word
User #5 | ,| Random User #1
delay 1

Figure 5.4: Block diagram of the Matlab simulation of an OCDMA receiver with six users.
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for different values of jitter and delay between users. As we have seen in previous sections, jitter may be
caused by long transmission distance, imprecision in the clocks used by optical devices, and errors in the
synchronisation between the clock signal and the received signal. In our simulations, the range of variation
of the jitter is up to 10% of the duration of chip or 20% of the duration of the clock period, which we think
is plausible in real systems. In all our simulations we consider the power of the received signal to be 1 mW
and power of the clock (pump) signal to be 100 mW. In real environments usually the power of pump is
more than 100 times bigger than the received signal at the input of the receivers. In Fig 5.6 we show pump
(clock) signal with code words that are the same as used to encode the user signals. One of the problems in
OCDMA systems is the different delay between users, causing an increase in interference and depend of the
cross-correlation between codes raise the BER in systems. Fig. 5.8 illustrates the six users with different
delays. In comparison to Fig. 5.7 the signal has lost amplitude and has increased the interference.

We first simulate the system with synchronized users, and investigate the effect of changing the bandwidth
of codes in the clock signal with presence of a random jitter in the clock signal. Fig. 5.10 shows the output
signals, a,, for each one of the six users when there is random jitter in the code pulse width (clock signal). As
mentioned in section (5.1), by increasing the jitter in the code pulse width, MAI is increased and the error
rate increases. In fact, this jitter can cause error in the detection of the desired user’s data. By widening
the code pulse width, the receiver performance can be improved. This manipulation could be helpful in the
detection of a bigger portion of the data pulse. On the other hand, by increasing the pulse width of the clock
signal, a part of the pulses from adjacent users will be also gathered by the detector. This effect generates
another error source at the output signal, and by increasing the pulse width of the clock, this error becomes
larger. Considering the trade-off the two described error sources, there exists an optimum value for the clock
signal’s pulse width, for which the BER is minimized.

In Figures 5.11, 5.12, the BER at the output of system has been plotted in terms of the ratio of the code
signal’s bandwidth, T, to the bandwidth of chip, T¢pip, for a fixed code and power amplitude and different
pulse-widths of the received signal, T, and different jitter, o,. In this case we assume that we have a

perfect synchronization between the pump signal (clock signal) and the input signals in the four-wave mixer,

User’s No. Codes
userl 1 5 8 18 28 31 35 40 59
user2 2 7 10 16 17 36 55 56 62
user3 3 11 24 25 27 29 30 43 51
user4 4 9 14 20 32 34 47 49 61
userd 6 22 23 39 48 50 54 58 60
user6 12 15 33 37 44 45 46 53 57

Table 5.3: OOC codewords for 6 different users with ' = 63, K =9 and A = 2, (63,9,2)
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and the users are synchronized ( their delays are the same). As we see from the results, by increasing the
code pulse-width the collected energy becomes larger. However, by widening the code pulse, portions of the
neighboring codes are also collected and the interference caused by the other users gathered by the receiver
becomes larger. Also, by decreasing the bandwidth of the code used in the clock signal, we lose some of the
amplitude of the codes in the chips and BER increases. Hence, there is an optimum point for which the
ratio between the gathered energy and reduction of interference due to other users. Of course reducing the
bandwidth of the code in compare of bandwidth of the chip cause reducing the BER, but for this purpose
we need to allocate more frequency bandwidth for transferring data in OCDMA, an approach that is not
economically feasible. On the other hand, by increasing the data rate, the jitter of the code signal in the
receiver will also increase and the performance of the receiver is degraded. So by selecting an optimum value
for the code bandwidth in the receiver we can improve the SNR.

By increasing the number of users and introducing different delay between them causes the MAI to
increase, thus degrading severely the receiver performance, while a stronger pump signal improves the per-
formance of the receiver. We plot six users with different delay in Fig. 5.13 and the sum of these signals
at the input of FWM in Fig. 5.8. For these series of simulations we introduce different delay between
users and jitter on the clock signal. In realistic performance analysis, we have to consider an error in the
synchronization of the pump and input signals in four-wave mixer, and therefore we have more MAI noise
and more jitter noise in the system. This synchronization error can degrade the performance of this kind of
receivers. The output signal for six users with different delay and jitter on the clock signal is shown in Fig.
5.14. As we see the original shape of codes is destroyed and regarding to arrange some of them reduce its
amplitude, sometimes leading to errors in the detector. In general, errors in the detection of a “0” bit sent
are high error than vice-verse, because of the interference of other users.

Figs. 5.15 and 5.16 show the BER of the receiver versus the ratio of the pulse width of the clock codes
to the bandwidth of the chip for different jitter and random delay values. In Fig. 5.15 the results are for
Ty = 0.3T¢hip and Tepsp = 100 ps and in Fig. 5.16 for Ty = 0.5 ¢nsp and Tepip = 100 ps and different jitter
values. The optimum bandwidth of the code signal (pump or clock) can vary with the transmitted power of
users, the power of the pump signal and the number of interfering users. The figures have been caculated
for a fixed pump power and different number of interfering users (in the simulation every user to multiply
random number of “0” or “1” uniformly). As shown, the BER is increased for bandwidth smaller than the
optimum one, because of the presence of MAI. For a bandwidth bigger than the optimal and increasing
number of interfering users, a great part of the MAI signal is collected at the receiver and this degrades
the SNR of the receiver (the BER is increased). In Figs. 5.17 and 5.18 we can see the BER has increased,

compared to Fig. 5.11 and Fig. 5.12, because data is asynchronously transmitted.
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Figs 5.17 and 5.18 show the BER the ratio of the bandwidth of codes in the clock signal and the
bandwidth of the chip signal for different jitter, and bandwidth of codes in the data, the figure includes
both the analytical and simulated results. The analytical results in Fig. 5.17, 5.18 are plotted using (5.52).
Integrals in (5.50) and (5.51) are solved by numerical methods for different bandwidths of clock, data and
jitter and by substituting the mean and variance in (5.52) we obtain the BER. As we see from the results, by
increasing the code pulse-width the collected energy becomes larger. However, by widening the code pulse,
portions of the neighboring codes are also collected and the interference caused by the other users gathered
by the receiver becomes larger. Hence, there is an optimum point for which the ratio between the gathered
energy and the variance reaches a maximum. On the other hand, by increasing the jitter of the code signal
in the receiver, the performance of receiver is degraded.

Fig. 5.19 depicts the optimum bandwidth of the clock versus the number active users for a fixed jitter.
We have used an OOC code with length F' = 70, weight w = 10 and cross-correlation A = 3. According to

the Johnson bound [82], the maximum number of users is given by

(F—1)(F—2)---(F—\)
ww-—1)-,(w—2A)

Maximum Number of Users <

Therefore, for this code the number of users is bounded by 62. We have used only 52 codewords from this
code. The list of the codewords is provided in Table 5.4. These codes are generated using the algorithm
introduced in [82]. Each row shows the position of the bits with value “1” in each codeword.

For each number of active users, we repeat the simulation to obtain the optimum bandwidth of clock
signal for which the BER is minimized. The optimum bandwidth of the user’s code receiver (clock) varies
in terms of the number of interfering users. As shown in Fig. 5.19, by increasing the number of active users,
the optimum bandwidth is smaller to avoid gathering the interference from other undesired users because
of the increase of the MAI signal. On the other hand, for smaller number of active users we need a larger
bandwidth for a better detection of desired signals. Therefore, by selecting an optimum value for the code
bandwidth in the receiver we can improve the signal to noise ratio.

Here we consider the effect of the number active users in the BER of system and find the optimum
bandwidth of the clock signal for different number of active users. For this purpose we simulate the system
for a fixed jitter, 1 ps, and for each number of active users we repeat the simulation. We have used different
0OO0C codes, whose weight (k) is defined in Table 5.4. Because of the higher number users and code weight,
the autocorrelation between code of each user and crosscorrelation between codes of other undesired users

are increased. In Fig. 5.20 the BER versus the number of active users is ploted. In this case the jitter is
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Code’s No. Codes H Code’s No. Codes

1 10-66-69-39-4-16-23-52-1-3 27 3-6-37-38-42-48-49-52-56-69
2 28-37-29-45-42-19-70-1-62-11 28 4-5-7-16-29-35-49-57-59-64
3 17-13-57-52-62-8-12-7-31-64 29 2-18-29-35-43-45-50-55-56-59
4 34-3-10-57-2-14-42-11-51-48 30 17-21-22-34-40-44-45-47-53-60
5 43-5-57-1-64-61-45-55-18-60 31 7-11-28-29-30-34-49-52-58-68
6 25-6-53-40-42-64-5-7-55-51 32 3-10-34-35-40-54-57-58-67-68
7 9-27-55-1-22-61-42-5-57-50 33 1-3-5-11-17-21-33-38-50-58
8 30-48-19-53-12-43-57-60-24-70 34 11-23-29-34-39-42-44-51-56-64
9 1-2-9-23-27-29-38-49-51-67 35 4-18-21-27-30-49-50-52-57-61
10 1-6-8-13-20-34-35-38-54-59 36 4-12-28-29-38-45-57-59-66-70
11 2-11-26-34-37-43-44-48-57-69 37 6-11-12-33-40-48-49-50-59-67
12 2-3-15-24-28-50-53-56-60-67 38 1-17-18-32-39-47-49-58-67-68
13 1-7-9-10-13-26-29-33-37-63 39 3-6-37-38-42-48-49-52-56-69
14 4-5-15-16-22-29-31-39-44-49 40 4-5-7-16-29-35-49-57-59-64
15 2-18-19-23-28-32-45-48-58-59 41 17-25-28-33-38-39-43-45-47-57
16 1-5-6-12-19-28-37-46-47-53 42 4-6-16-17-23-42-57-58-65-70
17 1-12-16-26-31-34-35-49-57-65 43 8-9-18-19-20-31-36-39-44-64
18 1-2-8-9-14-19-32-33-42-47 44 2-13-14-17-33-39-42-48-58-67
19 5-9-18-19-27-33-39-48-49-68 45 5-6-7-9-23-31-57-61-62-65
20 4-7-13-14-15-22-27-29-38-49 46 5-20-22-38-40-50-51-53-61-67
21 10-16-23-27-34-41-50-57-63-64 47 4-6-20-22-24-27-34-39-54-61
22 7-11-19-26-30-35-37-48-67-69 48 11-15-28-35-54-56-59-62-63-64
23 1-2-10-11-23-30-36-40-56-68 49 6-7-16-21-24-43-47-64-68-69
24 1-3-4-20-28-31-33-41-51-55 50 2-7-15-16-19-25-27-63-66-68
25 4-13-15-19-27-35-56-57-59-70 51 1-8-17-26-50-51-52-59-66-67
26 3-4-13-36-37-46-58-59-63-67 52 17-25-28-33-38-39-43-45-47-57

Table 5.4: List of codewords for a (70,10,3) OOC code.

constant and the bandwidth of codes for the clock and received signals are the same, and according to the
increased number of users, there is more interference and so BER is increased. Simulation results show that
for more number active users the BER curve would be destroyed and would not have significant changes, So

the performance of receiver greatly reduced.

A Rule for Choosing the Optimal Clock Pulse- Width: Based on the simulation results, we have fitted the
curves to obtain an approximate formula that gives the optimal clock signal’s pulse-width in terms of the
MALI, jitter, and the ratio of the data signal pulse-width to the chip interval, i.e., Tyj/Tcnsp. For simplicity

we assume Ty/Tenip = . Then, the optimal T is

1.65a171(3% + 3.8203)

Tc ~ Tchip (Nact)\2/F)0'85

where (Ny:A2/F) is the MAI caused by interfering users, Ny is the number of active users, and 8 = o /Ty,
with o being the standard deviation of the jitter. This equation is estimated by fitting a curve into numerical

results and calculating the coefficients that minimize the mean squared error. As it is expected, by increasing
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the jitter, o2, T, increases to make sure we capture correctly the main signal. Also, increasing the MAI forces

T. to decrease to push the amount of the collected interference signal to a smaller value.

5.4 Conclusions

In this chapter we consider optical time gating OCDMA receiving using OOC codes and analyze the effect of
the bandwidth of the code signal pulse in the receiver and also the effect of different jitter amplitudes on the
performance of the receiver. First we model the FWM process using NLS equations and the first three terms
of the Volterra expansion are used to solve it. We obtain the spectral autocorrelation function of the input
and output signals at the FWM device and then we obtain the mean and variance of the photo-detector
output current from the autocorrelation function. We analyze and simulate the optical nonlinear media in an
OCDMA receiver system using NLS equations and calculate the BER at the output. The analytical results
have been validated with a simulation using discrete NLS equations for describing the FWM in the receiver
of the OCDMA system. These simulations have been performed for different cases, including variation in
the delay of users and random jitter in the clock. Finally, we have corroborated our hypothesis about the
existence of an optimum value for the pulse width of the code signal for which the BER is minimized, and

based on simulation results we found a rule for choosing the optimal clock pulse width.
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Figure 5.5: Waveform of the input signal of six users with different orthogonal codes, duration of bit = 6300
ps and duration of chip = 100 ps and signal power = 1 mW (a) Ty = 50ps, user code:( 1 5 8 18 28 31 35 40
59), (b) Tq = 50ps, user code:(2 7 10 16 17 36 55 56 62), (¢) Ty = 50ps, user code:(3 11 24 25 27 29 30 43
51), (d) Tq = 50ps, user code:(4 9 14 20 32 34 47 49 61), (e) Ty = 50ps, user code:( 6 22 23 39 48 50 54 58
60) and (f) T,; = 50ps, user code:(12 15 33 37 44 45 46 53 57).
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Figure 5.6: Waveform of the pump (clock) signal with the same codes used by users, duration of bit = 6300
ps, duration of chip = 100 ps, and power = 100 mW (a) T;; = 50ps, user code:( 1 5 8 18 28 31 35 40 59), (b)
T, = 50ps, user code:(2 7 10 16 17 36 55 56 62), (¢) Ty = 50ps, user code:(3 11 24 25 27 29 30 43 51), (d)
T, = 50ps, user code:(4 9 14 20 32 34 47 49 61), (e) Ty = 50ps, user code:( 6 22 23 39 48 50 54 58 60) and
(f) Ty = 50ps, user code:(12 15 33 37 44 45 46 53 57).
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Figure 5.7: Signal at the input of the receiver, for six users, as, by assuming that all users have same delay.
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Figure 5.8: Signal at the input of the receiver, for six users, as, by assuming that all users have different
delay.
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Figure 5.9: Signals of the different users at the output of the nonlinear media. There is no jitter and users
are synchronized, Ty = T, = 50ps. From a) to f), a,, , (users “1” for all).
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Figure 5.10: Signals of the different users at the output of the nonlinear media with random jitter on the
pump signal, keeping the users synchronized, Ty = T, = 50ps. From a) to f), a,, , (users “1” for all).
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Figure 5.11: BER against the normalized clock bandwidth of user 1, Ty = 30 ps for different jitter amplitudes
and same delay for all the users.
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Figure 5.15: BER against the normalized clock bandwidth of user 1, Ty = 30 ps for different jitter amplitudes
and random delay between users.
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Figure 5.17: BER against the normalized clock bandwidth for userl, T; = 30 ps and different jitter ampli-
tudes and random delay for each user, (Both analytical and simulated results are shown).
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Chapter

Conclusions and Future Work

This chapter summarizes the main conclusion from the results obtained in our work together with a short

discussion of future research lines.

6.1 Conclusions

This dissertation has focused on high speed OTDMA and OCDMA networks, and specifically on the ap-
plication of nonlinear media on the optical receiver, with the goal of analyzing the effect of the jitter in
performance of systems. We have proposed a new technique for analyzing nonlinearities in optical commu-
nication networks. For this purpose, we have reviewed the latest developments in optical multiple access
techniques and different coding methods in the state of art. We classified and compared OCDMA techniques
based on different choices of optical sources, detection schemes and coding techniques. In optical multiple
access, because of the usage of ultra-short light pulses even the fastest electronic photo detectors are not able
to separate the data of the desired user from signals of other users, and therefore optical signal processing
on received signals is needed. We have studied multiple access interference cancellation techniques such as
Optical Time Gating and Optical Thresholding. Related to the application of the fiber nonlinearity effect
in these techniques for Multi User Interference Rejection we have considered different effects of nonlinearity
such as Second Harmonic Generation (SHG), Two Photon Absorption (TPA), Self Phase Modulation (SPM),
Cross Phase Modulation (XPM) and Four Wave Mixing (FWM).

