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Abstract

This thesis deals with the limiting factors in the design of a long-haul fiber-optic commu-
nication system, and the techniques used to suppress their resulting impairments. These
limiting factors include both linear and nonlinear effects, such as fiber chromatic disper-
sion and the Kerr nonlinearity, and the modulator-induced nonlinearity.

In Chapter 3, the conditional probability density function (PDF) of the received elec-
trical signal given transmitted bit ‘1’/‘0’ for a coherent fiber-optic transmission system
based on binary phase shift keying (BPSK) is mathematically derived. Both amplified
spontaneous emission (ASE) noise and fiber nonlinearity are taken into account. The
results show that the conditional PDF of given bit ‘1" or ‘0’ is asymmetric when intra-
channel four-wave mixing (IFWM) is dominant, while it becomes nearly symmetric when
the variance of ASE is much larger than that due to IFWM. The standard deviation of
the received signal is calculated analytically. The system parameters, including optimum
dispersion map and pre-compensation ratio, are optimized by analytically calculating
variance of IFWM. Significant computation efforts can be saved using this approach as
compared to full numerical simulations of the nonlinear Schrodinger equation, without
losing much accuracy.

In Chapter 4, an improved 4-f time-lens configuration is proposed. Fourier transform
(FT) and inverse Fourier transform (IFT) can be realized using time lenses such that
there is no need for time reversal at the end. A typical 4-f configuration consists of two
2-f systems and a temporal filter. The first 2-f system consisting of a time lens and two

dispersive elements produces the Fourier transform (FT') of the input signal. The temporal

il



PhD: Dong Yang McMaster - Electrical and Computer Engineering

filter modifies the spectrum. The next 2-f system produces the inverse Fourier transform
(IFT). A wavelength division demultiplexer and a higher-order dispersion compensator
based on 4-f configuration are numerical implemented. One of the advantages of the
time-lens—based temporal filtering technique is that the transfer function of the temporal
filter can be dynamically altered by changing the input voltage to the temporal filter
(amplitude/phase modulator) and therefore, this technique could be used for dynamic
switching and multiplexing in optical networks.

In chapter 5, a direct-detection optical orthogonal frequency division multiplexing
(DD-O-OFDM) is realized using time lenses. Typically, in OFDM systems, discrete
Fourier transform (DFT) is used at the transmitter and inverse discrete Fourier transform
(IDFT) is used at the receiver. In this chapter, it is proposed to use continuous Fourier
transform (FT) and inverse Fourier transform (IFT) using time lenses that replace DFT
and IDFT in the electrical domain. The third- and higher-order dispersive effects can be
considerably reduced using the proposed DD-O-OFDM scheme.

In Chapter 6, a coherent optical orthogonal frequency division multiplexing (OFDM)
(CO-O-OFDM) scheme using time lenses is analyzed. The comparison of performance
between the proposed scheme and the conventional optical OFDM scheme using fast
Fourier transform (FFT) and inverse FFT in the electrical domain is made. Both the
Mach-Zehnder modulator (MZM) induced and fiber induced nonlinearities are investi-
gated. Results show that the time-lens-based CO-O-OFDM performs almost the same as
the FFT-based CO-O-OFDM when the message signal launched to MZM is low so that
MZM operates in the linear region. The nonlinearity of MZM degrades the performance
of FFT-based CO-O-OFDM drastically when the power of message signal becomes suf-
ficiently large, but only has negligible impact on the time-lens-based CO-O-OFDM. A
periodical driving voltage has been proposed to set up the time lens such that the max-
imally required driving voltage level is kept low within the time frame. The advantages
using the time-lens-based CO-O-OFDM are that (i) FT can be done in optical domain

almost instantaneously, whereas the FFT in digital domain is slow and requires signifi-
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cant computational efforts, (ii) optical domain Fourier transform has a large bandwidth
(~-THz) and therefore, FT/IFT can be performed at a large symbol rate.

In Chapter 7, the digital backward propagation (DBP) has been studied both in
orthogonal frequency-division multiplexing (OFDM) and single-carrier (SC) fiber-optic
transmission systems. 16 quadrature amplitude modulation (QAM) is used for both
systems with the bit rate of 100 Gb/s. The results show that OFDM and SC with
Nyquist pulses (SC-Nyquist) have a superior performance as compared to SC with raised-
cosine pulses (SC-NRZ) when the DBP is used. The impact of electrical filter band-
width and nonlinear phase/amplitude noise has also been investigated. The performance
of perfect-BP-based OFDM/SC initially improves when the electrical filter bandwidth
increases at high signal-to-noise ratio (SNR). The comparison of the effects of nonlin-
ear phase/amplitude noise among OFDM, SC-Nyquist and SC-NRZ systems is made
and it is shown that SC-NRZ systems significantly suffer from the effects of nonlinear
phase/amplitude noise, which explains the performance advantage of OFDM /SC-Nyquist
over SC-NRZ when the DBP used.
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Chapter 1

Introduction

1.1 Evolution of Fiber-Optic Communications

A communication system transmits information data from one place to another, whether
separated by a few kilometers or by transoceanic distances. Information is often carried
by an electromagnetic carrier wave whose frequency can vary from a few megahertz to
several hundred terahertz. Fiber-optic communication is a method of sending information-
bearing lightwave pulses through an optical fiber. For a fiber-optic communication system,
the high carrier frequencies (around 100 THz), in the visible or near-infrared regions of
electromagnetic spectrum, are used. Compared to the microwave systems with the typical
carrier frequency of ~ 1 to 10 GHz, a fiber-optic communication system has much larger
available bandwidth and therefore, it has been widely deployed to replace the copper wires
in core networks in the past two decades for long-haul data transmission.

A point-to-point fiber-optic communication system consists of a transmitter, followed
by the transmission channel (fiber), and then a receiver. The evolution of fiber-optic
communications has always been promoted along with the advent of a technology break-
through in either of the above three major components in a fiber-optic communication
system. First, in 1960, the invention of the laser [2] provided a coherent optical source for

transmitting information using lightwaves. After that, in 1979, the low loss fiber was real-
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ized at the operating wavelength of 1550 nm [3] with the loss of 0.2 dB/km, as compared
to the initial value of over 1000 dB/km during the 1960s. The simultaneous feasibility
of a stable optical source (laser) and a low-loss optical fiber led to an extensive research
efforts and rapid development of fiber-optic communication systems. The drawbacks of
1550-nm systems in 1970s were that a large fiber dispersion occurs near the wavelength
of 1550 nm, and the conventional InGaAsP semiconductor laser operating at 1550 nm
oscillates multiple longitudinal modes simultaneously, which leads to large pulse broaden-
ing. Soon after, a dispersion-shifted single-mode silica fiber was designed and fabricated
by Cohen et al. in 1979 [4]. For a dispersion-shifted fiber (DSF), the zero chromatic
dispersion (CD) is shifted to the minimum-loss window at 1550 nm from 1300 nm by con-
trolling the waveguide dispersion and dopant-dependent material dispersion, such that
the transmission fiber with both low dispersion and low attenuation can be achieved. In
1983, an InGaAsP/InP semiconductor laser with single-mode linewidths of 10 kHz was
demonstrated [5]. The DSFs in combination with lasers oscillating in a single longitudinal
mode with narrow linewidths enabled long system reach for a fiber-optic communication
system.