Optical nonlinearities have many different effects in optical fibers. These effects can be disadvantageous
in optical communications, but they also have many useful applications, especially for the implementation of
all-optical processing in optical networks. In fact, nonlinear effects will be particularly important in the next

generation of optical networks, which will rely on all-optical functions higher speeds and greater capacity.
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All-optical devices and systems should permit the partial removal of optical-electronic-optical transformation
in optical networks. In the third chapter we describe the application of nonlinear optical effects in optical
communication such as the use of FWM as an AND gate. We consider fiber nonlinearities, the origin of
FWM, and model FWM analytically using Schrédinger equations. We obtain the coupled FWM equations
and solve these equations by Volterra series.

The application of nonlinear media as an AND gate on receivers of optical TDM and CDMA networks
has been investigated in chapters 4 and 5. We have studied the structure of the receiver of an OTDM system
that uses the optical time gating method. Optical time gating requires optical clock recovery, which is an
essential requirement for synchronising the clock signal with the received data signal. When the bit-rate in
optical transmission increases, duration of bit, and the accuracy of the clock recovery decreases because of
the shorter duration of the pulses, and consequently, a time jitter appears in the clock signal. In Chapter 4,
the effects of the clock signal pulse width and different jitter amplitudes on the performance of the receiver
are studied. An analytical model of an on-off modulated OTDM system is analyzed using both approximate
analytical model and simulated results. An optimum clock signal width for obtaining the best performance
of the receiver and the minimum BER for different errors and bit length was obtained.

In Chapter 5 we have considered the case of optical CDMA system, and we focused on the time-spreading
technique since, because of its simplicity and low cost, it is the most popular form of OCDMA, and we
use optical orthogonal codes (OOC) as the encoding method as they have good auto- and cross-correlation
properties. In high speed communication systems, increasing the number of simultaneous users is challenging
since it increases the multiple access interference, which appears as a noise to receivers. On the other hand
by decreasing the time width of the bits and chips causes an error in the correlation receivers due to the
effect of small time mismatch between the clock and the received signal at the receiver and as a result bit
error rate increases. In this chapter, the effect of the code signal pulse in the receiver and different jitter
amplitudes on the performance of the receiver in time spreading OCDMA technique is considered. We have
modeled analytically the nonlinearity of the optical nonlinear media in an OCDMA receiver system using
nonlinear Schrédinger equations. We solved this model using Volterra series and we obtained the mean and
variance of the photo-detector output current, and used it to evaluate the BER in the output. Finally, we
have corroborated our hypothesis about the existence of an optimum value for the pulse width of the code
signal for which the BER is minimized.

Throughout the document, we have simplified the details of the steps taken to solve the equations. The
appendixes include a detailed version of the calculations. In Appendix A we considered to calculation of
the relationship between the optical detector’s current and the Fourier transform of the optical field for

obtaining the mean and the variance of the detector’s output current. The calculation of Volterra series
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terms in Appendix B is needed in order to apply them to solving the NLS equations. Appendix C includes
characteristics Fourier transform of stationary random processes and white noise needed to calculate the
Fourier transform of the autocorrelation function. In Appendix D we have solved the NLS equations for a
nonlinear media using Volterra series. Finally, in Appendix E we calculate the mean and the variance of the

current in the output of optical detector, needed to calculate the BER in chapter 5.

6.2 Future Work

Optical fibers are known to have a nonlinear behavior in carrying signals in long haul systems [83], which
can distort the data. In this work we only considered the nonlinearity in the optical receiver, and have
ignored the nonlinearity of the optical channels and the dispersion effect induced by it. As a future work, it
would be interesting to consider also these effects on the received signal and try to design a clock signal that
can partially mitigate the issues caused by the optical channels. Combining these technique with different
equalization approaches, such as zero-forcing [84] or minimum mean squared error (MMSE) [85] can lead to
a huge gain in the data detection.

Multi-user detection systems can also be analyzed using a similar technique to that introduced in this
thesis. In this scenario, each receiver is assumed to detect the signals of multiple users at a time using a
joint detection system. While designing the clock signals for each one of the users’ data can be a challenging
problem, the joint detection of the data of multiple users can be helpful in removing the interference effect
caused by each other.

Orthogonal frequency division multiplexing (OFDM) is a technique for encoding digital data on multiple
carrier frequencies [86]. These systems use a large number of parallel narrow-band sub-carriers instead of
a single wide-band carrier to transmit information. These narrow-band sub-carriers are equally spaced in
spectral domain, and therefore, in a nonlinear environment new signals are generated. As a result, in a
long haul fiber optic communication system, at the output of the link an interference is introduced on each
subcarrier. This interference is the result of the fiber nonlinearity effects, such as self phase modulation
(SPM), four-wave mixing (FWM) and cross-phase modulation (XPM). As discussed in this thesis, these
nonlinearities are usually described by nonlinear Schrodinger (NLS) equations. Therefore, one can think of
using Volterra series to solve these equations and calculate the statistical properties of the output signal
of a sub-carrier in an optical OFDM system. This can be very interesting for the OFDM based standards
that are being designed now, such as broadband passive optical networks (B-PONs), gigabit ethernet passive
optical network (GE-PONSs), gigabit capable passive optical networks (G-PONs) and next generation access
passive optical network (NGA-PONs) [87].
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Appendix

Calculation of the Relationship between the
Photo-Detector Current and the Fourier
Transform of the Amplitude of the Optical

Field

In this appendix we want to obtain the relationship between the photo-detector’s current and the amplitude
of the optical field in the frequency domain. Then, by substituting the main interference and noise signals
in these equations we can calculate the variance of the output current at the detector. The results of this
appendix are used in (5.51). We know that the output of the optical detector is obtained from the integration

of the optical received power.

1= [ Pt = /7 A()2dt (A1)

Sl
Sl

where A(t) is the amplitude of the optical field. A(w), the Fourier transform of A(t), is defined as:
Alw) = / At)e 7=t dt (A.2)

101



102

So we have
1 2 %) %) ‘
P(t) = |A(1)]2 = (2—> / / A(w) A" (0)e =T dusdy
i — 00 — 00
and therefore the mean of the detector current is:
1 2 % 00 00 ]
E{I} = (2—> / / / E{A(w)A*(v)}e 7@ dududt
™ —% —o00 J —0o0
By simplifying the equation, we obtain
1 2 %) %) % )
(—) / / E{A(W)A*(U)}l/ eJ(“’”)tdt] dwdv
21) Joo)oo -T

(%)2 /_ Z /_ Z E{A(w)A*(v)}Sinc(%) dudv

1

(A.3)

(A.5)

Now by substituting A(w) = Ap(w) + Aprar(w) in (A.5), where Ap(w), Apar(w) are the amplitude of the

main signal and the interference signal,respectively we obtain:

I= (%)2 1 O; 1 O; {Ao(w)Ao(v)+E{AMA1A}‘VIAI(U)}} sm(%)mm

We can write the variance of the output current as follows:

of = B{I"} - E{I} = (i) IS BtA@) A ) A 4° (w)}smc((w%

/Z /Z E{A(w)A*(U)}Sirm(

4

—v9)T 1

X Sinc M dwidvidwadvy — | —
2 2w

o]
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where by substituting A(w) = Ap(w) + Apar(w) in (A.7), and assuming Apsay(w) follows a gaussian shape

we obtain [78]:

o= () IS
+ Ao (w2) A5 (v1) E{Aprar(wi)Arpar(v2)} + Ao (w1)Ap (va) E{Aprar(w2) Ajpar(v1)}

— )T — )T
X Sinc <w> Sinc (%) dwidvrdwadug
T

™

(%) [/ / B{AW)A* (v )}Smc<( %) )dwdvr (A.8)

With a small simplification we obtain:

E{A(w) A" (v1)} E{A(w2) A" (v2) } + E{Anrar(wi) Arrar(v2) }E{Anrar(w2) Apgar (v1)}

o7 = ( ) jj E{A(w1)A vﬂ}Smc(%) dwyduy ¥ jj E{A(wﬂA*(m)}Sinc(%)dwgdvg
() IS

+ 4o (W2)AO(U1)E{AMAI(wl)AMAI(U2)}+AO(wl)Ao(U2)E{AMAI(W2)AMAI(U1)}1

— )T — )T
X Sinc <M> Sinc <M> dwidvrdwadug
2 2

_<27T> [/ / E{A(w)A* (v )}SmC<( 2:) )dwdvr (A.9)

And finally:

= () 1]

+ 2Ao(wg)A*O(Ul)E{AMAI(wl)A*MAI(vg)}] Sinc <(w1;71)1)T> Sinc <M> dwidvui dwodug
T

E{Ayvar(wi)Ayar (o) }E{Anar(wa2) Ajpar(v1)}

E{Apar(wi)Aprar(v2) }E{Anmar(w2) Ajpar(vi)}

™

(A.10)
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Appendix

Calculation of Volterra Series Terms

Regarding to the application of Volterra series for solving nonlinear Schréodinger equations, in this appendix
we obtain the kernels of Volterra series. For obtaining Volterra series terms in equations (3.36) and (3.37),

we first write soem of the terms Ao (w, 2):

Ao (w,2) = fj H'Om(wl,wg,w — w1 + wa, 2)Ap(w1) A% (w2) Ap(w — w1 + wa)dwi dws
+ jj jj Hp, (w1, w2, w3, Wi, w — wi 4 wa — wa + wa, 2) Ap(wi) A5 (wa) As (w3 ) AS (wa)
X Ap(w — w1 + wa — wsg + wa)dwrdws + fj fj H'Ol’4(w1,wQ,w3,w4,w — w1 +wy — w3 + wy, 2)

X Ap(w1) Ay (w2)Ap(w3) Ag (wa) Ap(w — w1 + w2 — w3 + wy)dwidws (B.1)

By substituting these series in equations (3.25), (3.26) and (3.27), and considering results in Section (3.3.2),

the equations of the volterra series factors become:

OHp, , (w1, w2, w3, 2)

= Gl (wl — w2+ w3)H(/)1,2 (UJl, w2, W3, Z) + j2fYOSPeijAkZHP1 (wh Z)H;kl (wQa Z)le (w37 Z)

0z
(B.2)
OH, , (w1, w2, ws, we, w5, 2)
3,2 az = Gl(wl —LUQ+LU3 —UJ4+W5)H/03‘2(w17w27w3)w4)w5)Z)
+ j2f708pe_jAszp1 (wh Z)H; (w27 w3, W4, Z)le (w57 Z) + j2703H81 (wla Z)H; (wQ)HflJl.z (w3’ W4, Ws, Z) (BS)
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/
8H01,4 (w17w27w37w47w5a Z)

= G1(w1 —wa +ws —wy +ws)Hp, |, (w1, wa, w3, wa, ws, 2)

0z
=+ j2705pe_jAszp1 (wly Z)H;‘z (W2a ws, W4, Z)Hm (W5a Z) + j4’YopHp1 (le Z)H;I (WQ)H:)LZ (WBa W4, Ws, Z)
(B.4)
Where H, (w1, 2),Hs, (w1, w2, ws, 2) and Hy, ,(w1,ws,ws, ) are [43]:
Hg (w,z) = Hp, (w,2) = eC1(w) (B.5)
e(Gl(w1)+G’{(w2)+G1(w3))z _ eGl(w17w2+w3)z
Hg, (wy,wo,ws,2) = Hy, (w1, ws,ws, 2) = jVss B.6
(3( 1 2 3 ) Ps( 1 2 3 ) J7 Gl(wl)"_GT(wQ)"‘Gl(wg)_Gl((JJ1—(UQ+(U3) ( )
eGl(wl —UJ2+£4)3)Z _ e(Gl(wl)—i—GT(wg)—i—Gl(wgg))z
(B.7)

HSIYQ(wly(UQywSyZ) = ]4’YspG1(w1 — W +w3) — Gl(o.}l) — GT(OJQ) — Gl(oj3)

In order to simplify the equations we suppose that A(w) = 1w + B2w?/2, then we obtain the following

equations:
. w1 +ws)? .
Gi(wr —w2) = —a—j| fi(wr +w2) + M = G1(w1) + G1(wz2) + a — jPawiws
In general we have:
k
Gl(wl + w4 ... —l—wk) = Gl(wl) + Gl(WQ) + ...+ Gl(wk) + (k‘ — 1)0& —jﬁg Z W Wn, (BS)

(")

Then H,, (w1, ws,ws, z) and Hs, , (w1, w2, ws, z) would become:

w1 —watws)z 1 — e—2azpjf2(w2—ws)(w2—w1)z
1 —wa2+ws

HS W1,wW2,Ws3,2) = ] sseGl( -
o (w1, w23, 2) = 7 2a — jBa(wr — w3)(we — w1)

w1 —watws)z 1 — e—20zpjB2(wz—ws) (w2 —w1)z
1—wa+ws

Hsl,z(w17w27w37z) :j4’}/sp6G1( (B].O)

200 — jfB2(wo — w3)(we — w1)
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On the other hand, we know that the solution of the following equation:

dy

— =ay + cpe® + c1€%% + c9e?? + ..+ cpetm?

dz

is:
m
y(z) = coze™ + § b e* bi_ o b2 e 4+ b ebm?
< a—¢ c1—a co—a Cm — G

1=

Then, we obtain:

H/ e(Gl(UJl—UJQ-‘rws)Z _ e[Gl(w1)+Gf(w2)+G1(w3)]ze—jAkz
W1,Ww2,Ws, 2) = 2j 0s "
o1 (W1 020w, 2) = 2 Yosp G S T () + G (wa) T G (ws)] + AR

1— 6—2042ejBQ(wQ—w;;)(wQ—wl)ze—jAkz

=2 pspel 11 T2 W)z . . B.11
Posr 20 — jBa(ws — ws)(wa — w1) + JAK (B-11)
H\;3 2((4]1,(4]2,(4]3,(4]4,(4]5,2) =2 ( TssTosp
1 Gik (WQ) + G1w3) + Gik (w4) — G’{ (LUQ — w3 + w4)
eGl(w17w2+w37w4+w5)z o e(Gl(w1)+G{(w2)+G1(w3)+GT(w4)+G1(w5))Z
X
G1(w) —wo + w3 — wy +ws) — (Gl(wl) + G% (w2) + G1(ws) + GF (wy) + Gl(w5)>
eG1(w1—watws—watws)z _ o(G1(w1)+G (w2 —ws+wa)+G1(ws))z
Gr(wi —w2 + w3 —wa +ws) — (Gl(wl) + G (we —ws +wa) + Gl(w5)>
P 2%05Yosp
200 — jfBa(wa — w3)(we —wi) + jAK
eGl(w1*w2+w3*w4+w5)Z _ e(Gl(w1)+G’1‘(w2)+G1(w37w4+w5))z
X
Gl(wl — Wy + w3 —wyq + w5) — (Gl(wl) + GT(WQ) + Gl(UJ3 — wq + W5))
eG1(wi—watws—witws)z _ o[G1(w1)+G(w2)+G1(ws)+G] (wa)+G1(ws)]z o —jAkz
- (B.12)

G1(wi —wa +ws —wy +ws) — (Gl(wl) + Gi(w2) + G1(w3) + G (wa) + Gl(W5)) + jAE
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and considering (B.8), (B.12) we obtain:

VssYosp eGl(wl —watwz—witws)z
2a + jf2(w2 — ws)(we — w1)

/
HS3,2 (w17w27w37w47w57 Z) =2

1 — edB2((wa—wi)(wa—ws)+(wa—ws) (wa—ws)+ (w2 —w1) (wa—ws )]z

4o — jfa|(w2 — wr) (w2 — ws) + (ws — ws)(wa — w3) + (w2 — w1)(ws — ws)]

1 — eiBa(we—wstwi—w1)(we—wstwi—ws)z

20— jBa(wr — w3 + wa — w1) (W — wWs + Wy — ws)

2705’}/0517 6G1(w1 7w2+w37w4+w5)z

+2 - -
200 — jfBa(wa — w3)(we —wi) + jAK

1 — eiB2(w2—w1)(w2—wstws—ws)z

200 — jfa(wr — wr) (w2 — w3 + wg — ws)

1 — edBellwa—wi) (w2 —ws)+(wa—ws) (wa—ws)+(wa—w1)(wa—ws)]z o —jAkz

da — jBaf(wr — wi) (w2 — ws) + (ws — ws) (ws — w3) + (w2 — w1)(ws — ws)] + Ak

and H. , we would have:

Considering the similarity of H{_ 6140

;2

YspYosp G1 (w1 —watws—watws)z
H' = (w1, ws,ws,wy,ws,2) =8 , e TR TS
01,4( 1, w2, W3, wWq,Ws, ) 20[+]62(UJ2 —(Uj)(UJQ _wl)

1 — edB2((wa—wi)(wa—ws)+(wa—ws ) (wa—ws)+ (w2 —w1) (wa—ws )]

4o — jfa|(w2 — wr) (w2 — ws) + (ws — ws)(wa — w3) + (w2 — wi)(ws — ws)]

1 — eib2 (w2 —w3+wis—w1 ) (w2 —wz+ws—ws)z

20— jBa(wr — w3 + wa — w1)(Wa — wWs + Wy — ws)

2’70;0'705;0 6G1(w1 —wotwz—witws)z
200 — jfBa(wa — w3)(we —wi) + jAK

+4

1 — eiB2(w2—w1)(w2—wstws—ws)z

2a — jBa (w2 — w1)(we — w3 + ws — ws)

1 — edBellwa—wi) (w2 —ws)+(wa—ws)(wa—ws)+(wa—w1)(wa—ws)|z o —jAkz

da — jBaf(wr — wi) (w2 — ws) + (was — ws) (ws — w3) + (w2 — w1)(ws — ws)] + Ak

(B.13)

(B.14)



Appendix

Characteristic Fourier Transform of Stationary

Random Processes

Since the calculation of autocorrelation in time domain is difficult, in this appendix we obtain the output
autocorrelation function in frequency domain by using the characteristics of Fourier transform of stationary
random process. The results of this section are used in (5-49). We assume signal a(t) is stationary random

process, and the autocorrelation function is defined as follows:
R (t1,t2) = E{a(t1)a”(t2)} = Ra(t1 — t2) (C.1)

We also assume that the Fourier transform of signal a(t) is defined as:

Alw) = / " a(t)e-itar (C.2)

—0o0
We want to obtain the autocorrelation of A(w). For definition of the autocorrelation function, we have:

RA(wl,wg) = E{A(wl)A*(wg)} (Cg)
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By subsubstituting (C.2) in (C.3) we obtain:

Ru(wi,ws) = E{ </ a(tl)e_jwltldh) </ a*(t2)6+j“’2t2dt2)} = E{/ / a(tl)a*(tg)e+j”2t26_j“’1t1dtldtg}

_ / / E{a(tl)a* (t2)}e+jw2t26*jw1t1dt1dt2 — / / Ra(t — t2}e*j(w17w2)tze*jw1(t17t2)dt1dt2

(C.4)

By changing 7 = t; — t3 we have:

Ra(wi,ws) :/ / Ra(T)e’j(“’l’w2)t2e’jw1(7)d7dt2 — </ ej(w1w2)t2dt2> </ Ra(T)ejwleT)

=d(wy — wg)(/o; Ra(T)ej“’leT> (C.5)
The power spectral density (PSD), S, (w) is defined as follow:

Sa(w) = /_ O; Ru(r)e—77 dr (C.6)
Therefore, the autocorrelation function of A(w) becomes:

Ra(wi,ws) = Sg(w1)d(wi — wa) (C.7)

From (C.7) we know that A(w) is white noise. Now we assume that a(t) has the following autocorrelation

function:

Ro(t1,t2) = q(t1)0(t1 — t2) (C.8)

By considering (C.4), the autocorrelation function becomes:

0o e}

RA(M,M):/ / Ry (t1, ty)e I @r1mw2ltzgmjwilti=t2) gy it
e} 0o e ) )

= / / q(tl)é(tl — tg)e_J(wl_w2)t26_Jw1(tl_t2)dt1dt2

- /°° qty)e 7T = Q(wy — wo) (C.9)

— 00

where Q(w) is the Fourier transform of ¢(t). Therefore, A(w) is a stationary random process.



Appendix

Solving NLS Equations for a Nonlinear Media

using Volterra Series

Volterra series expansion is one of the most powerful methods for describing non-linear systems. We will
now obtain the output of the nonlinear system by solving the NLS equations with Volterra series. If we
consider the first 3 terms of the Volterra series we will have a good approximation of the solution of the NLS

equation. Therefore X,(w, 2) can be evaluated as:
Xo(w, 2) = Xo, (W, 2) + Xo, (w, 2) + Xoy (w, 2) (D.1)

where X, (w, 2), Xo,(w, 2) and X,,(w, z) are defined as follows:

Xoy(w,2) = [[ Ho, (w1,05,0 = w1 +ws, 2) Ac(wr) A} (w3) Ae(w — w1 + wn)dwr dus (D.2)

KXoy (w, 2) z/// Hé)w (w1, wa, w3, wa,w — w1 + ... +wa,2)Ac(wr)S™ (w2)As(ws) A% (wy)

X Ac(w — w1 + ... + wq)dws...dwy (D.3)

X, (w,2) :/// i, (@1, 0,08, Wi, @ — 1+ o wa, 2) A1) A (w) Ae(ws) A% (w3)

X Ac(w — w1 + ... +wy)dws...dwy (D.4)
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where A.(t), As(t) are the clock and the received signal in time domain, A.(w), As(w) are the Fourier

transform of the clock and the received signal, and the Volterra kernels, H, ,Ol ,» H 53 , and H ,Ol ,are calculated

as follows:
, ) ) p(Lme— 207

Hp, , (w1, w2, — w1 + w2, 2) = 2jy050eH 22w (D.5)
’ Gl(w)z(lie—sz )2

Hp, (w1, w2, w3, wa,w — w1 + ... +wa, 2) = 270sc(7ss + 270s)e 2a (D.6)

2az

’ l—e— 2
Hp, (w1, w2, w3, ws,w — w1 + ... +wy, 2) = 8y0s¢(1sc + 2yoc)eH (=) (D.7)

where o is the linear attenuation constant, and <;;x; is the spatial distribution of the fiber mode. For
simplicity of the calculation we suppose that the received and the clock signals are Sinc-shaped. Therefore,

we can express these signals in time and spectral domain as follows:

k t— (CpTy/F)
Al(t) = m; A,sinc( T ) (D.8)
k
Aw) = F{AD) = AT J[(55) 3 e2miCnti/re (D.9)
m=1
b t — (CpTy/F)
A(t) = bT; Agsine( T ) (D.10)
k
Ay(w) = F{AL0) = bATr [[(52) 3 em2mCnm/me, (D.11)
m=1

where A;, Ay are the amplitudes of the clock and the received signals, C,, is the code number, k is the
weight of the code, Ty, T. are the full width at half maximum (FWHM) of the data pulse and the clock
pulse-width (code word) , T} is the duration of bit and b is the bit value “0” or “1”. Then we can write the

first three output response terms as follows:



APPENDIX D. SOLVING NLS EQUATIONS FOR A NONLINEAR MEDIA USING VOLTERRA

SERIES »
_F o wlT(' b .
Xo, (w, fj 2J’YOSCeG1(w)Z( ){A T. 7TH Z e—QTI'JCm/(Tb/F)wl}
m=1
k
T, ) ) B T
X{bAdewH W2 d Z e—QTFij,(Tb/F)wQ}{ACTCTrH(%)
m=1
k
x S emEmOn T/ F)morten)y 1y, duy (D.12)
m=1

k
1_e—2az , w TC —omi w
Hoa(:2) ://// 27050 (Vss + 270s)e @ )Q{ACTC”H( 12 DD

m=1
k k
X{bAdeﬂ—H wQTd Z 727‘-Jcm(Tb/F) W2}{A T 7TH OJ3 Z 727chm(Th/F)w3}
m=1 m=1
k
T, ; / - T,
X{bAdeﬂ'H w4 d Z e_QWJC’"’(Tb/F)“"‘}{ACTcwH((w w1 +2 + wy) )
m=1
k
x Y e tmIOn /Rt te  duy, dws (D.13)

m=1

k
12 w T(’ —277 w
Hosl12:2) ://// 81050 (150 +2700)e N W TT O ATA [[(F52) D e 2O (T/Peny

m=1
k k

! wa T —27§Co (T, | F)w <J-’3 o~ 273 Cn (Tp/ F)w

AT 3 e A [[(50) 3 2ot
k
T. T,
x{pAdTar [[(25) Ze*ﬂcm T/ 40 (W o Tea)Te
=1

k

X Z e_%jc’"(Tb/F)(”_”1+“'+”4)}dwl...do.)4 (D.14)

m=1

By calculating the integrations in (D.12), (D.13) and (D.14), and depending on whether Tt is larger than T,

or not, we obtain different responses in different frequency ranges. By defining F; as:

Gl(w)z(

Ey =27%bj fosce =) Ag(A)2TyT? (D.15)

then, for Ty > T¢., X,, would be :

(1)For w>—+T, w<—T%—Tid = X, (w,2)=0
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(2)For Ti<w<%+%d

.

Ci=Ci) A ,=2mi 7 (Ci=Cm—2C1) 75

X By _ . M F(CCOE; " E
o1 ( ) Zm 121 1Zl_1 on J (Cz Cm) QWj?(CiJrCm,QCL)

7271'] b Ciw

B)For 7-—# <w< 7

k k k 1 1 215 T (O —C )2 27522 (Ci—Cm) & —omi Do Oy
Xo(w,2)=F ; e F J m)Tc e F Tq e J
o1 (w, 2) 1 Zm:l 21:1 2121 275 28 (C1—Cr) | 272 (Ci—Cm)

. Y
4 1 6271']%(Cmel)TiueQﬂ'J7”(CriJrCm*QCZ)TLde—Q-rrj%(QCl—Ci)w
27 22 (Ci+Crn—2C1)

2 1 2
4 F — < — — —
() o Td Tc Td TC
SEats 1 1 2715 Db (Ci+C1—2Cm) 2 2mj T2 (Ci—Ch)
XO w,z)=F 67‘-? i 1~ 7rLTCeW? i=Cm) 1y
AP IP B DS G AN EE A ran

e—QWj%(QCm—Ci)w (D16)

When the pulse-width of the data is smaller than the pulse-width of clock (Ty < T¢) we have

()For w> = —l—Td w<—T%—Tid = X, (w,2)=0

(2)For T%,<W<T%+T%

LT
k k k 1 1 2mj 22 (Ci=C1) & —2mj 32 (Ci—Cm—2C1) 7 o—27mi 2 Ci
Xy, (w,z)=F _ C , eTF T HUTC ¢ F Tq ™ w
01( 9 ) 1Zm—1 Zz—l Zl—l 2 Jﬂ(cl m) 27‘7 (C +C,,172CI)

1 2 1
B)For — 7+ 7 <w< g
k k k i T (O —C) 2 2 Ci—C, _
X01 (wv Z) = El Zmzl Zi:l Zl:l omi o (é C ){2 (é o )627‘7 I3 (Ci Cm)Tc T F b ( ’”)Tde 27r_] b Chw
™) (Li=0m ‘ffJ
T )
NR— 1 e—Qﬂ'JTh(Ci—cl)%GQWj%(QleCm)w
27Tj?(01'+c¢n7201,)
1 2 1 2
(4 For 7 — 7 <w<-—-7+7+
Ty 2 iTo (o 1 Y
o) = By Sy S Sy s (e O 2 G
J 1—Cm ) F (Li=0Cm
+ - 1 6*2717%’ (Cmfcl)% eQWJTb(C'iJFCm*201)%{16—27@%(201—0,;)“;
27j b (Ci+Cr—2C1)
1 2 1
(5)For —f <w<-—7+7;
k k k 1 1 —27mj 3 (CLHCi—2Cm) & 275 22 Cry
X w,z)=F . e F Te 4“7 F CUm
01( ) ) 1 Zm:l Zz:l Zl:l 27‘7»%(01707”) 27rj%(Cri7Cm)

LT
+ - 1 6—2‘“'] L (Chm Cl)q%627‘7%(Cﬁrcm*?cl)ﬁef%r] 7 b (2C,—C;)w
2mj b (01 +C7,L7201)
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SERIES 115
1 2 1
Ja -z _
(6)For T <w< T
Xo,(w,2)=FE Xk: Xk: k 1 1 2715 Lo (O 4+Cy—2Cum) 2 215 F2(Ci—Chm) 7=
o \W,2) = 1 - e a Q m)T; e i m) T
1 m=1i=1 =1 27T] +(Cr— Cw) 2”3%(@‘ —Cm)
o2 2 (2Cm—Ci)w (D7)

In order to calculate X,, we define parameters S, S1, Sa, S3,54 and E5 as follow:

2 C'm - CZ )

Si= — S5 = ! Sy = ! Sy = —1
1 27r]F(Cm7C) 2 4

With these parameters, for T > T¢, X,, would be:

2
Ey, = 27T5A2A(21T03T3b27086(%s + 2708)6G1(W)Z <%> S = ﬁ
) F

()For w> = —l—Td w<—%—T—d =  Xop(w,2)=0
(2)For i<w<i+%

T C;—2C—Chp) =

XOz(w,z) Zm 1Zn 1Zp 121 1Zl7 55153706%)@2 JF(S 2C=Cm) 7

T
% 627r]7b (2C;,— CnJGCfQCm) T e_Qﬂ-JTciw

(B)For 7 +4 <w< 7

T
2mj =2 (3C; —2C;—Chpy) A=
X E 58153 2™ T i 1—=Cm) 7
02 ( ) QZm 1Zn 1Zp 121 121_1 QM b (Ci+Cp—2Cm)
< e 27r]F(C +Cn+2C,— QCm)Td e_QﬁjTCiw_’_ 5’5’153 271']7(*3Ci+60n*261*0m)%c
27r] L (C;—Cy)
T ) 1 Ny
% eQﬂ'JTh(QCi_cn+cp_20m)T_de—ijTb(Ci—QCn)w

WFor E+h <w<i+l
. T
Xoa(w,2) = B2 Y0y Yoo 1Zp YD il SSz&W@Q”Tb(Ci—Cm)T%

« eQ‘U £ (2C;i=Cn+Cyp) 75 6727r3 #Ciw | 68 G, L eQ‘frJT(C‘H—Cm—QCz)TLC
2#;%(0170”)

. T P
% 627” b (2C;—Cp+Cp —2Cm)Td e—zm 2 Ciw +— 1 ezm?b(ci+3c,,,ﬁzc,,f2cp)%
27 32 (C3—Cr4-2C,—4Cy,)
LT
« eQTrJ 7 (2Ci43Cn+5Cp—10Cm ) 77 o—2mi 2 Ciw +— 1 o273 (Crm—Cp+2C; —2C1) 7
271"‘]?(0”+Cp72c7n)
. T . T
« 2™ (On=Ci) 7y —2mj Tk (Cp—2Cm)w 1 2T g (600 —Cim—3Ci—2C1) £

271'] b (C;—Ch)

X e 27\'] (2C C +Cp 20’”)Td 67271'.] (C 20 )

(B)For 7 <w< 7 + Td

7"‘& Ci—Cp =~
Xoy(w,2) = E Zm 1 Yt gt Tt Lt 55254W62 a8 7

X 3 X o T 4 4~
—27mj 22 (Co+Cp—2C1) 275 2 (Cp+Cp—2Crm)’ 2715 28 (C—Cp)
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Ty o0 1 Ty 2705 T (C14Ch —2C) A
% XTI (2Ci=Cn+Cyp) 1 e—2miFCiw | 55153{72717% (10 - )e mj 2 (Ci+Cm Ok o
F i~ n
ey 1
2mj 3 (2C;—Crn+Cyp —2Cm) 7, efzm 2Ciw 4 _ 1 o2mi g (Ci+3Cm —2C1~2C;) £
275 26 (Ci—Cr42C, —4C,,)
215 22 (TCp —4C, —C3—2C1) A

X e

.
% 627r] 2 (2Ci43Cn+5Cp—10C ) 7 7 6_27Tj b (Cw

1
27§ 22 (Cri+Cp—2Cm)
X eZWj% (CnJFCp*?C”L)TLd 6727‘{"]‘% (QCP74C»,”761)N

(6)For }—3+Tl<w<%

21§ T (i —Cpm) A 2771 L (20, —-2Cy) £
on(wvz)_ Zm 1Zn 121) IZz— Zl— 55254{ Tb(c -Gy )e J e T

Xefzﬂj%ciw_’_ 1 6271'] b(C; Cm)T 271'] b (2C;—Chp, C)Td6727er(C —-2C, )w}
2] F(C —Ch)