For a long-haul fiber-optic system, the loss limitation was initially overcome using
optical-electrical-optical (OEQ) repeaters in which the optical signal is first converted to
the electrical current, and then regenerated using a transmitter. Such regenerating pro-
cedure is not suitable for multichannel lightwave systems because each single wavelength
needs an OEO repeater, which leads to excessive system complexity. Another drawback
of using OEO repeaters is that due to the high data rate in fiber-optical systems, the
high-speed electronic devices are therefore required, but it is very hard and expensive to
make extra-high speed electronics. An alternative approach is to use optical amplifiers
that amplify the optical signal directly without the need of opto-electrical/electro-optical
conversion. During the late 1980s when optical amplification became available, OEO
repeaters were largely replaced by optical amplifiers due to its cost efficiency, especially

for multichannel long-haul lightwave systems. The optical amplification was first realized
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using semiconductor laser amplifiers in 1983 [6], then Raman amplifiers in 1986 [7], and
later using an optically pumped rare-earth-doped optical fibers, among which the most
well-known candidate is the erbium-doped fibre amplifier (EDFA) in 1987. The optical
fiber amplifier was invented by Shaw and Digonnet at Stanford University, California,
in the early 1980s [8]. The EDFA was first demonstrated a couple of years later by D.
N. Payne’s group from the University of Southampton [9] and also by E. Desurvire et
al. of AT&T Bell laboratories [10]. The characteristic of wideband amplification with
low noise and high gain provided by EDFAs stimulated the development of transmitting
signal through a single fiber channel using multiple carriers simultaneously, which can be
implemented using a wavelength-division multiplexing (WDM) scheme. The use of opti-
cal amplification in combination with wavelength division multiplexing (WDM) started
a new era in fiber-optic communications during the 1990s, and soon became available
commercially by 1996.

WDM is basically the same as the frequency-division multiplexing (FDM), as the
wavelength and the frequency are related by ¢ = f\, where c is the speed of light, f
and X are frequency and the corresponding wavelength of the light, respectively. For a
WDM system, the channel multiplexing is realized by a multiplexer at the transmitter
in which different wavelengths carrying different data are multiplexed. At the receiver,
a demultiplexer is used to separate the wavelengths. The multiplexer and demultiplexer
are realized using arrow waveguide grating (AWG). The WDM scheme led to a signifi-
cant enhancement in capacity and therefore became very popular with telecommunication
companies because the capacity of the network can be increased simply by increasing the
number of channels without deploying more fibers. This concept was first discussed by
Delange in 1970 [11], and by 1978 a WDM system with central wavelength in the range
of 1-1.4 pm was demonstrated [12]. In this experiment, the demonstrated WDM system
only combined two channels and transmitted these two channels in different windows of
a optical fiber. The channel spacing was therefore quite large (250 nm) in this experi-

ment. Afterwards, extensive research efforts were made to reduce the channel spacing in
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WDM systems during the 1980s. By 1990, a channel spacing of less than 0.1 nm had
been demonstrated [13]. Up to now, the modern WDM systems can handle 160 or more
channels and they can expand a basic 10 Gb/s fiber-optic system to a total capacity of
several Th/s over a single fiber channel.

While WDM can greatly improve the capacity of a fiber-optic transmission system to
some extent by increasing the number of channels, the achievable data rate in practice is
limited by the bandwidth of optical amplifiers and ultimately by the fiber itself. Also, due
to the fiber nonlinearity, the transmitted signal power cannot be arbitrarily large, and
therefore it requires a high-sensitivity optical receiver for a noise-limited transmission
system. Given a limited bandwidth and transmitted power, the challenge in the design
of a fiber-optic communication system is how to transmit the highest data rate over the
longest distance without signal regeneration. This issue could be addressed by simultane-
ously improving the spectral efficiency and the power efficiency. The spectral efficiency is
measured in bit/s/Hz, and can be increased using various spectrally efficient modulation
schemes, such as M-ray phase-shift keying (MPSK) and quadrature amplitude modu-
lation (QAM), and/or polarization-division multiplexing (PDM) technique. The power
efficiency can be improved by minimizing the required average signal power or signal-to-
noise ratio(SNR) at a given level of bit error rate (BER). In a conventional fiber-optic
communication system, the intensity of the optical carrier is modulated by the electrical
information signal and at the receiver, the optical signal, transmitted through a fiber link,
is directly detected by a photodiode acting as a square-law detector, and converted into
the electrical domain. This is called the intensity modulation/direct detection (IMDD)
scheme. Apparently, due to the power law of a photodiode, the phase information of
the transmitted optical carrier is lost when direct detection is used, which prevents the
use of the phase-modulated modulation schemes, like MPSK and QAM. Therefore, both
spectral efficiency and power efficiency are limited in a fiber-optic system using direct
detection.

In contrast, just as widely used in radio frequency (RF) and microwave communica-
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tions, homodyne or heterodyne detection can be introduced in fiber-optic communications,
and this kind of systems are referred to as coherent fiber-optic systems. The coherent opti-
cal communication systems have been extensively studied during the 1980s due to the high
receiver sensitivity and the availability of introducing in-phase and quadrature multi-level
modulation schemes. However, coherent communication systems were not commercial-
ized because of the practical issues associated with polarization controllers and optical
phase locked loops (PLLs) to align the phase of the local oscillator with the output of the
fiber-optic link. With the advent of high speed digital signal processing (DSP) in early

2000s [28], coherent communication systems have gained renewed interest [29]-[31].

1.2 Time-Lens-Based Temporal Signal Processing
Techniques

The analogy between the spatial diffraction and temporal dispersion has been known for
many years [59]-[61]. In spatial domain, an optical wave propagating in free space diverges
due to diffraction. As an analogue, in the temporal domain, an optical pulse propagating
in a dispersive medium broadens due to dispersion. This space-time duality can also be

extended to lenses. A conventional space lens converts the plane wave front into spherical
Spatial Domain <————— > Time Domain

Conventional Space Lens Time Lens

z Uin(?) Phase un(tyexp(iat’ )
y J_" <<< ~ ] Modulator

Optical field after the lens is given by
oul(X,Y)= Uinl6,y) expliax® +y?)] Voltage V(t)=af’

Figure 1.1: Space-time duality. Analogy between space lens and time lens.

wave front, as shown in Fig. 1.1. This is because of the spatial chirp introduced by the
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curvature of the lens. Similarly, a time lens introduces a temporal chirp factor (see Fig.
1.1) to a temporal signal. Simplest way to realize a time lens is by modulating the optical

carrier by a phase modulator with quadratic drive voltage.

Spatial Domain < > Time Domain
Xo

z Diffraction Dispersion

uo(x0,y0) Lens \ ui(x1,y1) / \
uolto) \\o/ @ @ul(tl)

Yo

PM
__________________ e —F—
Space lens 2-F conﬁguratlon Time lens 2-F configuration
The optical field u,(x,,y,) at the back The optical field u«,(¢) at the back
focal plan is Fourier Transform of the focal plan is Fourier Transform of the
input field uo(xo,v0). input field uo(t).

Figure 1.2: Spatial and temporal Foruier transformation. PM= Phase Modulator.

It is well known that the space lens produces the Fourier transform of the input spatial
signal ug(zo,yo) (see Fig. 1.2) at the back focal plane. For example, if the input signal
consists of parallel lines separated by dz, at the back focal plane (u;(z1,y1)), we get bright
spots at xy; = +k27/dz (k is some constant) since the fundamental spatial frequency of
the input signal is 27/8x. The propagation of the input signal uy to the lens and then
from lens to the back focal plane is governed by diffraction. Using space-time analogy,
the space lens is replaced by the time lens, and diffraction is replaced by dispersion and
we could obtain the Fourier transform of the temporal signal (see Fig. 1.2). On this
basis, the temporal filtering technique using time lenses was first proposed by Lohmann
and Mendlovic in 1992 [62]. In their pioneering work, a temporal filter was introduced in

a 4-F configuration consisting of time lenses. In the spatial domain, a conventional lens



PhD: Dong Yang McMaster - Electrical and Computer Engineering

produces the Fourier transform (FT) at the back focal plane of an optical signal placed
at the front focal plane, which is known as a 2-F configuration or 2-F subsystem (see
Fig. 1.2). The spatial filter placed at the back focal plane modifies the signal spectrum,
and a subsequent 2-F subsystem provides the Fourier transform of the modified signal
spectrum, which returns the signal to the spatial domain with spatial inversion (see Fig.
1.3). As an analogue, in the case of temporal filtering, the spatial lens is replaced by a time

Spatial
filter

Input Lens 1 Lens 2 Output

F F F F

2-F subsystem 1 2-F subsystem 2
Figure 1.3: A schematic diagram of spatial filtering system.