T 55153{ 1 271 R (Cit O —2C1) . 2mj 3 (20p+2C0—4Cm) 7 21 T Oy
2#]%(C¢+CP72Cm)
I 1 ezwj%(zcn—(,*ﬁcm—zcl)%c 275 7 (2C;i+Cp—Cr—2C DTy efzm % (Ci—2C,)w
215 2L (Ci—Ch) ; 1
+ 1 e27rj%(9cmfcnfcﬁzc,,f5cp)%ce?wgfb(2Ci+30n+5cpf1ocm)?
275 22 (Ci+Cr4+2C,—4C,,)

% 6727rj7 (Ci4+2C,+4C,—8C )w }

(7)For T% + R <w< + Td

i 2 —C;—3C,—2C,) L 2mjle(20,—C,—Cp) L
k 55154 2mj 32 (50 —Ci—3C,—201) £ 27 7 (2Ci—Cn—Cy) 7
Xoy(w, 2) = B Zm:1 Zn:l Zp:l Zi:l 2i=1 27j b (Ci—C, )e
1 . T
Xefzm‘%cjw_F 55554 engF(zc ~Ci=Crm) = eQ‘rrj b (20:43Cn—5Cp) 7 ,—2mj 2k O
27rj b (C;+C,,—2C))
%) 1 T
5513 €2m7(5cmfcﬁchfzc,,)%c€2mTb(scp+3cn+2cﬁ1ocm)?de_gﬁj%ciw
27 22 (Ci+Cr42C, —4cm)
T,
55254 62” L (20 =Cim—Cy) g 271 B (Cn=Ci) 2 27 T O
271'] 2 (C;—Chn) N
; 1
55153 ezwj%(2Ci+cp—cm—2cl)%Ce2wa%(20m+0n—0p—2ci)ﬁ 672m 220, —Cpw

275 2L (Ci+Cp—2C1) .
. 1

58284 2mj 3 (200 —Cin—Ci) £ 2mj 32 (2Ci=Cn—Cyp) 4

2 22 (C—Ch)
LT 1 T

55183 e%rj% (2Cn+Cm—C;i—2C1) 7= 2™ F (2Ci4+Cy—Cn—2Cm) 77 e—2mi 2 (Ci—2Cn)w
271'] o b(C;—Chp) . )
+ 55153 o2 2 (11C, —6C,—2C, —C;—2C)) A o2 7 (20i+3Cn +5C,—100m) 7

275 2L (Ci+2Cp+Cr—4Cy,)

275 22 (C34+2C 0, +4Cp—8Cyn )w

e—QWj%(Ci—QCn)w

+ o+ o+ o+ o+

X e

(8)For }—3+Tl<w<}—1

5518)  2mj B (5Cm—Ci—3C,—2C1) 7= 2mi 7 (20i=Cn—Cy) 7
XO( ) EQZm IZn IZp 121— Zl*leb(C —Cn)
% 6727r]?ciw+ SS2S4 eQ'rrj b (2C,—C; Cm)T 27 b(QC +3C,, —5Cp)Td 67271’] Fclw
27rj 7 b(C;+C,,—2C))

+ S5, 83 e27rg7(5cmfchfcﬁzc,,)%ce27rj%(2ci+3cn+5cpf1ocm)%de_gwj%(;iw

27 22 (C;42Cp+Cn—4C,y,)

M o2 7 (Ci=Cm) 37 2mj 7 (2Cn —2Cp) 77 p—2mj 22 (Ci—2Cp)w

271'] b(C;—Ch) . ) B

55153 GQWj% (Cm~+C;—2Cy) q% 627Tj Tb (2Cp+2C, —4Ch) T, 67271’] Tb (Ci+2C,—2C )w

25 22 (Ci+Cp—2C1)

(9)For }—3+Tl<w<}—1

ey 30 —C— L orjle2c,—20,) A
S5184 2722 (5Cm —3Cp,—Ci—2C)) 7 2™ T n »)T;
XO( ) EQZm IZn 121) 121— Zl—l 27roI’(C —-C, )6 ¢
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LT
% e—QWj%Ciw_’_ ssls4 ezmTh(5cm—zcn—3cp—zcl)% 27§28 (2C;—Cn—C, )Tdefsz@c —Ci)w
27rj 2 (Ci—Chp)

58254 e2mF(c +2C, —Cm —2Cp) 7= 27ra 2 (2C:i+3Cn—5Cp) 7 727rj%(01+20n74€p)w
275 22 (Ci4+Cr—2C)
55183 271 7 (20 +2Cn+Ci=3Cm —2C1) 7 275 7 (3Cn+5Cp+20:=10Cm) 7

+ 2mj 2k (c +2Cp+Ci—4C)
% =27 (8Cm—4C, —2Cn—Ci)w

(10)For T—j——<w<}—f+%

k k k k k SS.S 275 28 (5C,, —3C; —2C)) A
Xoy(wy2) = E2 3 1 D p1 2op—1 2oim1 21— ij%(cniréﬁch)e i 0T

27 32 (2Ci+3C —5C,) - e—2mi R Ciw 4 55154 ezm‘%(5Cm+2cf5cpf2cz)%ce2ﬂj%(20w20i)%d
2mj 3 (Ci—Ch)
. T
xe_gm LCpw 4 455134 ezm?h(5cm+cﬁ3cp720n72cl)%c 2mj 22 (20— Chn C)Tde—zm (2C,—Ci)w
27mj 32 (Ci—Chr)

X e

. T
T 5555, o273 (200 =2Cy —Con+Ci) £ 275 7 2Ci+3Cn=5Cp) 77, —2mj b (Ci+2C,, —4C,)w
27rj b(C;—Cpn—2Cp)
" S8,y 27 B (20 +2Cn+Ci=2C1=3Cm) 7 275 7 (2Ci+3Cn+5Cp—10Cm) £

2mj 2k (c +Chn +zc,,—4cm)
% =27 (8Cm—Ci—2Cy—4Cy)w

(11)For _—3<w<_—1+}—f

LT 1

55184 27 2 (5Cm —2C1=3C:) 7z

XO( ) EQZM 1Zn 1Zp 121_ Zl_le—C+C 720)6 ’
< e 27\'] b (20;4+3C,, 75cp)Td e_gﬁj b SS1S, ezm7(50,,176cn72cl+3c¢)%

2 22 (C—Ch)

Ty 1 iy
% 2T CCn=2Cy) 2 2 Tb (01 —20,)w

-3 -2 -3
12)F -+ = —
(12)For T+Td<w<Tc

k kK k 55184
Xosleo EQZZZE; (Ci + Cp —2Cy)

m=1n=1p=1i= 271—‘7

627@%(50,,,+60n+3ci72017120,0)%6 275 22 (20, 43C,, —5C )Td —27j 22 (Cy+2C 0 —4CpHw (D.18)

When the pulse-width of the data is smaller than the pulse-width of clock ( Ty < T. ), X,, becomes:

(1)For w>T%—|—T%, w<——c—T% = Xo,(w,2)=0

(2)For T%—i—i<w<i+%

55,9 2715 T (30, =20 —Com) A= 27§ 22 (20— Cp+Cp—2Cm ) 2
Xoa(w,2) = B2 Yy Yot Xpet Yoty Zl_lﬁeij( Oz 2T b0

7271'] b Ciw

B)For 7 <w< g+ Td

5528 215 T (Cy—Cm) A 275 28 (20— Cr—C) 7=
XO( ) EQZm 1271 121) 121_ Zl—l 271']Tb(2040 )e 71'JF( i "”)Tc i 7
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. vy . T .
X 6727‘7%01‘” + %6273Th(Ci+cm_20l)q%eQWJTh(QCi_cn‘FCp—QCm)TLd6727r]%01w
27 22 (Ci—Ch)
5S4 Ss ezm7(2cn+ci—cm—zc,)%Cezwj%(zcﬁch%cm)% —om T O

2mj b (Ci+Cp—2C,)
55183 eij%(?C,iJrCn C'm*zcl)%e mJ (C7L+Cp QCm)T 6—271'3 b Chiw
2mj 2 (Ci—Ch)

4)For 2 +7& <w< 4+ 4+

Xoy(w,2) = Zm 1Zn 12,, 121— Zz— 55254

. LT
275 7 (3C;——2C0 Crm) 2R (Cn=Cp) 7

Th(c —Ca)
X6727rj7501w+ stilsg )62’” 2(3C;i4+Cm—2C, —zcl)T 2m7(cn+cp—zcm)%de,%j%ciw
271"]‘7 C,*C
+ S8, Ss 627Tj 2 (3C;42Cn, —5Cym —2C1+2C) £ 627Tj # (CntCp=2Cm) A 21 % Cra
27rj b(C; +Cpn+2C,—4Cn)
LT
85,5, 627”?(3cn72c,ifcm)%c€2mTb(zcﬁcnfcp)%de_gﬁj%(;nw
2mj 24 (Ci—Ch)
%ezm%(gcﬁcm—wi—zcl)% 27 32 (2Ci—Cr+Cp—2Cm) 7 o—275 2 Cpw
215 2L (Ci—Ch)
. T
+ Th(ssls3 ) 27rj # (207 +5Cm —3Cy —2C;=201) £, 27 %(2Ci+2cpf4cm)%defgﬂj%(gcm,cp)w
2mj g (Ci+Cp—2C,
i o —Cp—Ci— 2 Cpn+Cp—2Cm) A i Ty ,
_|_ 85183 627‘-'] ol (4Cn Cm—Cj 2CZ)T 7\'] ( + nL)Td 6_271-‘7?(20”_01)“)
LT d
27j 2 (Ci—Chr)
1 -1, 2
. T
27§ =2 (5C,, —C; —3C,—2C)) -
XOQ(W,Z)— Zm 1Zn 121) 121_ Zl— SSlSAliTI’(C - )6 F m i P Tc
. T . T
« 2™ (2Ci=Cn=Cp) 77 —27j Tt Ciw + - ‘7§s(zcs4 - )ezng(zcn—ci—Qcm)T%engTh(zci—ch)TLd
7\'] P
x e—2miCiw 4 (ssls3 )627” 2 (Co+4C —2C1—C) & ezm b (20420, ~4Cm) 27 2 T2 Cyu
27rj C;+C 720m
+ S5 83 27rg b (11Cm—6Cp—Ci—201=2C0) £ ,27] § 22 (2C43C +5C,— 10Cm) 2=

T

275 T (Cr 4+ Cot 20y —4Cm)

. LT
X6727r]%01w+ 3?234 ) 271']71’(40«;—3071—0771)7% 27"] L (3C,—2C;—Chn, )Td 67271’] bC,w
27y F C;,—Cy
T

918 2mj B (ACi—3Cn+Cm—2C1) £y 27 G (3Cn=2C14Cyp=20m) 1 ,—2j 2 C o

215 28 (Ci—Ch)

e

LS55 275 2 (401440, —9C,, —2C143C, )TL627@%(60m72ci73cpfcn)%
275 22 (Cy+Cr+2Cp—A4Ch,)
. . T LT .
% =275 2 (Cnt2Cp—4Cm)w + sszs4 2T (3Cn—2Ci—Ci) = 2757 (2Ci=Cn=Cp) 7 ,—2m5 % O

27rj b(C;—Ch)
5515 eQﬂ'j%(élC,if?)CnJrCmeCl)T 215 3 (3Cn—2Ci+Cy—2Cm) 7 ,—2mj T2 o

271’]71’(0170.”)

s T
55,55 273 (5Cum =30, —2C;—2C1+200) 2= 23 (201420, ~4Cm) 7
2705 22 (C3+Cp—2Cm)
X e*ZWJ?(Cp*QCm)w 4 55133

27rj b(C;—Ch)

. LT
62@% (400 =Ci=Cim—2C)) 77 275 3 (Cn+Cp—2Cm) 17 ,—2mj 3 (2C, —Ci)w

(6)For #4722 <w< 4

i T Ty 1
= S5S154 27§ 22 (C;+5Cy, —2C, —2C,—3Cy) A 27 22 (Cn—Cyp) 7=
Xo2(w,z)— Zm 1Zn 1Zp 121_ Zl_l?j—c C)e F »)T; e F Tq
n
x e—2miFCiw | (33254 — 27\'] 2 (2Cn —Cp—20,+C) - ezm #(200-20,) 2 —2mj e O
27TJ Ci+Cn)—2C,
+ 55153 627”7(2cn73cm+ch+cﬁzc,,)%ce27rj%(cp+c ~20m) 25 =275 5 Cuw
LT
27 32 (Ci4+Cr+Cp—4C)
. T . T
+ %627”%(5CW/+C71_2073_3CP_QC[)TLCeQW]Th(QCi+3cn_Cp)%de*2ﬁj%(0¢72cn)w
271"]‘? Cian
i o —20,— 1 2niTe(20,-20,)L T,
+ Mezﬂj 7 (Cp+2Cn—2C; 2Cm)Tce mj 7 ( )T e—27rj Cpw
25 2B (Ci—Cy)
LT
+ S5183 627@%(2cn+3c,,ﬁcpf2cﬁzcl)TLC 27 P (2042040 m) 77 —2mj T (0201w

275 22 (Ci+Cp—2C1)
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SERIES 119
+— 55183 ezwj%(15cm—3cn—scp—zc,;—zcl)%c 27 32 (2Ci+5C,+3C, —10Cn) 7=
2mj 32 (Ci4Cn+2Cp—4Cyy)
. T
x =23 2 (Cn+2C,—4Cm)w 4 $838s  ,2mj 3 (40i=3Cn—Cm) 7 275 7 (BCn—=2Ci=Cm) 4 275 "2 O

215 22 (Ci—Ch)

55153 eZWj%(ALC'i*?’Cn‘FCnL*?CZ)T 215 7 (3Cn —2C3+C, 720771)% —2mj R Chw

d e
2 22 (C—Ch)
I 55,5, ezwj%(4Ci+3cn+4cp—9cm—zcl)%ce2wj%(60m,—3cp—cn—2ci)%d
27§ b (Ci+Crn+2Cp—4C,)
LT
X ¢~2MI B (On420,—40p)w | 8528 2 3 (100 =3Ci=Com) 1 273 R (2Ci=Cn=Cp) 2 T2 (Ci=2C, )
27rj b (C; Cn)
55133 27rj%(4Cnf3C,i+Cm72Cl)T 275 26 (20, —Cr 4+ Cp— 2C0m) 7 o273 2 (Ci=2C, )
271'] b (C;—C,p, )
S5153 6271'3 b (2C,,+7Cy, —4Cp—3C; —QCl)T 271'] L (2Cp42C;—4Cp, )Td G,QWJ 2 (Ci+Cp—4Cm)w
275 2L (Ci+Cp—2C1)
-3, 2 3, -2
(7)FO7” T+T_<w<T_+T
iy Ty 1
5818y 2mj 3 (50m+Ci=2Cn—3C,—2C) £ ,2mi 7 (Cu=Cy) 7
Xo( ) EQZm IZn 121) 121— Zlflgj h(c C) # " ' " P Tec e F Tq
xe—Qﬂ'TCiw+ 55254 62m?(20n+cﬁcmfch)T_c 2mj 22 (20, —2C )2 o—2m5 5 Cuw
27§ 32 (Ci+Chn —20 )
S5, 83 627Tj £ (200 +Ci42C, —3Cm —2C1) 4 , 275 2 (Cpt-C—2Cm, )P =2 T Cuw

+
275 26 (Ci+Cr+2C,—4C,,)
55184 6271-‘]‘% (50771+Cn72ci73cp7201) Te 27Tj (20 +3Ch — P) Ty 6_271'] c w
275 22 (C—Ch)

. LT
+ 33254 e%ﬂ%(QCn—QCerCp—?Ci)T%62”1%(20i—20p)%de—2wj%cpw
271'] b(C;—Cp)
+ 5815 o2 (20, —Cp+3Cm —2C;-2C1) A e2m b (2C42C, — m)%de—Qﬂ—j%(Qcmfcp)w
25 2L (Ci+Cp—2C1)
4 55183 273 7 (15Cm —2C; =8Cy=3C—2C1) 4; 25 3 (2Ci+5Cp +3Cn—~10Cm) £
275 22 (Ci+Cr4+2C,—4C,,)
X e_QWj%(Cn+QCp_4Cm)W + 55254 eQﬂ'J L (C; Cm)T 627‘7 L(Cr—C )Td 6—271'3 2 b (C;—2Cy)w