lens (which is nothing but a phase modulator), and spatial diffraction is substituted with
second-order dispersion of a fiber. The temporal filtering is implemented by inserting
a temporal filter between two 2-F subsystems. A typical temporal filtering system is

shown in Fig. 1.4. To compensate for the fiber dispersion using time-lens-based temporal

Time lens 1 Time lens 2
Temporal
PM1

«— F je— F Filter [¢— r — PM2 — F —>
— J . J
A4 Y

2-F subsystem 1 2-F subsystem 2

Figure 1.4: Schematic diagram of a typical 4-F system. PMj, j = 1,2, are phase modulators

in 2-F subsystems 1 and 2, respectively.
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filtering technique, a temporal filter is introduced between two cascaded 2-F subsystems.
This filter is realized by a phase modulator, of which the time domain transfer function
has the same form as the frequency domain transfer function of fiber but the signs of
dispersion coefficients are opposite. The optical signal distorted by fiber dispersion is
fed into the first 2-F subsystem, and its time domain Fourier transformation is obtained
before the temporal filter. At the temporal filter, the Fourier transformed input signal
is multiplied by the time domain transfer function of the phase modulator so that fiber
dispersion-induced phase shift is canceled out [63]. After passing through the second 2-F
subsystem, the optical signal without dispersion-induced distortion is brought back to
its time domain pulse shape. In principle, this time-lens-based dispersion compensator
can be used to compensate for any order of fiber dispersion as long as the corresponding
phase terms with opposite sign are generated in the inserted phase modulator. One of
the most attractive advantages using optical fiber dispersion techniques is that the fiber
dispersion is undone dynamically (online), and the inherently high bandwidth of the
optical transmission link can be utilized as well.

Another important application of a time-lens-based system is to implement orthogonal
frequency-division multiplexing (OFDM) in optical domain using the Fourier transform-
ing property of 2-F subsystem [64]. Conventional optical OFDM systems use electronic
devices to implements frequency-division multiplexing orthogonally, such as DSP-based
fast Fourier transform (FFT), and therefore the data rate is limited by the availability
of the maximum processing speed of DSP. In contrast, optical OFDM using time lenses
implements Fourier transform in optical domain resulting in potentially high bandwidth
compared to FFT-based OFDM. Optical OFDM has drawn significant research interest
in the past several years due to its large tolerance to fiber dispersion and high spectral

efficiency.
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1.3 Orthogonal Frequency-Division Multiplexing

Orthogonal frequency-division multiplexing (OFDM) is a frequency-division multiplexing
(FDM) scheme with closely spaced orthogonal sub-carriers, each of which is used to carry
information data. The input data stream is first divided into several parallel data streams,
one for each sub-carrier. Each sub-carrier is modulated with a conventional modulation
scheme, such as on-off keying (OOK), phase-shift keying (PSK), or quadrature amplitude
modulation (QAM), at a low symbol rate. The most attractive advantage of OFDM
over the conventional FDM is that the sub-carriers in OFDM are orthogonal between
each other and the corresponding spectra of the sub-channels are overlapped, which saves
bandwidth significantly as compared to the normal FDM with non-overlapping multi-

channels. Fig. 1.5 conceptually shows the bandwidth saving when OFDM is used. As
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Figure 1.5: Schematic diagram of bandwidth usage in multi-carrier systems with total 6 sub-

carriers. (a) OFDM, (b) FDM.

can be seen in Fig. 1.5, in a conventional FDM system, the carriers are separated with
sufficiently large spacing between each other such that the signal in each channel can be
received using the bandpass filter centered at the corresponding channel at the receiver.

This multiplexing scheme is straightforward but waste the bandwidth. In contrast, when
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OFDM is used, the sub-channels are overlapping leading to significant bandwidth saving
(see Fig. 1.5). At the receiver, the orthogonality of the sub-carriers guarantees that the
information signal transmitted through each sub-channel can be demodulated correctly.
Another primary advantage of OFDM over normal FDM and single-carrier systems is
its ability to counter severe channel conditions, such as frequency-dependent attenuation
in copper wires and pulse spreading in dispersive channels, without complex equalization
schemes. This is because the OFDM symbol is slowly-modulated signal with large symbol
duration (low symbol rate) rather than the rapidly-modulated short pulses (high symbol
rate), resulting in simple channel equalization.

The first paper on OFDM appeared in 1966 by Chang [65]. Soon after, a U.S. patent
of OFDM data transmission system was filed and issued in 1970 [66]. In 1971, Weinstein
and Ebert proposed an efficient OFDM scheme in which the discrete Fourier transform
(DFT) was used and the guard interval was introduced to eliminate the inter-symbol
interference (ISI) between OFDM symbols [67]. OFDM was first studied for high-speed
modems and digital mobile communication in 1980s. In 1990s, it was utilized in wideband
data communications over mobile frequency multiplexing (FM) channels, and high-bit-
rate digital subscriber lines (DSLs). Just in the past decade, with the rapid advance in
fiber-optic communication and coherent technologies, and the availability of high speed
electronic devices, OFDM has arisen more and more research interest in optical com-
munications due to its robustness against fiber dispersion and high spectral efficiency.
The first paper on optical OFDM was presented by Pan and Green in 1996 [68]. Then,
in 2001, Dixon et al. proposed the use of OFDM to suppress the modal dispersion in
multi-mode fibers (MMF's) [69]. The optical OFDM applications in long-haul fiber-optic
communications over standard single-mode fibers (SSMFs) have recently been studied
by Shieh [70], Lowery [71] and Djordjevic [72]. One of the most attractive advantages
of using OFDM is its high spectral efficiency. Spectral efficiency up to 3.57 bit/s/Hz
has been demonstrated using optical OFDM [73]-[79], in combination with higher level

modulation and polarization-division multiplexing (PDM). However, the aforementioned
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optical OFDM schemes are based on the implementation of Fourier transform (FT) in the
electrical domain using DSP, in which the maximum achievable bit rate is limited by the
availability of high-speed electronic devices. As an alternative, optical implementation of
OFDM has been demonstrated by Lee et al [80] and Kumar and Yang [64] recently. Lee
et al proposed a discrete Fourier transform (DFT) circuit that is designed using combina-
tions of optical delays and phase shifters. In Ref. [64], it was proposed to use time lenses
to implement OFDM with the Fourier transformation in the optical domain. The major
difference between these two optical OFDM schemes is that the former requires a discrete
input signal, while the latter works for the continuous signal. The all-optical OFDM,
with its inherently high bandwidth, will become a promising candidate of transmission
technique for the future high-speed ali-optical networks.

One of the major drawbacks for optical OFDM is the high peak-to-average power
ratio (PAPR) leading to significant performance degradation in a nonlinear fiber channel.
The origin of high PAPR of an OFDM signal can be seen from its multi-carrier nature.
When the independently modulated sub-carriers add up constructively at some time, the
peak power is reached. Generally, the PAPR is over 10 dB. Such high level of PAPR for
the OFDM signal can cause severe transmission impairments due to fiber nonlinearity.
Therefore, the compensation schemes for fiber nonlinear effects in optical OFDM systems
become important. There are several approaches which have been proposed to suppress
the fiber nonlinear effects in optical OFDM systems, such as digital phase conjugation [81],
and backward propagation (BP) [87]-[92]. The digital phase conjugation can compensate
for even orders of dispersion and Kerr nonlinearity effects, but cannot compensate for odd
orders of dispersion. However, digital BP can compensate for all orders of dispersion and

Kerr nonlinearity.
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1.4 Contributions of the Thesis

This thesis is organized as follows. In chapter 2, a literature background on the coherent
transmission technology, dispersion compensation techniques, fiber nonlinearity and a
novel equalization technique — digital backward propagation (DBP), is reviewed.

In chapter 3, the intra-channel four-wave mixing (IFWM) impairments in dispersion-
managed coherent fiber-optic systems based on binary phase-shift keying (BPSK) are
studied. The probability density function (PDF) of the received electrical signal for
coherent fiber-optic transmission systems is derived. Both amplified spontaneous emission
(ASE) noise and fiber nonlinearity are taken into account. The results show that the PDF
of a bit 0’ or 1’ is asymmetric when intra-channel four-wave mixing (IFWM) is dominant.
However, the PDF becomes nearly symmetric when the variance of ASE is much larger
than that due to IFWM. The standard deviation of the fluctuations of the received signal
due to IFWM is calculated analytically and validated using numerical simulations. It is
shown that the variance varies quadratically with launch power. The optimum system
scheme is also investigated, including optimum dispersion map and pre-compensation
ratio, for the coherent fiber-optic systems based on analytically calculated variance of
IFWM. The system design based on analytical calculations take significantly less time
than the Monte-Carlo simulations.

In chapter 4, an improved optical signal processing scheme using time lenses is pro-
posed. In a conventional 4-f configuration, the first 2-f subsystem consists of a dispersive
element such as an optical fiber, a time lens and then another dispersive element, which
provides the Fourier transform of the input signal. The second 2-f subsystem placed after
the temporal filter typically has identical set-up as the first one, and therefore leads to
the direct Fourier transform of the Fourier transform. As a result, the output signal is
time-reversed when this 4-f configuration is used, which may be undesirable for a practical
optical communication system. A technique to implement both direct and inverse Fourier
transformation using time lenses is proposed, which has no spatial analogue. In the pro-

posed scheme, the bit sequence at the output is not time-reversed. Two applications of
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the proposed scheme, a de-multiplexer for wavelength division multiplexing (WDM) sys-
tems and a higher-order dispersion compensators, have been discussed and numerically
implemented. The advantage of the time-lens—based temporal filtering technique is that
the transfer function of the temporal filter can be dynamically altered by changing the
input voltage to the amplitude/phase modulator and therefore, this technique could have
potential applications for switching and multiplexing in optical networks.

In chapter 5, an optical orthogonal frequency division multiplexing (O-OFDM) in a
direct detection system is realized using time lenses. OFDM is a multiple carrier modula-
tion scheme with orthogonal subcarriers. In the proposed time-lens-based optical OFDM
scheme, the first 2-f subsystem modulates the serial input information signal to OFDM
signal by producing inverse Fourier transform (IFT). At the receiver, the second 2-f sub-
system provides the Fourier transform (FT) of the output signal after the transmission
fiber link, and the demodulated OFDM signal is the product of the input signal and the
transfer function of fiber link in the time domain. After the direct detection, the input
information signal can be achieved without fiber-dispersion-induced phase shift due to the
power-law detection. It is shown that using this configuration, the third- and higher-order
dispersive effects can be considerably reduced for direct detection systems. The simula-
tion results also show that the time-lens-based optical OFDM system scheme in direct
detection systems has the tolerance to the fiber nonlinearity to some extent.

In chapter 6, an O-OFDM scheme with Fourier transform in optical domain using
time lenses both at the transmitter and at the receiver in a coherent system is analyzed.
The comparison of performance between this scheme with the optical OFDM scheme
that utilizes fast Fourier transform (FFT) and inverse fast Fourier transform (IFFT) in
electrical domain is made. The nonlinear effects induced by Mach-Zehnder modulator
(MZM) as well as by the fiber are investigated for both schemes. Results show that
the coherent OFDM using time lenses has almost the same performance as that using
FFT when the electrical driving message signal voltages are low so that MZM operates

in the linear region. The nonlinearity of MZM deteriorates the conventional coherent
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OFDM based on FFT when the power of electrical driving signal increases significantly,
but only has negligible impairment on the coherent OFDM using time lenses. Details
of the time lens set up are provided and a novel scheme to implement the time lens
without requiring the quadratic dependence of the driving voltage is presented. Important
advantages of time-lens-based OFDM are that (i) FT can be done in optical domain
almost instantaneously, whereas the FFT in digital domain is slow and requires significant
computational efforts, (ii) optical domain Fourier transform has a large bandwidth (~
THz) and therefore, FT/IFT can be performed at a large system rate.

In chapter 7, the performance of orthogonal frequency-division multiplexing (OFDM)
and single-carrier (SC) fiber-optic transmission systems with digital backward propagation
(BP) are compared. 16 quadrature amplitude modulation (QAM) is used for both systems
with the bit rate of 100 Gb/s. The results show that OFDM and SC with Nyquist
pulses (SC-Nyquist) have a superior performance as compared to SC with raised-cosine
pulses (SC-NRZ) when the digital BP is used. We also studied the impact of electrical
filter bandwidth and nonlinear phase/amplitude noise on the performance. As the filter
bandwidth increases, the performance improves for the case of ideal BP for both OFDM
and SC systems when the signal-to-noise ratio (SNR) is large. The analysis of nonlinear
phase/amplitude noise revealed that it causes significant impairments for SC-NRZ systems
and least impact on OFDM and SC-Nyquist systems, which explains the performance
advantage of OFDM/SC-Nyquist over SC-NRZ when the BP is used.

In chapter 8, conclusions of the present work and future plans are given. All references
are placed at the end of the thesis.

The research work has resulted in the following refereed journals, book chapter and

conference publications:

Journal Publications:

1. D. Yang and S. Kumar, “Investigation and Comparison of Digital Back-Propagation

Schemes for OFDM and Single-Carrier Fiber-Optic Transmission Systems,” Optical
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Fiber Technology (OFT), submission number: OFT-10-121 (2010) (submitted).

2. D. Yang and S. Kumar, “Realization of optical OFDM using time lenses and its
comparison with optical OFDM using FFT,” Opt. Express 17, 17214 (2009).

3. D. Yang and S. Kumar, “Intra-channel four-wave mixing impairments in dispersion-
managed coherent fiber-optic systems based on binary phase-shift keying,” J. of
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2009.
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Chapter 2

Literature Background

In the past decade, coherent transmission technology has revived in fiber-optic communi-
cations due to the availability of high-speed digital signal processing (DSP), and drawn a
lot of research attention. In a coherent fiber-optic system, the spectrally efficient modula-
tion and multiplexing techniques, such as quadrature amplitude modulation (QAM) and
OFDM can be used and in combination with DSP, the impairments induced by the fiber
dispersion and Kerr nonlinearity can also be effectively suppressed. The coherent optical
communication technology has therefore become one of the most attractive candidates
for the future high-speed fiber-optic communications. In this chapter, the background on
the coherent transmission technology is first provided. Second, the literatures on the two
major limiting factors of fiber transmission — dispersion and Kerr effect, and the corre-
sponding suppression techniques are reviewed. Lastly, the digital backward propagation
(DBP) technique, a novel equalization technique used to compensate both fiber dispersion

and Kerr effect in a coherent fiber-optic communication system, is presented.