271'] 2 (C;—Chn )
55183 271'] b(Cm+C; —QCl)T 271'_] b (Cp+Cp—2Cp, )Td 67271’] % (2C,—Ci)w
277]‘%(01*6%)
+ 5513 e27rj%(3c,,ﬁch+cﬁ2cl)%cezwj%(c,ﬁcpacm)%
2mj h(c +2Cp+Cn—4Chy)
% e—2mi B (Ci+2C, +4C,—8C )w

e

(8)For }—1<w<}—3+%

55,8 270§ Lo (5C,m —3C; —8C, —2C, —2C;) L 2mj 2L (2C;—2C,) A
Xo( ) EQZm 1Zn 1Zp 121_ Zl—lﬁe TI']F( P l)TCeﬂ']F P) Ty

2 (Ci—Ch)
xe*zﬂ? w4 5558, 2wg7(scp73cﬁcm720n)T 2mj T8 (20;43Cn —5C, )7 o—27J 2 oyw
27rj b(C; +C.,L72C )
+ 55183 €2m b (13C) —303; 60,200 —2C1) 7, 275 28 (20, 43C,+5C, 1ocm)TLd€_2m Ty G

2 22 (Ci+2C, +c —4C,)

ssls4 62’” B (5Cm+4C:i=3C,—5Cy —2C)) £ 2mi 7 P (3Cn—2Ci=Cp) 75 o—2mi 2 Crw
27r] 7 b (C;—Ch)
T
SS284 27"] il (5Cn+4c Cm*SC )%627" T(BC —2C;—Cy, )Td 6727rj%(20pfcn)w
275 2 (Ci+Cn—2C, )
+ 55183 627@%(5cn+4c,i+8cp715cm7201)%627@%(60,”7071730,072@)TLd
27 22 (C;42Cp+Cn—4C,,)
LT
% =27 (—2Cp —Cr+4Com)w + Ssls4 ezwj%(5cm—zci—3cp+cn—zcl)ﬁezmT”(sanCi—cp)TLd
27rj b(C;—Ch)
. T
% e—zwj%cnw+ 33254 27rJ?(2cn+cpfzcﬁ2cm)%cezm?b@c —2C )%6_27” Ty e
27rj b (C;—Cp)
LT
+ 55183 eQ’U7(30"»*2071*201*%*201)T% 27 P (2042040 m) 77 —2mj T (0201w

275 22 (Ci+Cp—2C1)
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+ 55155 6271'j%(15Cm—30n—20i—8cp—201)% 275 22 (2C;4+3C, 4+5C, —10Chm, )2
275 2L (Ci+2Cp+Cr—4C,,)
. . T, T 1
X 67271']%(201,4»6'717407”)(*) + Me%w?b(Ci_CM)TLCG%UTb(Cn*CP)T* 727'rj b (2C,,—Ci)w

2mj 2 (Ci— cn)
S918s  2mj 7 (CitCm—201) 4 23 (Cut Co=2Cm) 75
QWjTI’(C,;—Cn)
I 55,5, ezwj%(:schrc,;—ch—zc,)TLce2wj%(Cn+Cp—2Cm)Tid
27rj (C +2C,+Cp—4Chp,)
2#]?(8Cm74CP72Cn7C¢)w

—2mj 22 (20, —Ci)w

X e

(9)For T% + :_p—f

k k k k k 55,8 275 28 (5C,, —Cs —4Cp +2C, —2C1) A
X, (w,z)=F . 124 e F m P Te
02( ) ) 2 Zm:1 anl szl 21:1 Zl:l 27rj T, (CitCr—20)
< e 27j 2 (C — Cp) 7 e‘QW b Chw SS154 ezm b (5C,+2Cn —3C, —2C; 720,)%6 i (20, —2C%) 7
T
2mj 2 (Ci—Chp)
. T Y 1
< e—2mi R Cpw 55584 )62”37"(4017—201‘—@—0"1)%62”3%(301)—0"—201‘)?,16—%3 Ly (Cp—2C)w
275 2 (Ci4Cn—2Ch
T 55183 271 7 (90 —Crn—2C;—4C, —2C1) . 2mj 2 (6Cm—3C,—2Ci—Cn) £
2mj b (C+2C,+Ci—4C,)
LT
< e—2mi R (20, +Cn—1Cy)w SS1S4 ezm‘%(5cm75cn73cp+4cﬁzc,,)%c€2m7b(3c —2C3—Cy) 7=
T
QWjTI’(C,;—Cn)
. T Y NE! T
% 6727‘7%0"“) + (88254 = )eQTFJT”(4C,;—SCp+5Cn—Cm)TLCeQTFJTI’(3Cp—Cn—QCl)T—de,QWJTb(QCP,Cn)w
27rj C;+C 2
+ 55183 627Tj 7 (5C —15C,,+4C;+8C,—2C1) 72 27rj L (6Cm—3C,—2C;—Ch, )T
2mj b (C+2C,+Ci—4C,)
. LT
Xe—QWj%(élCm—Cn—QCp)w_’_ Si154 ) QWJ%(SC,,L73CP7C,i72CZ)TLC6271’]7”(20170,”701,)%1
21y C C
T 1
% e=2mi P (Cu—Ci)w %e2m % (20, —Ci=2Cm) = 275 P (20i=2Cp) 1 —2mj b (20, —Ci)uw
2] F b(C;—C.
SS5183 275 32 (Cm —2C142C, —Ci) A 2mj 7k (4C;+4Cy, —8Cm) 75 ,—2mj 2k (4C,,—2C, —Ci)w
F i T (Ci+Cy20m) © °€ €
T i P m
LT
+ 55,83 e27rj%(11cm72cnfcﬁecpfzc,,)%c€2m%(2C,i+5cpf1ocm+3cn)%

2mj 2k (c +2C,+Ci—4C)
5 e—zm b (C;4+4Cp4+2C, —8Cm )w
(10)For }—3 <w< %4—}—2
LT 1
58:8 21§ 2o (5Cm+2C, —4C, —C —2C)) =
X E 124 e F P Tec
0( ) QZm 1271 121) 121— Zl*12jb(C+C—20)
LT
zme(cn_cmT—de,ngcw 55154 o273 F2 (5Cm+2C0 —3C,—Ci—2C1) 47 27 7 (2Cp=2Ci) 7
27rj b(C;—Chp)
. T
X e~ 2T RCow 4 ____ SS154 €2m?(4cpfc,,ﬁcnfzci)%c627rJ7b(3c,ﬁ2cfcn)%d
275 2 (Cp+Ci—2C))
~2mj 2k (20, ~Cr)w 55153 23 7 (9Cm —4C,—20;—Cn —2C1) £
275 22 (Cp+2Cp+C;—4Cy,)
27rj%(Gcm—ch—wl—cn)T—de—zmT(wm—cn—wp)w 4 S5S18:s
2742 (Ci—Ch)
LT .
2mJ P (Ca=Cp) 7 25 T (20 ~Ci)w 5554 o273 (400 —2Cp = Cin+3C3) £
27r] 7 b(C; +Cn—2Cp)
. T
« 2™ (On=Cp) 7y ,—2mj Tk (4C, —C;—2Cp)w 55183
2715 22 (Ci4+Cn+2C, —4c )
% 62”1%(GCPHC’L*?’Q*201*1107”)%62” 7 (CntCp=20m) 17 ,—27j 32 (8C, —Ci =200 —4C )w

X e

X e

275 72 (5Cm+3C; —3C, —4C, —2C1) 7=

X e (&

X e

(11)For # +— <w< 7

LT 1
88184 25 2B (5Cm+5Cp, —2C1+2C; —10C) 7=
Xoy(w,2) = En Zm 1Zn 1Zp 121_ Zl_l 27j T (Cy+Cr—2C € r :
« 62707(CWCP)T—de—zmT(cn—wp)w + 55154 62m?(5cm+ci+2cnfecrzcl)%c
25 22 (Ci—Cy)
. T . T
x 2™ P (2Ci=2C0p) 77 —2mj 3 (2C,—Ci)w 58584 2753 (200 =20, —Crnt+Ci) £

275 22 (Ci+Cn—2Cyp)
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SERIES 121

X e

. T
2mj 7 (20:+3Cn=5Cy) 77 ,—2mj Tk (4C, —Ci—2C)w 554 84
27\'] i (C +Cn+20 74C7n)

. T
% ezwj%(ch+zcn+ci—zcl—4cm)%ce?vrg%(3cn+5cp+2c1 100m) 75 =27 52 (8Cum —Ci—2Cn —4Cy )w

-3 -2 -3
12)F — + — —
(12)For T+Td<w<Tc

E ok ok SS.5,
Xosleo EQZZZX;;2 2(C; + Cy — 2Cy)

m=1n=1p=1i= 71—‘7

627@%(50,,,L+60n+3ci72017120,9)%6 27 2 (20, +3C, —5C )T 7271'] b (4Cp—2C,—Ciw (D.19)

In order to calculate X,, and in regarding to parameters S, Si, 52,53, S4 and by defining E3 as follow:
2

—2az
3= 64#5‘43‘4ch4le'}/036(’7% + 2’706)661(w)z (16 )

2a

for Ty > T, we would have:

(1)For w>%+%d, w<}—j+_—1 = X (w,2)=0

2 1 4 1
ey Ty 1
SS1S3 27r]—b(4C,-+C, —2C1-3C) £ 272 (Ci—Cn) 7
XO ( ) E3 Zm 1 Zn 1 Ep 1 Ez— Zl_l 7271—] T (C C ) F v P m)Tg e F Tq

6—271'] b Ciw

4
(3)For T—c+—<w<—+Td
. T Ny 1
5525 2R (2Ci=Cp—=Cim) 7 27 7 (2Ci=Cn) 77
Xoy(w,2) =By Y m _y Son S ST S s J R (2Ci=Cp=Cun) = 273 3 (2Ci=C)
p= 2mj 22 (Cs C)
. 1 . T
% 6727‘77 w oy .7:953133 6271']TI’(QCi—i-Cp—Cm—QCl)T—CeQﬂ'jTI’(C,,—C,I)T—de,QWJTbCiw
2mj 2 (Ci—Ch)
5S4 Ss ezm‘%(2c,i720n+5c,,,ﬁzc,,730,))%&e27rg B (Ci=Cn) By —2m T i
ey
271’]?1’(0170.”)
55, S5
215 22 (Ci—Ch)

(4 For 4 <w< 4+ 7

k k k k k
X03 (UJ, Z) = E3 Zm:l Zn:l Ep:l Zi:l Zl:l 55254 Qﬁjﬂ(lc._c )
#(Ci—Ch

. . T
27 72 (205 4+Cp—Crm —2C1) - JRUEE (Ci=Cn) 7 e—2mi 7 Ciw

e2” b(2C;4+2C,+Cp—3C, 201)%6727@%6‘7”}

275 28 (20— Cp— ) 25 32 (Ci=Cn) 7

€ ce Ta

vy
~ e—QTFijC,;UJ + 4TSS153
27 22 (Ci—Ch)
275 22 (20, —2Cn+5Cm —2C,+3C) )7 62” 2 (Ci—Cy )Td efzm 2 Cw

e

SS1S3

T,
271’]75(0170.”)

SS1S 2705 T8 (6C, +Cp—3Cm —2C; —2C)) 27\"3(0'70 )
Ae 7\']7( ntCp— m i Z)Tce JF i n T4 e
2mj 4 (Ci—Cn)

e

—2mj 22 (C;—2C,)w

(5)For %+}—1<w<%d

7§ 2L (5Cm —3C,—2C)) A
Xog(,2) = B3 Y1 Yoy Lpt Lt Lt 55154W62 TF (PO m3C, 720 T



122

o eQTrj%(Ci—Cn)TLd6727rj%Ciw 58284 27i (200 —Cp—2Cm) 2= 2mj 5 (2C;—2C,) 7=
27rj 7 b (Ci+Cpn+2C,—4Ch,)
% 6727rj%ciw 85155 627Tj 2 (200 +Cp—2C1—Ch) A e2m 2 (Cs Cn)% —2m5 % Oy
271']—(6' —Ch)
LT
4o SaS 2z (20:=Cypm O o=2mi P O
271’]?(0170.”)
S5, S5 275 32 (2Ci+Cp—Crm—2C1) & —2mj 22 Oy
2mj 52 (Ci—Ch)
S$51S5 275 22 (20, —3Cp+5Cym—2C, —2C,, )2 —2mj T Crw
2mj 52 (Ci—Ch)
LT
+ §81S3 25k (6Cu+Cp—3Cm—2C1=2C) 4 25 3 (Ci=Cn) 7y —2mj T2 (20, —Ci)w

2 22 (C—Ch)

-2 4 1 2 -1
(G)FOT TC+T_d<w<TC++Td
. ey 1
_ k k k k k 5518, 21§ T8 (5C,, —2C1 —3Cp) A 2mj 2 (Ci—Ch)
XOS (w7 Z) - E3 ZmZI ZnZI Ep:l Ei:1 Zl:l 27Tj Ty (C;—Chn )e e Tee d
275 b Cyuw 55554 273 B (200 =Con=Cy) g 275 7 (Cit Cn) +2Cp—4Cm) 7
275 22 (Ci+Cn)+2Cp—4C,
vy
L 2mj 3 (200 —Com+Cp—2C1) £ 275 3 (Ci=Cr) £ =2 %2 Cyo
27rj b(C;—Ch)
. T
55284 6271']?(QCnfcpfcm)Ticezﬂj%(crifcn)%de_Qﬂ.j%(an_ci)w
2 22 (C—Ch)
S8153 27 (200 ~Cm+Cp=201) 4 203 P (Ci=C) 7 —2mj 3 (20— Co)w
27rob(Cian)
LT
$81S3  2mj 3k (5Cm—3C,—2C1) = 27 7 (Ci=Cn) 7 ,—2mj B (20, —Ci)w
215 2L (Ci—Ch)

X e~

LT
% 6727r]7501w 4 e

(T)For <w<—+Td
ey 1
55184 275 2 (5Cm —2C;+2Cn —3Cp—2C1) A=
XO( ) E3Zm 1Zn 1Zp 121_ Zl_l?j—CJrC 720)6 )
% e 2mj b 7 (Ci+Cn—2Cp) 7~ T e—27r] b Ciw M 271']7(QCri*QCnJr5Cm*3Cp*201,)%C —onjle 2 Crhw
271'] b (C;—Cp)
4 SSoS4 27rj ™ (4Cn+2C; +3cp 9C,, — 20,,)%66_27rj%(cn+20p—4cm)w

275 2o (Ci4+-C +2C, —4cm)
F

T55153 e?ﬂ'j 72 (2C:+C,y C»,y;*?Cz)T 6—271-3 b Cw
275 22 (Ci—Chn)
55254 275 28 (20, —Cp—Cl) A= 275 72 (Ci—Cr) = _2ni b (20, —Cy)w
_|_ + —e F c e de F
27§ 32 (Ci—Ch)
vy
S8183 21 3 (200 +Cp—Cm—2C1) £ 275 7 (Ci=Cn) 2 ,—2mj Tk (20, —Ci)w

215 2L (Ci—Ch)
LT
S5, ezm*%(5cm73cpfzc,,)%cezm%(cﬁcn)%

LT
b de—QTFjTh(an—Ci)w
QWjTh (C;—Ch)

(8)For ;—%+TL<W<;—1

S5.8 2705 T8 (5C,, —2C; —3C,+2C, —2C7) L
XO ( ) E3 Zm 1 Zn 1 Zp 1 Zz— Zlfl —271'] T c :_é —2C e ™J F( m i b2 n I)Tc

% 2™ Z(Ci+Cn —2Cp) 75 e—2mi T Chw + 55154 ezm%(2ci—3cp+5cm—2cn—2cl)%c 27mj 2 (Ci—Ch )7
271'] 2 (C;—Chn )
~ e—27r] b (2C,+C;)w 58284 6271'] 7 (20 =90, +3C, +4Cn) 1
275 b (Ci+2Cp+Cr—4Cy,)
o 2T (Cit2Cy+Cn—dCn) £ ,—2mj 2o (8C, —4C, 20, —Ci)w 5515, 275 (20i=Con+Cp—2C) 4

27r] b (C;—Ch)

X e 27"] 7 (Ci C”L)Td e—27rj L (2C,,—C))w

(9)For }—f+}—j<w<}—f+%{i
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When the pulse-width of the data is smaller than the pulse-width of clock(Ty < T¢)for X,, we would have:
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Appendix

Calculation of the Output Signal of a FWM

Device in OCDMA Receivers: Mean and

Variance of the Output Current

As we have seen, the received signal in OCDMA systems can be decomposed in two parts: the desired user’s
signal and the interference from other users. After through the FWM device (working as an AND gate)
we obtain three signals: the desired’s user signal, the signal due to multiuser interference, and noise due to
FWM. In this appendix we obtain the components of the output signal separately. The results are used in

section of (5.2.5).