2.1 Coherent Transmission Technology

A coherent receiver linearly down-converts the optical signal to the electrical domain

by using homodyne/heterodyne detection. A schematic diagram of a coherent receiver
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is shown in Fig. 2.1. The basic idea of the coherent detection is that the received
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Figure 2.1: Schematic diagram of a coherent detection.

optical signal is mixed with a coherent local carrier signal before it passes through a

photodetector. Suppose that the complex received optical signal is given by
Er = AO exp [—7’ (27cht + d)O)] ’ (21)

where f. is the carrier frequency, Ag is the amplitude, and ¢ is the phase. The electrical

field of the local oscillator (LO) is given by

ELO = ALO exp [—i (27TfLot + d)LO)] , (2-2)

where fro, Aro, and ¢ are the frequency, amplitude and phase of local carrier, respec-

tively. The output electrical current of the photodetector can be written as

I(t) = RP=R|E, + Eol’

= RFy+ RPro+2R+/ PyPro cos (27TfIF + ¢y — ¢LO) , (2.3)
where
Py=A}, Pro=A, fir=fo— fro, (2.4)

are the received optical signal power, the local carrier power and the intermediate fre-

quency (IF), respectively. If fip = 0, it is called homodyne detection. If f;r # 0, it
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is called heterodyne detection [1]. Ignoring the direct-current term in Eq. (2.3), the

homodyne signal can be written as

Thomo(t) = 2R~/ PoPro cos (¢o — ¢10) (2.5)

and the heterodyne signal can be written as

Iheter(t) = 2R~/ Py P cos (27Tf1pt + ¢0 — ¢LO) . (26)

As can be seen from Egs. (2.5) and (2.6), the phase information of the optical carrier
can be preserved using coherent detection. From Eq. (2.5), it can be seen that for the
homodyne detection, the local-oscillator phase ¢ is should be aligned with ¢y so that
the transmitted signal is not attenuated. In the past, optical phase locked loop (OPLL)
was used to control ¢ . But, it is not simple to implement such a loop in optical domain,
which leads to high complexity of the design of a homodyne receiver. In contrast, when the
local-oscillator frequency fro is deviating from the received optical signal carrier frequency
fe, as shown in Eq. (2.6), the optical signal is first converted into the microwave domain,
which is called heterodyne detection. The intermediate frequency f;r is typically falling
in the region of GHz. For the heterodyne detection, the optical phase-locked loop is no
longer needed. However, this merit is gained at the cost of 3-dB penalty in the receiver
sensitivity as compared to the homodyne detection. It can be seen from Eq. (2.6) by

taking the average of the power of electrical current,

1 1
-—-/ I,Qleter(t)dt = — / 4R2P0PLO COS2 (27Tf]pt) dt = 2R2P0PLo, (27)
T <T> T <T>

where @10 is assumed the same as ¢p and T = 1/ f;F, and the corresponding electrical

power output from the homodyne detection is given by

12

homo

(t) = 4R2P0PL0. (28)

Recently, homodyne (or intradyne) detection is widely employed without optical PLL and
the phase difference ¢ — ¢0 is estimated using digital signal processing (DSP). Another

advantage of homodyne detection is the optical receiver bandwidth (and also the speed
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of A/D converter) is of the order of the symbol rate, B,. In contrast, for heterodyne
detection, the receiver bandwidth should be ~ 2B, centered around fp.

Since the coherent detection is linear in nature, the complex-valued electrical field with
phase information can be achieved and therefore, the amplitude, phase and frequency of
the optical carrier can all be utilized to carry the information data. There are several
advantages for a coherent detection over a direct detection. First, the receiver sensitivity
can be greatly improved by making the power of the local carrier P sufficiently large.
Second, the availability of introducing phase modulation/demodulation in a coherent
system can further improve the receiver sensitivity compared to the conventional IMDD
systems because of the increased distance between symbols in the constellation. Third, the
heterodyning scheme allows closely spaced WDM channels as compared to the WDM of a
few channels with wide spacings in the direct detection system. Last, the linearly detected
signal by using coherent detection enables the post signal processing in the electrical
domain with the help of the advanced DSP techniques. The electronic compensation
schemes to suppress chromatic dispersion (CD), polarization-mode dispersion (PMD),
and the fiber nonlinearity can be performed after the coherent detection.

The feasibility of heterodyne/homodyne detection for a coherent fiber-optic communi-
cation system was demonstrated in 1980 [14]-[19]. The significant improvement in receiver
sensitivity by using coherent technology was also shown soon after in 1981 [20]. Although
coherent fiber-optic communication systems were studied extensively in 1980’s [21]-[26],
their research and development were far behind the rapid progress in high-capacity WDM
systems using EDFAs because of the requirement of an optical source with high stability
and narrow-linewidth optical source at the transmitter, and sophisticated phase control
techniques at the receiver for a coherent system. A semiconductor laser with external
grating feedback was demonstrated operating at 1550 nm with the linewidth of 10 kHz
[27]. In conjunction with an external optical modulator, a coherent transmitter was well
established. But, the difficulty in efficiently implementing the phase control in coherent

detection wasn’t overcome until 2000’s. The demonstration of digital carrier phase esti-
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mation in a coherent receiver in 2005 [28] has recently re-ignited a widespread interest
in coherent fiber-optic communications [29]-[31]. The combination of coherent detection
and DSP is expected to become a very important transmission technique for the next
generation of fiber-optic communication systems due to its potential high capacity and
flexibility with various post signal processing schemes in the electrical domain.

One of the most important advances in long-haul fiber-optic communication systems
using a coherent detection combined with DSP is that the fiber dispersion can be ef-
fectively compensated at the receiver without deploying in-line dispersion compensation
modules (DCMs). This can greatly reduce the system cost and also make the system
design more flexible with adaptive receiver-based dispersion compensation techniques. In
the following section, various dispersion compensation techniques are discussed, and their

advantages and disadvantages are also compared.

2.2 Dispersion Compensation Techniques

One of major limiting factors in the long-haul 10Gb/s and beyond fiber-optic systems
is the pulse broadening caused by fiber chromatic dispersion (CD), which leads to sig-
nificant inter-symbol interference (ISI), and therefore severely degrades the performance.
For a single-mode fiber, only the fundamental mode is supported when an optical pulse
is launched into a fiber, and therefore, the intermodal dispersion is absent. However, the
pulse broadening still occurs due to intra-modal dispersion which is described as follows.
The group velocity associated with the fundamental mode depends on the frequency lead-
ing to different propagation speeds for the different frequency components of the optical
pulse. This phenomenon is also called group-velocity dispersion (GVD), or chromatic
dispersion to emphasize its wavelength-dependent nature.

Suppose that v, is the group velocity at the angular frequency of w, and the fiber

length is L. The spectral component of a pulse at this frequency point arrives at the
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output of the fiber after a delay given by

r- L (2.9)

Ug

The group velocity v, is associated with the propagation constant 5 as [32]

v, = (%>_1 . (2.10)

Assume the spectral width of the pulse is Aw, at the output of fiber, the pulse broadening
can be estimated as [1]
AT = i—ZAw o %Aw = % (v%) Aw = L%Aw = LG Aw, (2.11)
where 3y = d?3/dw? is known as the GVD parameter. It can be seen from Eq. (2.11)
that the pulse broadening occurs when 3; # 0, and the amount of the pulse spreading is
also determined by the spectral width of pulse Aw.
Ignoring the fiber nonlinearity and polarization-mode dispersion (PMD), the fiber can
be characterized as a linear dispersive channel with the transfer function of Hy(w). When
the output of a continuous wave (CW) laser operating at frequency w is incident on the

fiber, the optical field distribution can be written as [33]

E(.T, Y, 2, t) = ¢(‘T7 y)A(W) exp {—.] [Wt - IB(w)Z}} > (212)

where ¢(z,y) is the transverse field distribution, A(w) is a weight coefficient at the fre-
quency of w, and j = v/—1. If an optical fiber is excited with multiple frequencies, the

total field distribution is the superposition of field induced at each single frequency, i.e.

Further, if the incident field is a pulse with continuous frequency components, the sum-
mation in Eq. (2.13) can be replaced with an integral,
oo

E(z,y,2,1) = 8(z,9) / A(w) exp {—j [t — B(w)2]} dw, (2.14)

—00
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where

~ Alwy,
Aw) = Jim S0

(2.15)

For a pulse with the spectral width Aw < wy, it is useful to expand the f(w) in Eq.
(2.14) in a Taylor series around the carrier frequency wy and retain terms up to the third

order. It is given by

b @(Aw)f‘, (2.16)

Blw) = ﬁ0+ﬁ1Aw+2( )+6

where Aw = w —wp and 3, = (d"/dw")B(w)|,_,, - Inserting Eq. (2.16) into Eq. (2.14),

and using w = wy + Aw, Eq. (2.14) can be rewritten as

E(z,y,2,t) = ¢(z,y) exp [—j (wot — foz)] B(t, 2), (2.17)
N ~~ \/—-’
optical carrier envelope
where
_ [ 752 Jﬂa 3 :
B(t,z) = B(Aw) x exp |jhAwz + 222 ( w)?z (Aw) exp (—jAwt) d(Aw),
e (2.18)
and
B(Aw) = A(wg + Aw). (2.19)
Replacing Aw with w, Eq. (2.20) can be rewritten as
B(t,z) = / B(w) x exp (jﬁlwz + ]52 Wiz + J§3w3z> exp (—jwt) dw, (2.20)
where
B(w) = F{B(t,0)} (2.21)
is the Fourier transform of the input optical field envelope at z = 0, and
Hy(w) = exp (]ﬂlwz + 16, w2 %wg’z) (2.22)

is known as the linear transfer function of fiber. In the absence of dispersion (3, = 83 = 0),

the output optical filed envelope at the distance of z is given by
B(t7 Z) = B(t ~ﬁ1270)7 (223)
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which implies that 3; only leads to the propagation delay of an optical pulse without
changing its shape. The other two parameters 3, and s in the fiber transfer function
Hy(w) are the second- and third-order dispersions, respectively, and are responsible for
pulse broadening. Therefore, finding a way to cancel the phase factors exp (jfB2w?z/2) and
exp (jBsw3z/6) is the basic idea of fiber dispersion compensation. The implementation of
fiber dispersion compensation can be done at the transmitter, at the receiver, or within
the fiber link.

For a transmitter-based dispersion compensation scheme, fiber dispersion can be can-
celed out by pre-distorting the input pulses before they are launched into a fiber link.
Koch and Alferness presented a technique in 1985 to compensate for the fiber dispersion
using the synthesis of pre-distorted signal for a high-speed (> 10 Gb/s) time-division
multiplexing (TDM) transmission [34]. The pre-chirped Gaussian pulses were obtained
by using a frequency-modulated (FM) optical carrier as input to an external modulator
for amplitude modulation (AM). The output optical pulse is a chirped Gaussian pulse
with the chirp parameter C' > 0 such that C3, < 0 in a single-mode fiber with typical
B2 = —21 ps?/km. The dispersion-induced chirp is canceled out by the intentionally in-
troduced chirp in the input pulses, and therefore the pulse broadening is suppressed at the
output of fiber. An alternative to implement signal predistortion is making use of digital
signal processing (DSP). With the advances in the performance of high-speed electronic
devices during the 2000s, the signal predistortion can be done in electrical domain using
DSP at a line rate of fiber-optical transmission (10 Gb/s and above) [35]-[37]. The digital
filter is designed to have the transfer function in the form of

a2
H,, = Aexp (—]52; Z) , (2.24)

if only the second-order dispersion is considered, and A is some constant. The electrical
signal, u(t),/ passes through this filter and input to an optical-E-filed modulator, such
as a Mach-Zehnder in-phase/quadrature (IQ) modulator, the transmitted optical field
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envelope is then given by
B(t,0) = F~ { U(w) x Hm(w)} , (2.25)

where F~1 denotes inverse Fourier transform, and U(w) is the Fourier transform of u(t).
Using Eq. (2.20), and ignoring 3, and f3, the output optical field envelope after propa-

gation along the fiber can be written as
B(t,z) = / U(w) exp (—jwt) dw = u(t). (2.26)

In principle, this dispersion pre-compensating technique can be used to undo any amount
of fiber dispersion simply by generating the corresponding inverse quadratic phase in the
pre-distorting digital filter. The disadvantage of pre-compensating scheme is that the
exact dispersion compensation cannot be achieved without the knowledge of the trans-
mission fiber link. Further, even the transfer function of the fiber link is fully known, the
optimum performance of the dispersion compensation is still hard to reach by using pre-
compensation because when an optical pulse propagates along a fiber link, other linear
and nonlinear effects, such as PMD and self-phase modulation (SPM), interact with fiber
dispersion and change the pulse shape further, and therefore make the performance of the
dispersion pre-compensation imperfect. To avoid the requirement of prior-knowledge of
fiber links and achieve the optimum dispersion compensation, the dispersion compensat-
ing module is moved from the transmitter to the receiver, and this is so-called dispersion
post-compensation, or receiver-based dispersion compensation.

There are several receiver-based electrical dispersion compensation (EDC) approaches.
A linear equalizer can be used between the receiver and the detector to compensate for the
inter-symbol inference (ISI) caused by fiber dispersion, and its corresponding technique is
called linear equalization. A transversal filter (tapped delay line) is often used as a linear
equalizer [38], and its typical structure is shown in Fig. 2.2. As seen from Fig. 2.2, the

equalized output can be written as

L-1

I(t=kT) = I =Y wirs, (2.27)

=0
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Figure 2.2: Schematic diagram of a tapped delay line. 2~! stands for a delay unit. w; stands
for the weight coeflicient. ri is the unequalized input and I is the equalized output at the

sampling time kT}.

where T, is the bit interval. Suppose a dispersive fiber channel with ISI spanning over
L — 1 symbols, and ry, is the sampled received signal that is distorted by fiber-dispersion-
induced ISI. By multiplying the current and previous L — 1 received symbols by the
corresponding weight coefficients, w;,7 = 0,1, - - - (L —1) and summing them up at the end,
the output is used as an estimation of the transmitted symbol. The weight coefficients can
be adaptively adjusted using some algorithms. Two of the most widely used algorithms
are least-mean square (LMS) algorithm [39], and zero-forcing algorithm [40], [41]. The
essential difference between these two algorithms is that the LMS algorithm minimizes
the variance of the error symbol (I — xx), where xj is the transmitted symbols, while
the zero-forcing algorithm minimizes the peak distortion (defined as the worst-case ISI at
the output of the equalizer). Therefore, the zero-forcing based linear equalizer can only
work well when the unequalized eye diagram is open (noise is small). In contrast, the
LMS based linear equalizer can provide modest performance even when the eye diagram
is close (noise is large) because it minimizes both the ISI and noise.

For a conventional fiber-optic communication system with direct detection, due to the

power-law detection, the linear dispersion-induced distortion in optical domain becomes
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nonlinear in the electrical domain. As a result, the linear EDC techniques discussed
above can only partially undo the fiber dispersion. Some of the nonlinear equalization
techniques were therefore developed for the direct detection. One method is to cancel the
nonlinear distortions using previously detected symbols and the estimates of symbols to
be detected. In this method, the equalized output is linear summation of the previous and
estimated symbols [42], and the optimum weight coefficients can be obtained using LMS
or zero-forcing algorithms. Such an approach is called decision-feedback equalization.
In another method, a lookup table was used to find the optimum decision threshold |,
and the transmission distance was demonstrated to be doubled by using this nonlinear
equalization technique [43].

Maximum likelihood sequence estimation (MLSE), the optimum detection technique
from the point of view of error probability, can be used to compensate for the fiber
dispersion at the receiver in a fiber-optic communication systems. If the fiber-induced ISI
spans over L+ 1 symbols, the MLSE is equivalent to the problem of estimating the state of
of a discrete-time finite-state machine. When the symbols are M-ary, the state machine
has M’ states. The Viterbi algorithm is used to implement a MLSE by searching for
the most probable path through a MI-state trellis [44]. MLSE-based receiver design in
fiber-optic communications has drawn a lot of research interest due to its high robustness
for nonlinear fiber channels, and it has been demonstrated that EDC using MLSE gives
superior performance over linear equalization and DFE-based equalization [45]-[49], and
therefore can be used as a BER lower bound estimation of a fiber-optic communication
system.