E.1 Calculation of the Mean of the Current in the Output of the

Optical Detector

For the case of the main signal (the one associated with the desired user), we can expand the response of the
detector by using Volterra series. By using (3.38) and the two first terms of Volterra series, we can obtain a

good approximation of the output signal after the AND gate. We obtain:
Ap(w, 2) = ff H(')L2 (w1, w2, w — w1 + wa, 2)Ap(w1) A% (w2) Ap(w — w1 + wa)dwi dws (E.1)

where Ay, (w) and A,(w) are the Fourier transforms of the pump and input signals. If we suppose that these

signals are Sinc-shaped, we obtain:
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Ap(w) = Qanp (W/Qp)
Au(w) = Y22p T[(wr, /27)

where b is the value of bit “0” or “1”. By substituting in (E.1), A,(w, z) can be expressed as:

2 Q, min(%,Qp—w+twi)
A /P P 2 P
Ap(w, 2) = (&) —Opr/ / H! (w1, ws,w — w1 + w2, 2)dwidws

2Qp 2 —Qp Jmax (-4, —Qp—wtwi) o
_ —2az 2 Qp min(%,Qp—w+wi)
:gj%gpecl(w)zlei p ﬂb/ / ’ 1 duw duws (E.2)
( 20 QQP 2 —Qp Jmax (-5 ,—Qp—w+twi)

The mean current at the output of optical detector due to the desired user’s signal, according to appendix

A is:

2
E{I|M}:(%) jje‘j(“’_“)t Ao(w)Ao(v) + Ra, (w,v) + Rpw pm (w, v) | Sine w=u)T dwdv

2 4
1— 672o¢z

Lo ) fay ) B (LY,
2 20, | W2\2r
min(5,Qp—wtwr)

Xffeﬂm(wfv)zeﬂm(w*v)t / / . dwy dwo

—Qp Jmaz(—4,—Qp—wtwi)

s w _ ’
Qp min(5,Qp—wtwi) L, ' (w _ ’U)T
X dwidws | Sinc| ————
—Qp Jmaz (-3, —Qp—wtw)) 2m

_ 2 —2az
_’}/(Jsp6

(w—2v)T

—j(w—v)t :
—l—fje Ry, (w,v) + Rpwm(w,v)| Sinc -

dwdv (E.3)

where
Ra,(w,v) = E{Apar(w) A3 4 ()}, Rewn (w,v) = E{Arwn (W) Aoy s (V) }
Assuming that the time response of the optical detector, T', is much bigger than the received pulse time, 7,,

we obtain:

2 4 2

Cous 1 — 2z a Py 1 2 b Qp min(y ,Qp—wtwr)
E{Anar :728176 * 20 2—522; W(ﬂ) T/ /Q / w dwidws | dw

— maz(—4,—Qp—wtwi)

2
+ % Ry, (w,w)+ Rpwm(w,w) | dw (E4)
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E.2 Calculation of the Variance of the Output Current of the Op-

tical Detector due to the Interference Signal

We obtain the signal at output of the AND gate due to interference signal by two methods. In both methods
we obtain the variance of the output current from the autocorrelation of the output. According to Appendix

A,

oar(z) =17 ff JI[RAU (w1,v1,2)RaA, (w2, v2,2) + Ra, (w1, v2,2)Ra, (w2, v1, 2)]

(w1 — Ul)T
27

Sine| 2= v2)T

Sinc dwidvidwodug (E.5)
We assume that signals are stationary in the nonlinear environment for obtaining the autocorrelation func-

tion with the first method, but in the second method we obtain the autocorrelation function without this

assumption.

E.2.1 First Method: Assuming Signals are Stationary

In this method we assume that signals in the nonlinear environment are stationary. As shown in [88], signals
due to interference users are stationary random processes. Therefore, obtaining the autocorrelation function
at the output of the AND gate from the coupled equations (3.22), (3.23), (3.24) is a complex task. We use

the Fourier transform of these equations.

We know that the signal due to multiuser interference after passing through the decoder can be expressed
as:
as(t,z) = asy(t,2) + jas, (t,2)
where in z = 0 the two Gaussian process as,(t,z) and ag, (¢, z) are independent and with zero mean [89].
We assume that throughout the nonlinear environment, the signals are gaussian shape and zero mean. Then
we can write Ag(t,2) as follows:
As(t,z) = Asp (b, 2) + jAs, (8, 2)
where A, (t,z) and As, (t, z) are the Fourier transforms of ag, (¢, z) and a, (¢, z). We know that the Fourier
transform of a Gaussian function is also Gaussian, So both of them are Gaussian processes whose means are
zero. We use the same assumption for the output signal of FWM, A,(t, z). Now we assume that passing
throughout the nonlinear environment does not have any effect on the clock signal (pump) and its changes

are only due to attenuation, dispersion and also from SPM (self phase modulation). Then, the equation of
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the pump signal becomes:

8Ap8(:’ ?) = _aoéw) Ap(w, z) — JAW)Ap(w, 2) + 729 fj Ap(wi, 2)Ap (w2, 2) Ap(w — w1 + wa, 2)dwidws

(E.6)
At the beginning of the nonlinear environment for pump signal we have:
: t a w
ap(t,0) = apSmc(Tpump VA, (w,0) = 2—5}) (Q_p> (E.7)
where A,(w,0) is the Fourier transform of a,(¢,0) , [[(z) = {(1) ‘;Efgl and Q, = Tpi:w. Then, the

coupled equations (3.22), (3.23), (3.24)become:

0As(w, z) ap(w)

iR - As(w, z) — jA(w)As(w, z) + J {'yss jf Ags(wi, 2)AS(we, 2)Ag(w — w1 + wa, 2)dwidws

+ 2950 jf Ao (wr, 2)AH(we, 2)As(w — w1 + wa, 2)dwidws + 47sp jf Ap(wi,2)Ap(we, 2)As(w — w1 + wa, 2)dwi dws

+ 2ygopeIRk2 jj A (wa, 2)Ap(wi, 2)Ap(w — wy + wa, z)dwldwg] (E.8)
6A%(Zw,z) _ _aoéw) Ao(w,2) — jA(w)Ao (w, 2) + j ['yoo [J Ao (w1, 2) A5 (wa, 2) Ao (w — w1 + w2, 2)dwi dws

+270s [ As(wi, 2) A% (w2, 2) Ao (w— w1 +wa, 2)dwidws + 47, [[ Ap (w1, 2) Ap (w2, 2) Ao (w— w1 + w2, 2)dw dws
+ 2’yOSpe_jAkZ fj A&(wa, 2)Ap (w1, 2)Ap(w — w1 + wa, z)dwldwg} (E.9)

Now we can obtain the autocorrelation functions of As(w, z), A,(w, ) from these equations. For this purpose
we multiply equation (E.8) with A*(v, z), obtaining:
Ai(v,2) 22528 = 202l A1 (v, 2) As(w, 2) — JAW)AL(v,2) As(w, 2) + ] [7 I Az (v, 2) As (w1, 2) A (w3, 2)

X Ag(w—wi +wa, 2)dwidws +27s0 [| Ao (w1, 2) Af (w2, 2) A% (v, 2) Ag(w— w1 + w2, 2)dwidws +4vsp [[ Ap(wi, 2)

x A (wa, 2)A%(v, 2) As(w — wi + wa, 2)dwidws + 2ysope TR [[ A% (v, 2) Al (w2, 2) Ap (w1, 2)
X Ap(w — w1 + wa, z)dwidws (E.10)

In (E.10) we change w to v and multiply its complex conjugate with Ag(w, z), obtaining:

Ag(w, 2)2282) — 26l gx (o) Ag(w, 2) — jA* (W) A% (v, 2) As(w, 2) — J7ss [f As(w, 2) A% (w1, 2)

z

X A% (wa, 2) A% (U — w1 + wa, 2)dwidws — 2j7s0 [ Ao (w2, 2) A% (w1, 2) Ag(w, 2) A% (V — w1 + wa, 2)dw dws
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— 4jysp [ A (w1, 2) Ap(wa, 2)As(w, 2) A% (0 — w1 + we, 2)dwidws — §27s0pe 2% ([ Ag(w, 2) Ao (w2, 2)

X Ap(wi,2)Ap(w — wy + wa, 2)dwi dws (E.11)
By adding equations (E.10) and (E.11) and applying statistical averages to them we obtain the following
equation:

8RA3(W7UVZ) ao(w) +043(U)

9% = — 5 RAS((UaU;Z) _J(A(W) _A*(U))RAS(Wavvz)+j2788|:ijAs(wlavvz)

X Ra, (w— w1 +wa,wa, 2) + Ra, (w1,ws, 2)Ra, (w— w1 +wa,v,2) — Ra, (w2, v — w1 + wa, 2)Ra, (W, ws, 2)
— Ra (w,v —wy +wa, z)Ra, (w2, wr, z)]dwldwg} + 257950 jf[RAO (wi,wa, 2)Ra, (w — w1 + we,v, 2)

+ Ra,a. (wi,v,2)Ra,a,(w—w1 +wo,ws,2) — Ra, (w,wi1,2)Ra, (w2,v —wy +wa,2) — Raa,(w,v—wp
+ wa, 2)Ra, 4, (w2, wn, 2)]dwidws + 2j7sp fj Ap(wi,2)Ap(we, 2)[Ra, (V,w — wy + wa, 2)
- RAs (Wa v — w1 + wa, Z)]dwldWQ + j2’750p JI AP(Wla Z)AP(W — w1 + w2, Z)eijAkZE{A: (Uv Z)A:(W% Z)}

— Ap (w1, 2) Ap(w — wi + wo, 2)e T B A (w, 2) Ay (w2, 2) }dwidw, (E.12)

where

R (w,v,2) = E{As(w, 2)A%(v,2)}, Ra, (w,v,2) = E{As(w, 2)A%(v,2)}, Ra.a, (w,v,2) = E{As(w, 2) A% (v, 2)},
Ra,a,(w,v,2) = E{As(w, 2)A%(v,2)}.

We can simplify (E.12) by using: E{z1z2ziz}} = E{xm125}E{zoz}} + E{x125} E{xaz}}

where x1, x2, 3 and x4 are complex Gaussian random variables with zero mean [90]. Similarly, we can

express R4, (w,v, z) as follows:

Afitcfntn2) 00N L0 by (022) = HAW) = A )R 0:2) + | [ Basn,2)

0z 2

X Ra,(w—wy +wa,ws,2) + Ra, (w1,ws, 2)Ra, (w— w1 +ws,v,2) — Ra,(wa,v — w1 + wa, 2)Ra, (w,ws, 2)
— Ra,(w,v — w1 +wa, 2)Ra, (w2, wr, z)]dwldwg] + 25%0s jj {RAS (wi,wa,2)Ra, (w — w1 + wa, v, 2)

+ Raa,(w1,v,2)Ra 4, (w — w1 +wao,ws,2) — Ra, (w,w1,2)Ra, (w2, — wi + wa, 2)

—Raa,(w,v—ws +ws,2)Ra,a, (we,wr, z)} dwidwa + 2570p jf Ap (w1, 2)Ap(wa, 2)[Ra, (V,w — wi + wa, 2)

— R, (w,v — w1 + wa, z)]dwidws + §27,sp jf Ap(wi,2)Ap(w — w1 + wa, 2)e A E{ A% (v, 2) A% (wa, 2)}

— Ap (Wi, 2) Ap(w — w1 + wa, 2)eT 2R 5 B{A,(w, 2) Ay (w2, 2) Ydw dws (E.13)
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Now we assume that the interference signal is stationary throughout the nonlinear environment. Consid-
ering Appendix B, we use the following assumptions for solving equations (E.12) and (E.13):
Ra, (w,v,2) = Fs(w,z)0(w —v), Ra,(w,v,2) = Fop(w,2)d(w — v), Ra,a,(w,v,2) = Fso(w,2)d(w — v),
Ra,a,(w,v,2) = Fos(w,2)0(w —v)
Then, equations (E.12) and (E.13) become:
§w — v) 2fent) — _00Has) () — 1) Fy(w, 2) — j(AW) — A*())d(w — v) Fy(w, 2)

+ 7295 | J] 6(w1 — v)Fy(wi, 2)0(w — w1) Fs(wa, 2) + (w1 — wa) Fs (w1, 2)d(w — w1 + w2 — v) Fs(v, 2)

= 6(v — w1)Fs(w2, 2)0(w — w1) Fs (w1, 2)0(w + w1 — wa — v) Fs(w, 2)d(w1 — w2) Fs (w1, 2)dwi dws

+ 25750 [[[0(w1 — w2) Fo (w1, 2)0(w — w1 + w2 — ) Fi(v, 2) 4+ 6(w1 — v) Fos (w1, 2)0(w — w1) Fyo (w2, 2)

— 6(w = w1)Fo(wr, 2)0(v — w1) Fy (w2, 2)8(w + w1 — w2 — v) Fos (W, 2)0(w1 — w2) Fo (w1, 2)]dwr dws

+ 25%sp [ Ap (w1, 2) Ap (w2, 2)[0(v — w + w1 — wa) Fi(v, 2) — §(w — v + w2 — w1) Fs(w, 2)]dwi dwy

+ j27s0p [ AP (w1, 2)Ap(w — w1 + wy, 2)e T2 E{ A% (v, 2) A} (w2, 2)} — Ap (w1, 2) Ap(w — w1 + w, z)e TRk

x E{As(w, z)Ao(wa, 2) }dwidws (E.14)

§(w — v) 2elez) — _ 20l tesl) 5, ) F, (w, 2) — j(A(w) — A (v))5(w — v)Fy(w, 2)

+ 72%00 [H O(w1 = v)Fo(wi,2)0(w — w1) Fo(wa, 2) + 6(w1 — w2) Fo (w1, 2)0(w — w1 +wa — v)Fo(v, 2)

= 6(v = w1) Fo (w2, 2)0(w — w1) Fo (w1, 2)0(w + w1 — wa — v) Fo(w, 2)0 (w1 — wa) Fo(wi, 2)dwiduw,

+2§%0s [[10(w1 — w2) Fs (w1, 2)0(w — w1 + wa — 0)Fo(v, 2) 4+ d(w1 — v) Fo (w1, 2)0(w — w1) Fos(wa, 2) —

6(w — wi) Fs (w1, 2)0(v — wi) Fo(we, 2)8(w + w1 — w2 — v) Fso(w, 2)(w1 — wa) Fos(w1, 2)]dwidws

+25%0p J| A (w1, 2) AR (w2, 2)[0(V — w + w1 — w2) Fy (v, 2) — 6(w — v + wa — w1) Fo(w, 2)]dwidws

+ 7 2%sp J| AP (w1, 2)Ap(w — w1 + w2, 2)e A B{AS (v, 2) A% (w2, 2)} — Ap(wi, 2)Ap (W — wi + wa, 2)e T Ak

x E{A,(w, 2)As(wa, z) }dwidws (E.15)



APPENDIX E. CALCULATION OF THE OUTPUT SIGNAL OF A FWM DEVICE IN OCDMA
RECEIVERS: MEAN AND VARIANCE OF THE OUTPUT CURRENT 131

Simplifying the two previous equations we obtain:

oo =y 2 20D 0D 5, ) 0,2) — G(AW) ~ AT(ODIw = 0 (02) + 3270 3 =)

X Fy(w, z) /Fs(wg, 2)dws + 6(w — v) Fy (v, z)/Fs(wg, 2)dws — 6(w — v) Fy(w, z)/Fs(wg, 2)dws — 6(w — v)
< Fu(0,2) [ P, )| + 270030 = 00F.(012) [ Filin, b + 80 = 0)Fun(0.2) [ Fufin, )

— 8w —v)Fy(w, 2) /Fs(wg, 2)dwy — 0(w — V) Fys(v, 2) /Fso(wQ, Z)dWQ:| + Qj%,,/Ap(wl, 2)Ap (v —w+ w1, 2)

X [Fs(v, z) — Fg(w, 2)]dwy (E.16)
e — ) o2 00D AW 5, )0, 2) — (A) - A% @)l — ) Folee,2) + 270 [5@ — )

X Fy(w, 2) /Fo(wg, 2)dws + §(w — v) Fy (v, z)/Fo(wg, 2)dws — §(w — V) Fy(w, 2) /Fo(wg, 2)dws — §(w — v)
x Fy(v, z)/FO(wg, z)dwg} + 25%0s [6(w — ) F,(w, z)/FS(ng, 2)dws + d(w — v) Fso(v, z)/FOS(ng, z)dws
—d(w — V) Fs(w, z)/FO(wg, z)dws — §(w — V) Fyo(v, 2) /Fos(wg, z)dwg} + 2j’yop/Ap(w1, 2)Ap (v —w+wi, 2)

X [Fo(v, 2) — Fy(w, 2)]dwy (E.17)

Finally, we can rewrite (E.16) and (E.17) as follows:

o — ) L2 QD EA) 5, ) 0, 2) — A - A (W))5 — ) Fafe,2) + 270 [5@ — )

x Fs(w, z) /Fo(wg, 2)dws — §(w — V) Fy(v, 2) /Fs(wg, z)dws + 2§7sp[Fs (v, 2) — Fs(w, z)] /Ap(wl, 2)
x Ap(v —w + w1, z)dwy (E.18)
0F,(w, 2) ap(w) + af(v)

O(w —w) P =— 5 0w —v)F,(w,2) — j(A(w) — A" (v))d(w — V) Fy(w, 2) + 2j70s [5(w — )

X Fo,2) [ Flion, 2)don = 80 = 0)F(0,2) [ Folun, ) + 2070l Fof0,2) = Folo zﬂ [ Ape2)

x Ap(v —w + w1, z)dwy (E.19)

We observe that all terms except last term in equations (E.18) and (E.19) include the Dirac function in

w = v due to the assumption that signals are stationary. If this assumption holds, the last term should include
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the Dirac function. None of the functions Ap(w, z) and F,(w, z) include Dirac functions, and therefore these
equations are not correct. In this method, as we show, assumption of stationarity of signals throughout the
nonlinear environment is not correct, and the two last terms of equations (3.26) and (3.27)include the effect
of the pump signal on the output signal. They are important in the FWM process but in fact, in final results
do not have any effect. We conclude that the stationary assumption throughout the nonlinear environment

is not correct and we should solve the nonlinear FWM equations without the stationary assumption.