For a fiber-optic communication system with direct detection, the nonlinearity induced
by the power law of the detector makes the dispersion compensation scheme more complex
and less efficient. With the development of powerful digital signal processing during the
2000s, the difficulty in tracking the received optical carrier phase in an optical coherent
receiver was overcome by using digital carrier phase estimation circuit [28]. Hence, The

coherent receiver combined with electronic dispersion compensation (EDC) using DSP has
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become more practical in the past decade. Since the phase information of the transmitted
signal is preserved in a coherent system, or in other words, the complex-valued electrical
filed is fully detected at the coherent receiver, more options for the dispersion compensa-
tion are available for a coherent optical system compared to the direct detection. First,
most of the EDC schemes used in direct detection, such as the linear equalizer and DFE,
can also be used in coherent systems without much modifications, and the performance
of such compensation schemes is expected to be better than in direct detection systems
since the nonlinear impairment introduced by power-law detection is absent in the co-
herent receiver. Second, the EDC schemes working with direct detection are typically
done in time domain. In contrast, for a coherent system, the EDC can be implemented
in frequency domain. The first step in the frequency domain equalization (FDE) is a
fast Fourier transformation (FFT) block that takes the unequalized signal r(¢) into the

frequency domain,

F{r(t)} = U(w)Hy(w), (2.28)

where U(w) is the Fourier transform of the information signal u(t), and H f(w) is the

transfer function of a linear fiber channel that is given by

ﬁf(w) = exp <j%w2L + j%w3L) , (2.29)
where 33 and (33 are the second- and third-order dispersions, and L is the total transmission
distance. Then, the signal is multiplied by an all pass filter with the frequency response

of

6
It can be noticed that the signs of the 5 and ;5 in Eq. (2.30) are reversed compared to

ﬁeq(w) = exp <—j%w2L - j@w‘gL) . (2.30)

those in Eq. (2.29), and therefore after passing through this filter, the fiber dispersion
is canceled out. Finally, the signal is brought back to the time domain using inverse
fast Fourier transform (IFFT). The whole process discussed above can also be done in

the time domain by the convolution. The impulse response of the all pass filter can be
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alternatively written as

heq(t) = F~ {Heo(w)}, (2.31)

and the corresponding time domain equalization (TDE) is realized by
u(t) = r(t) © heylt) (2.32)

where ® denotes the convolution. The FDE has been reported less computational com-
plexity than TDE because the convolution needs more computational effort compared
to multiplication [50], [51]. One of the most attractive advantages of the receiver-based
EDC over the transmitter-based schemes is that the fiber dispersion can be adaptively
compensated without the knowledge of the transmission link. The dispersion parameters
for a fiber channel given in Eq. (2.30) can be estimated adaptively, which is realized using
some algorithms, such as least-mean square (LMS) [52] or the constant-modulus algorithm
(CMA) [53]. A novel blind adaptive algorithm is proposed recently for coherent systems
with low complexity and ability of precisely estimating arbitrarily large dispersion [54].

Before the development of the electronic-circuit-based high-speed, powerful DSP, the
effective fiber dispersion compensation, especially for a long-haul system, was imple-
mented along the transmission fiber link using in-line dispersion compensation modules
(DCMs) in the optical domain. A DCM could be a dispersion compensating fiber (DCF)
with reverse sign of the GVD parameter as that of the transmission fiber, typically a
standard single-mode fiber (SSMF), or an optical filter with inverse transfer function of
the fiber channel.

The use of a DCF to compensate for fiber dispersion was first proposed in 1980 by Lin
et al [55]. But due to the relatively high loss of DCFs, this technique was not applied in
practice until 1990’s after the EDFA was present. A typical transmission fiber span with
a DCF is shown in Fig. 2.3. The total transfer function of the SSMF cascaded with a
DCF is given by

Hipan(w) = exp {%WQ (Ba1L1 + B2z Lo) (2.33)
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Figure 2.3: A transmission span with a DCF. 851, L1, and B39, Lo are the GVD parameter and
length for SSMF and DCF, respectively.

It is evident from Eq. (2.33) that the perfect dispersion compensation is realized if
Ba1Ln + Bag Ly = 0. (2.34)

For a SSMF, the GVD parameter, 8y, < 0, and therefore the DCF must have normal
dispersion, i.e., 92 > 0, such that the accumulated fiber dispersion in Eq. (2.34) becomes
zero. From the practical point of view, the DCF should have as large normal GVD
parameter as possible such that L, is small. However, there are two major limiting
factors for the use of DCFs. First, the extra insertion loss in the transmission link is
introduced by the deployment of DCFs. Although it can be compensated by increasing the
amplifier gain, the amplified spontaneous emission (ASE) noise is enhanced accordingly.
Second, the DCF has small effective mode area leading to large nonlinear effects. These
two shortcomings limits the use of DCF in the long-haul fiber links. For example, for
a standard SMF with the length of 40 km, and dispersion D = 17 ps/(km - nm), the
length of the DCF with dispersion of —100 ps/(km-nm) will be 6.8 km. The performance
degradation introduced by the ASE noise and nonlinear effects of DCF's become significant
in this case. Another approach of fiber dispersion compensation in the optical domain is
the use of optical filters. The basic idea of an optical equalizing filter is that making an

all-pass filter with the transfer function of
Hopt = AeXP (_%ﬁ2Lw2> s (235)

where A is some constant, and G, L is the accumulated fiber dispersion to be compensated.

Hence, the optical field envelope passes through this kind of filter leading to the cancelation
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of fiber dispersion. The optical equalizing filter can be realized using a Fabry-Perot (FP)
interferometer [56] or a Mach-Zehnder (MZ) interferometer [57] , or fiber Bragg gratings
[58]. There are some disadvantageous factors limiting the use of optical equalizing filters.
First, the the transfer function of these kinds of filters is not an exact inverse of the
transfer function of a fiber. So, the dispersion can only be partially canceled using optical
equalizing filters. Second, the relatively high loss and narrow bandwidth limit their use
in the broad band fiber-optic communication systems.

With the rapidly increasing demand on the bandwidth, the fiber-optic communication
tends to transmit high bit-rate information data on a single-carrier or through multi-
carries, both of which will suffer from the distortions caused by the higher-order fiber
dispersion due to their large bandwidth. Therefore, the compensation of higher-order
dispersion becomes more important in the long-haul high-speed fiber-optic communication
system. However, it is hard to handle the higher-order dispersion using DCFs and optical
equalizing fibers. For this reason, in this thesis, a novel temporal filtering technique using
time lenses was proposed to compensate for the any order of fiber dispersion in the optical

domain.

2.3 Fiber Kerr Nonlinearities

The optical fiber medium can be approximated as a linear medium only when the launch
power is sufficiently low. For the long-haul fiber-optic transmission and wideband WDM
systems, to combat the accumulated noise along the transmission fiber link, the launch
power must be increased to keep signal-to-noise ratio (SNR) high enough for the error-free
detection at the receiver. As the launch power increases, the nonlinearity of fiber becomes
significant leading to severe performance degradation. The fiber nonlinear effect (or Kerr
effect) originates from the dependence of the refractive index on light intensity, which was

discovered in 1875 by John Kerr. The refractive index can be written as

n(w, P) = no(w) + ng P (2.36)

)
Aeﬂ
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where ng is the linear part of refractive index, n, is the Kerr coefficient with typical
value of 2.2-3.4 x1072° m?/W, P is the optical power, and A.q is the effective core area.
The dependence of the refractive index on the light intensity results in the propagation
constant /3 varying as the light intensity due to 5 = 27n/\, and the propagation constant

can be written as
27T'TIQ

Blw, P) = Bo(w) + mp, (2.37)
where Fy(w) is related to fiber dispersion, and
21Ny
=+, 2.38
Y (2.38)

is known as the fiber nonlinear coefficient. The phase shift induced by the nonlinear effect
occurs when the optical signal propagates along the fiber. The total nonlinear phase shift

after the distance L is given by
L
oxi= [ 18-l (2.39)
0
Substituting Eq. (2.37) in Eq. (2.39), and using Eq. (2.38) and
P(z) = Byexp(—az), (2.40)

where Py is the launch power, and « is the fiber loss coefficient, we obtain [82]

L
1— —alL Le
ONL = / vP exp(—az)dz = vF, Spl b} = (2.41)
0 « LNL
where
i 1 —exp(—al) (2.42)
!
is the effective length, and
1
Ly = — 2.43
NL ) (2.43)

is the nonlinear length. It can seen from Eq. (2.41) that the fiber nonlinear effect en-
hances when Ly, decreases, or equivalently P increases. There are three types of fiber
nonlinearities due to the Kerr effect. Type (I) self-phase modulation (SPM), (II) cross-
phase modulation (XPM), and (III) four-wave mixing (FWM). The SPM, imposing the
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nonlinear phase shift on the pulses as shown in Eq. (2.41), is responsible for spectral
broadening of optical pulses. Interacting with fiber dispersion, the SPM can cause tem-
poral pulse broadening (normal dispersion (3, > 0)), or pulse compression (anomalous
dispersion J, < 0). The well-known interaction of the SPM with anomalous dispersion
is the formation of optical solitons [83]. The cross-phase modulation (XPM) causes the
nonlinear phase shift including the contribution of the optical pulses from other channels,
or the overlapping pulses in a single channel, which is called intrachannel XPM (IXPM).