E.2.2 Second Method: Using Volterra Series

In this method we solve the equations without assumption the stationarity of the interference signal through-
out the nonlinear media. First we express the output system by input signal using Volterra series. According

to Appendix B we have:

Ao (w,2) = fj Hp, , (w1, wa,w — wi + wa, 2) Ap(w1) Af (w2) Ap (w — w1 + wa)dwi dws
+ fj fj H'o&2 (W1, w2, w3, w4, w — w1 +wz — w3 + Wy, 2) Ap(w1) A (wa) A (w3) AG (wa)
X Ap(w — w1 + wa — wsg + wa)dwrdws + fj fj Hlol,4 (W1, w2, w3, ws, w — w1 + w2 — wsg + wa, 2) Ap(wr) A (w2)

P

X Ap(w3)As (wa)Ap(w — wi + we — ws + wa)dwy dws (E.20)

Considering equation (E.20) we can express the autocorrelation function of Ap(w, z) as follows:
Ra,(w,v,2) = E{Ao(w, 2)A5H(v,2)}

=I[f H'Ol’2 (w1, wa,w — w1 + wa, z)Hg‘L2 (v1, V2,0 — v1 + V2, 2) A% (V1) A (v — V1 + V)

X Ap(wy)Ap(w —wy + wg)E{A: (wo) A (vg)}dwldwgdvldvg

+ f...fH’O3’2(w1,w2,w3,w4,w — w1 + ws — w3 +wy, 2)
X Hg312 (U17U2) U3,V4,V — U1 + V2 — U3 + V4, Z)A;(Ul)
X A;(U — U1 + U2 — U3 + va) Ap(w1)Ap(w — w1 + we — w3 + wa)

X E{A: (LUQ)AS (wg)Aﬁ (QJ4)AS(’U2)A: (Ug)AS(U4)}dwl e d(,U4d’U1 . d’U4

+ [ JHp, (w01, w2, w3, wh, 0 — w1 4 we — w3 +wy, 2)

x HE,  (01,02,03, 01,0 — v1 + V2 — U3 + V4, 2) A (V1) Ap(v2) A (3)

X Af (v —v1 +v2 — vz +v1)Ap(wr) A (w2) Ap(w3) Ap(w — w1 + wa — w3 + wa)
X E{A;(w4)As(v4)}dw1 ...dwadvy ... dvuy
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+ /... fH'Ol’Q(wl,wg,w —w —l—wg,z)H(’)”‘w(vl,vg,Ug,v4,v — U1 + Vg — U3 + Uy, 2)
X Ap(wy)Ap(w —wy + UJQ)A;(Ul)A;(U —v1 + vy — vg + v4)
X E{A*; (wo2)As(v2) A (Ug)AS(v4)}dw1dw2dv1 ...dvug

+ [ JHE, (v, 09,0 —v1 + v2,2)Hpy, (w1, wa, ws, Wi, w — W1 + wa — w3 + wa, 2)
x A5 (v1) Ay (v — v1 + v2) Ap(w1) Ap(w — w1 + w2 — w3 + wa)
X E{A: ('UQ)AS(LUQ)A: (Ldg)As (W4)}dwldUJ2dU1 . d’U4

+ [ [Hp, (w1, we,w —wi + w2, 2)HE, (01, 02,03, 04,0 — U1 + V2 — U3 + V4, 2)
X Ap(wl)Ap(w —wp + WQ)A;;('Ul)AP(UQ)A;;(U:})A;;('U — U1 +vg — U3+ U4)
X E{A: (LUQ)AS (U4)}dW1dW2dU1 . dU4

+ [ JHE, (v, 09,0 —v1 + V2, 2)Hp, (w1, wa, ws, Wi, w — W1 + w2 — w3 + wa, 2)
X A;(’Ul)A;;(U — v+ ’UQ)AP(wl)A;(WQ)Ap(W3)Ap(w — w1 +wg — w3 + QJ4)
X E{A: (’UQ)AS(LU4)}CZQJ1€ZQJQCZU1 e dU4

+ [ [ Hp, (w1, w, w3, wa, w — w1 4wy — w3 +wy, 2)

X H&A(Uly“% U3, Ug, U — U] + U3 — U3 + V4, 2)

X Ap(w1)Ap(w — w1 + wa — w3 + wa) Ay (v1) Ap(v2) Ay (v3) A (v — v1 + V2 — V3 + V)
X E{As(wg)Az (w3)As(wq)As (U4)}dw1 codwadvy .. dog

+/.../Hg‘w(vl,vg,vg,m,v—vl+U2 — U3+ vy, 2)
X H/0114(W1,W2,W3,W4,w — W1 +QJ2 — w3 +W4,Z)
X A;(Ul)A;(U —v] + vy — U3+ U4)Ap(wl)A;(wg)Ap(wg)Ap(w —wy + w2 — w3+ wy)

X E{A: (UQ)AS (Ug)A: (U4)As(w4)}dw1 . .dQJ4dU1 . .dU4 (E21)

According to [78], As(w) is white noise, and therefore:

Zi.j Hi<k,j>kE{AS(Qi)A:(Qj)} k=l

E{As(Ql) AL AT () - A:(Qk+l)} = { (B.22)

0 k£l

Also we know the value of E{AS (Q;) A (Qj)}, where S,, () = V%I;\?O [1(1€). So (E.21) can be writ-
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ten as follows:

Ra,(w,v,2)= [ [f Hé)m (w1, wa,w — w1 + wa, z)Hg‘L2 (v1, V2,0 —v1 + Vg, 2) A% (V1)
X Af (v —v1 +v2)Ap(wr) Ap(w — w1 + wg)E{A: (wo) A (Ug)}dwldWdeld’UQ

+ [ JHp, (w1, w2, w3, wa, 0 — w1 4 we — w3 +wy, 2)
X HSK&Z (U17U2) U3,UV4,V — U1 + V2 — U3 + V4, Z)A;(Ul)
X A;(’U — U1 + U2 — U3 + va) Ap(w1)Ap(w — w1 + we — w3 + wa)

< [pp{ A a o E{ A an [ Ao |

+> E{A:(wkl)As(vll)}E{A:(vl2)As(wk2)}E{Az(wks)As(vls_)H dwy ...dwsdvs .. .dvyg

+ [ JHp, (w01, w2, w3, wh, 0 — w1 4 we — w3 +wy, 2)
X HE,  (01,02,03,04,0 — v1 + V2 — U3 + V4, 2) A (V1) Ap(v2) Ap (V3)
X Af (v —v1 +v2 — vz +v1)Ap(wr) A (w2) Ap(w3) Ap(w — w1 + wa — w3 + wa)

X E{A: ((,U4)AS (v4)}dw1 - .d(,U4d’U1 - .d’U4

+ [ JHp, (w1,w2,0 —w + w2, 2)HE, (U1, 2, 03, 04,0 — U1 + U2 — U3 + V4, 2)
x Ap(w1)Ap(w — wi +wa) As(v1) A5 (v — v1 +v2 — U3 + v4)
X |:E{A: ((,UQ)AS (UQ)}E{A; (Ug)AS (U4)} =+ E{A: ((,UQ)AS (U4)}E{A: (Ug)AS(’UQ)}:| dwidwsadvy . .. duy

+ [ JHG, (01, 09,0 = v1 + w2, 2) Hp, (w1, w2, W3, wa, W — w1+ Wa — w3 + wa, 2)
x As(v1) A (v — v1 + v2) Ap(w1) Ap(w — w1 + w2 — w3 + wa)
X {E{A: (wg)AS(vg)}E{Az (w4)A5(w3)} + E{A; (w4)AS(v2)}E{A§ (OJQ)AS(Q)?,)}] dvidvedwy . . . dwy

+ /... fH'Ol’Q(wl,wg,w —w —l—wg,z)H(’)”‘M(Ul,vg,Ug,v4,v — U1 + Vg — U3 + Uy, 2)
X Ap(w1)Ap(w — w1 + wa) Ay (v1) Ap(v2) Ay (v3) A (v — V1 + va — V3 + V)
X E{A’S‘ (wg)AS(v4)}dw1dw2dv1 ...duy

+ /... ngl’z(Ul,Ug,U —v + vg,z)H(’)M(wl,wg,wg,m;,w — w1 +wy — w3 + Wy, 2)
X A;(Ul)A;(U — vy + Ug)Ap(wl)A;(wg)Ap(wg)Ap(w —wy + w2 — w3+ wy)
X E{A’; (Ug)As(w4)}dU1dU2dw1 o dwy
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+ f : 'fHIO3,2(w17w2aw3aw4aW — W1 +ws — w3 —|—w4,z)

x HE, , (U1,02,03, 04,0 — U1 + V2 — U3 + V4, 2)

X Ap(wl)A (w w1 + wy — ws +0J4)A (Ul)Ap(UQ)A (U3)A (U — v + vy — U3+ U4)
X E{As(WZ)A: (w3)Ag(wa)Asg (U4)}dw1 ... dwadvy ... dvy
+/"'/Hg3’2(U1,U2,U3,U4,U—U1+U2 —’U3+’U4,Z)

X H/O1,4 (W1,WQ,W3,W4,LU — w1 + wy — w3 +L<J4,Z)

x Ap(v1)Ap (v — v1 +v2 — v3 + v1) Ap(w1) Ap(w2) Ap(w3) Ap(w — w1 + wa — w3 + wa)

X E{A: (UQ)AS (U3)A: (U4)A5(w4)}do.)1 o .dQJ4dU1 .. .dU4 (E23)

Now we can simplify (E.23) according to Appendix B. For simplicity, we assume that the wave vector

mismatch,Ak = 0. Then, the first term of equation (E.23) becomes:
2

_ ’70510 —2az\2 *
Ra, (w,v,2) =4 Do (1—e 7% ff ff Hp, (w1, wa,w —wi 4w, 2)Hp, , (v1, 02,0 — U1 + 02, 2)

(e () T I (5 ()

<1 <w>dw1dv1dw2 (E.24)

and we have:

2
2] _ p—2az,jB2(w1—w)(w2—w1)z
_ Yosp —20z\2 G (w)z Gi(v)z 1 € €
R =4 1-— 1
=1 T | e e (g ) / /] 20— a1 — ) (s — 1)

1— e—2az€jﬂ2(vl—1))(112—1)1)2

e ) T () 1 ()1 (25

(E.25)
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After separating integrations regarding (E.25) to wy and v, we have:

2

os M * .
RAOI (OJ,U,Z) =4 Yosp (1 _672az)2 Po (&) 672az673[31(w7v)z

2 WQNO 2Qp
2 [ 1 — e 202pif2(w1—w)(wa—wi)z <w1 > <(w —wy + w2)>
) ] o — |dw
‘/_T_g ‘/_00 204—]62(0)1 _LU)(WQ —wl) H Qp H Qp 1
oo [ 11— g2azgifa(vi—v)(va—v1)z (v1 ) ((v —v1 + UJQ))
. ] o —— |dvy | dw E.26
‘/—DO 2a — jﬁQ(Ul - U)(UQ — 'Ul) H Qp H Qp 1 2 ( )

We observe that the calculation of (E.26) is not simple, and also the calculation of the next terms of (E.23)
according to the values for H;, = and H(’)3 , found in Appendix B, are difficult. In order to simplify the
calculation we assume that the value of dispersion is low, so we can say (31 > (2. Then, by substituting

B2 =0, (E.26) become:

2 i 4
_ Yosp —2az\2 Po ap —2az ,—jB1(w—v)z
RA01(w,U,z)—4<g> (I1—e ) 5 0(2_927) e e~ iB1(w=v)

/ / / < > <W> 11 <;}2—;> 11 <W)dw1dvldwz (E.27)

Simplifying further we obtain:

2 4
_ Yosp —2a2\2 Mpo Qp —2az_—jB1(w—v)z
RAnl(w,v,z)—Zl(%) (1—-e ) W2N0(QQ ) € o1 (w—v)

min{—4,(2Q,—w),(2Qp—v)}
x / (29, — |w + w2|)(22, — |v + wa|)dws (E.28)

maz{—4,(—2Qp—w),(—2Qp—v)}

We can simplify the terms of (E.23) in a similar way than the one used (E.28), so Ra,, (w, v, z) becomes:

2
Yes | (1 — e_mz) (1— 6_4(“) Yos | (1 — e—zaz) (1- €_4az)
R 4 - 2 -
Aoqy (UJ, v, Z) ’Yosp < 20 [ 20 4o + 20 2« 4o

/ / G1(w)2 G (v)= <M%7;30> [25(@2 — v2)0 (w3 — v3) + 46(wa — v3)d(wa — U3)] §(ws — v4)
AT TG ) TR ()T )

X H <U —ut 1;22 Y + U4)dwldwgdwgdw4dv1dv2d1}3dv4 (E29)
p
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Simplifying further we obtain:

é 2
4 —2az —4doz
Qa2 ap Mpo —20z,—jf1(w—v)z Vss + 2%os — ¢ ) (1—e )
RAOQ (W;U7Z) - 870517(29 ) <W2NO> e J 1( U) < Qa _ 4a

oS GG TG 1 () T (o) T (“’ )

1"

3
_ _ v M 2 ,
X H <U vt 1;2217 vs + U4)dw1dw2dw3dw4dv1 + 1672;;;; <2a_é,p> < 1o ) e 20z iB(wmv)z

W?2N,

() GG nnG)
<11 (%1;“4) 11 (%)dwldwgdvgdwldvl (E.30)

By changing the variation £ = ws — w3 + wy in the first term of (E.30) we obtain:

3 2 4 2
ap Mpg —2az _—jB1(w—v)z [ Vss + 27,5 (1 —e” Otz) B (1 —e” az)
RA{,2 (UJ; v, Z) 870917 (2Q ) <W2N0> € e 200 2a %!

3
2Q, —maz{w,v} u 4 u 32 '
20, — 20, — 162 [ 2» Po —2az_—jp1 (w—v)z
o RO~ o+ D00, — o+ 6+ 1605, () (WWO o2

2 2Q, —maz{w,v}
’ 2UJ4
W2/ ( >2Q—w+w 29, — v + wyl)dw
) 729p7mm{wyu}H w ) | a])( | 4])dws

2 B

fYSS + 2'}/03 (1 — 6*2(12) (1 _ e*40¢z)
2ce 4o

(E.31)

2
%(WI&I) W<lg|<2

and combining with (E.31) we obtain:
K <’°‘¥V—|5|> l€l< 5

2 4 3
TYosp ap Mpo —2az ,—jB1(w—v)z —2az\4
= ss 2 0s o 7P 1-
B, (w0, 2) (&;ﬁw i )> <2Qp> <W2No> ‘ e

2Q, —maz{w,v} ,
x / R (€)(29 — w + €29, — v+ £))de (E.32)

—2Q,—min{w,v}

2
5(‘”’5”5) T <lel<y
. For the third term of (E.23) we obtain:

V!(‘”’Z"—E)MW? lg) <%

where R(§) =

where R'(¢) =
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(1 _ 6—2042) (1 _ 6—4042)

Vs
RA(73 (wa U, Z) = 87(%9() < 2023 [ 20 - 4o

oo e (e ) () T (52 T (52) T (6 T () 11 (32)
" H (w—wl +c;22p—w3 —|—w4) H (v—v1+1;22p—v3+v4)

M : 2
X <W2—Z;\(;0> 5((,04 — U4) H <Qip4)dwldwgdW3dw4dU1dU2d’U3dU4 (E33)

Y 1— —2az 1— —4daz
HHl( e2%) (-t

2c 2c B 4o

Simplifying further, we obtain:

1
8 2
_ 2 ap Mpo —20z ,—jp1(w—v)z Ysp T Yop
R (0,0:2) = 8%8”(2917) <W2N0> ©r 20
w2 w3 U2 U3

2w
< 1] <Q—;)dw2dw3dw4dv2dvg (E.34)

(1 _ 672az) (1 _ ef4az) 2
2« da

By substituting to two variables ¢ = wy — w3 and ¢ = vy — v3 in (E.34) we have:

1
8 2
a Mpg e i (x| Ysp Yo
RAog(W’%Z):S’stp(Q—éjp) <W2NO> e 20z g=iP( ) < p2a 4
2UJ4

x (][ @ — v+ ¢ +wil) (29 — v+ 6+ wi) (2 — o)) (22, - ¢ ]| (Q—)dwdw4d¢ (E.35)

P

(1 _ 672az) (1 _ ef4az) 2
2« da

By separating the two integrations with respect of variables ¢ and ¢ we obtain:

’ 80 M :
Yosp ap Po —2az ,—jB1(w—v)z —20z\4
R W = s 27, v IR 1—
oy (:02) < Ger W)> <2Qp> <W2NO> e e (1—e™™)

8a?

2Q, —maz{0,w+ws}
x / / (20 — w+ o+ wa) (22, — o)

—2Q,—min{0,w+wa4}

—2Q,—min{0,v+w4}

2Q,—maz{0,v+ws}
X [/ (2 — v+ & + wa|) (29, — |¢|)d¢] H <_2S‘;4>dw4 (E.36)
P
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By simplifying further in (E.36) we obtain:

gt T\ Mp '
0s 0 —2az _—jp1(w—v)z —2az
Ra,, (w,v,2) = <80¢§ (Vsp + 2’70;0)) <ﬁ> <W2No> e 0zem i) (1—e 2 )4
P
402 —maz{w,v} W+ wy ’ U+ wy ? 2wy
X 2Q, — | | 2Q, — | | (—)dw4 (E.37)
/—4Qp—min{w,v} ? 2 ? 2 H QP

Now by simplifying fourth term of (E.23), we can write Ra,, (w,v, 2) as follows:

-RAO4 (Wa v, Z) = 34’}/3917

(1—e2%) ((vss + 2705) l(l —e)  (1- )D

2c 2 B

2c 4o
« M 2w 2w a 4 w
G1(w)z G (v)z [ 2P0 _ _ 22 293 ) [ % bt 3
oo [ <W2N0>25(w2 vt =[] ( W ) 11 ( W ) (2ﬂp) 11 (Qp)
U1 UV — V1 + vg W — Wy + we —ws + wy

By sieving property of the Dirac function and integrating with respect to wy and ve we have:

M 4 1— —2az ss 2 s 1— —2az 1— —4daz
=0 () (2 12 (s [0y =]

W2N, | \ 29, 20 20 20 o
o T2 (52 st
(E.39)

Where by integrating with respect to ws we have:

2 4
oS M a, —2a2\3 ,—2az ,— w—v)z
RAO4 (W’UWZ) :j’y (p(’y‘ss +’)/os)< Po ) <_p) (]. — € 2 )36 2 e Ba( )

4a3 W2N, |\ 20,
SC NG ENC ) (o I

By calculating the integral and simplifying further we obtain:

T Mpo a, \*
RA% (w,v,2) =7 43;5; (Vss + Yos) <WNO> <ﬁ> (1- 6—2042)36—20426—[51@—11)2
P

min{—4,(2Q,—w),(2Qp—v)}
/ (29 — |w + w2) (22 — v + wa)dws (E41)

maz{—9,(—2Qp—w),(=2Qp—v)}

Regarding the fifth term, using a similar approach to that used for the fourth term, we can write:
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2 4

. Vos MpO a —2az —2az ,—B1(w—v)z

RAn5 (UJ, U7 Z) - _] 40é§ (fYSS + ’YOS) (WNO> (ﬁ) (1 — e 2 )36 2c e ﬂl( )
p

min{—%,(2Q,—w),(2Qp,—v)}
/ (20, — [w + wal) (22 — v + ) (E.42)

maz{—g3,(—2Qp—w),(=2Qp—v)}

We observe that the fifth and fourth terms cancel mutually. Similarly Ra, (w,v,2) and R4, (w,v, 2) are

inverses of each other. Furthermore the eighth term of (E.23) can be simplified as follows:

2cv - 2cv 2

2 4oy
_a - “z)D /,../egl(w)ZeGI(v)Z (V%YX;O) 11 (2_;;2) 11 (2—;;4)6@2 — w3)d(ws — v4)
() TH(E) T () T (32 ) T () T (2o

H(U_Ul—’—’l;;_U3+U4)dw1...d(,U4d’U1...d’U4 (E43)
p

Ra, (w,v,2) = 16(70517)2 <(755 + 270s) [(1 —e207) (1 — e4az)‘|> <(’Ysp + Yop) [(1 — em20%)

. . ’ ’
By changing variables w = w; — ws and v = v — vy we have:

6
_ (Jospy2 & Mpo _ ,2az\2 —2az ,—fB1(w—v)z
Ra,, (w,v,2) = (20‘2 )= (Yss + 2%0s) (Ysp + Yop) <2Qp> <W2N0> (1—e )%e e
2w2 2UJ4 w1 U1 (%) U3 W — w1 + wyq
o[ TG TG () TG ) T () T ) T (=5
H (U —ut 1;22 — Y + U4)dw1dw2dw4dv1dv2d1}3 (E44)
p

By changing variable { = v1 — vz +v3 in (E.44), Ra,_ (w,v,2) becomes:

6 M
Yosp \2 ap Po —20z\2 ,—2az ,—jPf1(w—v)z
R = ss 2%0s s o 1- 5
AOB(W’U7’Z) (2042) (’7 =+ Y )(’YP—’_IY p)<2gp> <I{727\70>( e ) € e

<w [[T] (%)R(g)(znp —Jw+wa) ][] (%M)dmg (E.45)

We solve the integral in (E.45) as follows:
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Mpo
W Ny

6
Yosp \2 Qap
R (6,0,2) = (22212 (s + 200) (g + 70 )(—)
8 2a2 /4 /4 2Qp

20.)4 Qp—(v+was)
X /H (W>(2Qp - |w+w4|)/ﬂp(v+w4) R(€)dédwy (E.46)

) (1 _ e—2az)2€—2aze—ﬁ1(w—v)z

The last term of (E.23) is similar to R4, (w,v,2) , so we have:

W N,

< [TL(%2)eo, v [ miguiy (B47)

—Qp—(v+wa)

6
Yos a Mpo —2az —2az —f1(w—v)z
RAOQ (w,v,2) = (2055)2(758 + 2%0s) (Vsp +'Yop)<—2(§ > ( )(1 _e 2 )26 20z o= fa( )
P

Finally we obtain:

Ra,(w,v,2) = Ra,, (w,v,2) + Ra,, (w,v,2) + ...+ Ra,, (w,v,2) (E.48)

Using (E.4) we can calculate the variance of the output signal. Since R4, (w,v,2) is very big compared

to the other terms, we can approximate R, (w,v,z) = Ra,, (w,v,z). Then, we obtain:

4
ar () = (2&) (1 {1 2B, 0 2]

a — Va T . - T
x Sinc (%) Sinc (M) dwgdvgdwpduy (E.49)

™ s

Now the value of the variance due to (E.23) can be calculated using (E.49):

o ’ Mpo ( ap \* 1 7’

ofrarm(2) = l4<—2ap> (1— e 20%)? 2N, (2—517) e 207 <%> ]

-5 %
S

-5 /-3

’ ’ a — Ua T . — T ’
x (29 — |wp + ws|)(2Qp — |va + wsy|)Sinc <%> Sinc (%) dwadvadwbdvb] dwaodwy
T 7

fj fj e—jﬁl(wa—va,)ze—jﬂl(wb—vb)z(QQP — |wa + w2 ) (29 — | + wal)

(E.50)
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By separating the integrals we have:

’ M * 1\’
2 _ ’YOS;D —2az\2 Po a;n —2az
Oaar(z) = l4< 2a> (1—e™) W2N, (29,,) € (%) ]

w w

-5 % _
—3B1(wa—va)z _ B N (Wa —va)T
x /7 /—7 [jje (29 — |wa + w2) (292 — |V +w2|)5m0<727r dwadv,

(wp —vp)T
s

X ff eTIB@=v)Z(90) ) — |y, 4 wa) (29, — |ws + w/2|)Sinc<

) dwbdvbl dwo dw; (E.51)

Since the two first integrals are equal and the two second integrals are complex conjugated, we can write:

9 4 292 _w —_w
2 _ M _ 2az)\2 Mp() & —2az i : 2 —jB1(wa—va)z
Oparm(z) = [4< 2% ) (I —e™™) W2N, (29,,) ‘ <27T> 1 /%’ /%’ jje

2
dwsduwr, (E.52)

% (29 — |wa + wa]) (29, — |V + wh|)Sinc <(°’;7“)T> dwadvg
v

By changing variable u = w, — v, we obtain:

o\ Moo (ap\'eae( 1))
2 o 0Sp —2a0z\2 D —2az
Oarara(z) = [4< 2a> (I —e™™) W2N0(2Qp) € <27r> 1

w w

2 e : ’ ul’
—jpruz _ _ ; -
X /? /? ffe (29, — |u+ vg + w2]) (22, |va+w2|)Smc<27T>dwadva

2
dwadw, (E.53)

We can rewrite (E.53) as

o\ Moo () eae( 1))
2 o 0Sp —2a0z\2 P —2az
Oararan(z) = [4< 2a> (I—e™™) W2N0(2Qp) € <27r> 1

X / 2 / 2 /ejﬁ1uz(/(2ﬂp - |U —+ Vg +w2|)(2ﬂp — |Ua +W;|)dva>5inc<Z_T> du
_w f_w !

2

dwo dw;

(E.54)

By integrating with respect to v, we obtain following integral:
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2 4 242
Yos —2az Mp() a —2az 1
J%/IAI,M(Z): [4< 2;) (1—e?%)? W2N0(2§§p) e? %) ]
w w !’ 2
-3 [Tz _is |u 4+ wa — wy . ul'
X e IP1uE (20, — s Sinc E du
,% ,% s

By integrating with respect to ws in the first term and substituting z = ws — w; in the second term we

dwadu, (E.55)

obtain:

’ M * 1\71?
2 _ ’YOS;U —2az\2 Po ap —2az
Onrarm(z) = l4< 2a> (= g (29,,) c (%) ]

9 2
w . T

X / (W —|z) /6_151“2 <2f2p - |u—|—x|> Sz’nc(u—> du
—w 2 21

We can (E.56) rewrite as follows:

dx (E.56)

/ cos(Bruz) sin(uT'/2)

2 _
UMAI,M(Z) = "

2 292
Yosp —2az\2 Mp() ap ! —2az 1 v 2(W - |Z‘|)
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T u

—w

(E.57)

If we assume that 7' >> 7, we obtain:

2 4 2 2
2 _ “Yosp —2az\2 Mp() ap —2az 1 1
orrarm(z) =2 KT) (1—e77%) 2Ny (2—917) e <%> T

E.3 Calculation of the Noise due to FWM

The spectral density of FWM, pn.c can be obtained as follows [91]:
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pN.C = Y Tlejpase(w)) (E.59)
Jj=s,p,c

where pasg is the power spectral density of the amplified spontaneous emission noise. In other words we

have:

Tle,s = T, Tep = nFGV:M g;ggg, fle,s = 1 where npw s is the FWM gain, which can be calculated employing

the ratio between the output power signal and the input power signal. We assume that 7., and 7. s are

much smaller than one, and we can neglect them. Then we obtain:

pPN.c = pase(2wp, 2) (E.60)

We can express the amplified spontaneous emission as follows [92]:

bs
pase(w, z) = hw(bgz)®s {aspf(—ag, bgzo,bgz) + b—pf‘(l — ag, by20, bgz)] (E.61)
g

where a,(A) = as(A — Ap)2 + aa(A — Ap) + 1, by(A) = ba(A — Ap)% + b2(A — )p) and the values of ag, and b,

are related to parameter a, and b, as follows:

—1
_ _ exp(hw—AE&y) _ by _ asp | hw—Ag&y
Gsp = Qg ll k5T » bsp = asp ag 1 ag k5T

where kp is the Boltzmann constant (kg = 1.38 x 10723), T is the absolute temperature and AZy de-

notes the difference of the quasi-Fermi levels. Also I'(a,z1,x2) denotes the incomplete Gamma function,
which is defined as:

[(a,21,29) = [* 2" Leap(—z)da

In (E.60), 2o is equal to zero. Considering Appendix C, the autocorrelation of the ASE noise in FWM

becomes:

Rrwm(w —v,2) = pase(w, 2)d(w —v) (E.62)
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E.4 Calculation of the Variance of the Output Current in the

Optical Detector and Error Probability

According to the results obtained in sections (E.2), (E.3) and (A.10), the variance of the output of the

detector is:

o7 ap(2) = oXrara(z) + <%> fj ff pase(wi, 2)6(w1 — v2)pase(ws, 2)0(we — v1)

4
. — T 1 .
Smc(% dwidvidwadug + 2<%> jj jj Ry, (wi,v2,2)As(w2)A%(v1)

4
Sinc <%> dwydvydwadvg + 2 <%> fj fj pasE(wi, 2)0(wr — v2) Ao (wa) A (v1)
)dwl (E.63)

By simplifying further, we obtain:

™
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1 4 2 i 4 w
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2
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XSZ"C(T)‘“I di”}PASE(w%z)d“ﬁgb(%) <2a> (=) T2, (ﬁ) ¢

/eimlwlz(mp = |wr + )

.2 2
2 —jPrwiz * . (wl —’Ul)T
X /—Vg fje i (29, — w1 + $|)AO(U1)SWLC<T dwydvy | dx
1 ! T 2
N 2b<%> /pASE(Wl’ z) /AO(M)SWC(%) dwa| dwy (E.64)

Assuming that the response time of optical detector, T', is bigger than the duration of the received pulse,

Tp, we can simplify (E.64) as follows:
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Yosp —2a2\2

s — | = 1
+<27r> T2<2a>( )

: w 2
Mpo ( a, >4 . / /mzn{T,Qprz} ) 1
X o | € (29 — |w2 + z|)?d2 | pase(ws, 2)dws + 8b| —
W2No \ 262, ar{-%,—20,-wa} 2

m ™

3
1 1
U%,M,b(z) = U%/IAI,M(Z) + ( ) T

2

/pASE(wl, z)duwy

2 4 w 2
1 Yosp —2azv2 | Mpo ( ap ) -2 /T / —iB
X — | —=| (1 —-e7°%) — ) e eTIPWZ (200, — |wy + x|) A (w1)dw| dx
T2 < 20 ) W2Ny \ 29, _w b
2 2
1 1
+2b<%> ﬁ/ﬂASE(wlvz) Ao(wr)| dwr (E.65)

Finally, the error probability is:

pismon =35 (M) (L) (1 )"

=1
AL Q<w> +Q<W> (5.66)

U%,M,O(Z) U%,]ﬂ,l(z)
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