In XPM, the nonlinear phase shift in k-th channel can be written as

N
ovr(k) = YLeaP\" +2 > yLeaPy?, (2.44)
h=1,h£k

where Po(k) is the pulse peak power in k-th channel. The first term in Eq. (2.44) is the
SPM and the second term denotes the contribution of XPM. It can be seen from Eq. (2.44)
that the XPM induced phase shift is twice that of SPM when the optical powers of all the
channels are equal. XPM causes asymmetric spectral broadening of the optical pulses,
and timing jitter and amplitude distortion in time domain. The four-wave mixing (FWM)
is another effect that generates optical signal at new frequencies. For a WDM system,
with carrier frequencies of f;, f; and fy, the signal at new frequency f, = f; + f; — fx can
be generated by FWM, which leads to serious performance degradation when the newly
generated frequency component falls into the WDM channels. For a single carrier system,
the nonlinear mixing of overlapped pulses generates ghost pulses due to intra-channel four-
wave mixing (IFWM), which is one of the dominant penalties for high bit rate (above 40
Gb/s) fiber-optic systems [84]-[86]. The studies of suppressing the impairments induced
by SPM, XPM and FWM for long-haul and wideband fiber-optic communications have

become important.

33



PhD: Dong Yang McMaster - Electrical and Computer Engineering

2.4 Backward Propagation (BP)

The approach of digital backward propagation (BP) in fiber-optic communications for
the compensation of fiber nonlinearity has drawn significant research interest recently
owing to its ability to undo fiber linear and nonlinear impairments [87]-[92]. The basic
idea behind BP can be understood from the governing equation of fiber propagation.
The electrical filed envelope of an optical signal, u(t, z), is governed by the nonlinear
Schrodinger equation (NLSE)[33]

% = [D + ]\7] u, (2.45)

where D denotes the linear operator given by

% _'I,,B-z(z)_ﬁ_‘z_ n /33(2) (93 Q(Z).

D=—=5+"% 3 2 (2:46)

and N denotes the nonlinear operator given by
N = iy(2)|uf?, (2.47)

B2(2), F3(2), a(z) and ~(z) are the profiles of second-order, third-order fiber dispersion
coefficients, loss/gain and nonlinear coefficient, respectively. Eq. (2.45) is invertible in
the absence of noise. If the sign of z in Eq. (2.45) is reversed, and the received signal is
taken as the input signal, Eq. (2.45) can be rewritten as

g—z = [—D - N] u, (2.48)
which is equivalent to sending the received signal through a virtual fiber with opposite-
signed dispersion and fiber nonlinearity. The transmitted signal can therefore be fully
recovered in this way. This is so-called "backward propagation”. Eq. (2.48) can be
numerically solved using split-step Fourier method (SSFM) in digital domain. The per-
formance of BP-based compensation scheme is limited by the noise and the step size used

in SSFM for backward propagation. In principle, in the absence of noise, BP can com-

pletely cancel both fiber dispersion and nonlinearity when the step size used for solving
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Eq. (2.48) is chosen small enough. However, when the noise is present, the transmitted
signal cannot be fully recovered using BP whatever the step size is chosen because the
noise-induced impairments, such as nonlinear phase/amplitude noise, cannot be undone
using BP. On the other hand, the computational cost in digital BP increase as the step
size decreases. As a result, in practice, the step size should be so chosen that the compu-
tational effort at the transmitter/receiver is affordable. Backward propagation operates
on the complex-valued electrical field envelope, u(t, z) directly and therefore, the coherent
detection is required, which also allows the use of BP for any modulation formats and
multi-carrier systems, such as OFDM with QAM. The compensation of fiber nonlinearity
using BP has been demonstrated to enable larger launch power and longer transmission

distance in optical OFDM systems [89).
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Chapter 3

Intra-channel Four-Wave Mixing
Impairments in Dispersion-Managed
Coherent Fiber-Optic Systems based
on Binary Phase-Shift Keying

3.1 Introduction

The statistical characteristic of received bits is a fundamental concern in communication
systems. In long-haul fiber-optic communication systems, because of the fiber nonlinear-
ity, it is usually hard to obtain the exact analytical expression for the probability density
function (PDF) of received bits. The pulsewidth and amplitude of pulse fluctuate due
to intra-pulse self-phase modulation (ISPM) and also the nonlinear interaction of adja-
cent pulses causes phase modulation of the probe pulse due to intra-channel cross-phase
modulation (IXPM), which is translated to timing delay because of dispersion [93]-[95].
Furthermore, the nonlinear mixing of overlapped pulses generates ghost pulses due to
intra-channel four-wave mixing (IFWM), which is one of the dominant penalties for high

bit rate fiber-optic systems (> 40 Gb/s) [96, 105]. Suppose we have three consecutive bits
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of 1’ centered at ¢t = —2T},, —T; and 0. The ghost pulse generated by the nonlinear mixing
(IFWM) of pulses at —2T} and —T), interferes with the pulse at ¢ = 0. This interference
leads to the amplitude jitter of the pulse at ¢ = 0. In this chapter, we consider the impact
of ISPM, IXPM and IFWM in a coherent fiber-optic system based on binary phase-shift
keying (BPSK).

In many occasions fiber links can be seen as quasi-linear systems, if transmitted power
is well controlled such that the nonlinear effect of fiber is not too large. Our work is
based on this assumption and the nonlinearity of a fiber is described by the first-order
perturbation approximation [99], [105]. In this chapter, we derive analytical expressions
for PDF's and variances of bit 0’ and bit ’1’ for dispersion-managed coherent fiber-optic
systems based on BPSK. Our results show that the probability density functions for
both bit '1’ and bit '0’ are of asymmetric shape when fiber nonlinearity is dominant
impairment over amplified spontaneous emission (ASE) noise. One might expect that
the PDFs should be symmetric since bit ’0’ (amplitude —1) and bit '1’ (amplitude 1)
occur with equal probability for systems based on BPSK. But the conditional PDF of the
received signal given that bit ’1’ (or bit '0’) is sent, is calculated by fixing the bit ’1’ (or bit
'0’) in the bit slot 0 and other bit slots carry bit "1’ or bit ’0’ with equal probability. The
non-degenerate symmetric four-wave mixing triplet involving the pump pulse in bit slot
0 (which is fixed) is responsible for making the PDFs asymmetric. However, the PDFs
become nearly symmetric as ASE noise increases. Recently, auto correlation functions
and approximate probability density function of IFWM induced phase noise have been
obtained in [107] using a different approach. After numerically validating our analytical
expression for the variance of IFWM, we used it as a design tool to optimize the various
parameters such as pre-, post- and inline- dispersion compensation and launch power of
a dispersion-managed coherent fiber-optic transmission system. Qur results show that
as the average dispersion of the dispersion managed transmission fiber becomes large,
the optimum dispersion compensation ratio approaches 0.5. This implies that dispersion

compensation at the transmitter (pre-compensation) should be roughly same as that at
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the receiver (post-compensation) for all the dispersion maps analyzed in this chapter when
the average dispersion of the fiber-optic link (excluding pre- and post- compensation) is
large.

The ASE noise introduced by an amplifier fluctuates the energy of a pulse. The fiber
nonlinearity translates the energy fluctuations into phase fluctuations leading to nonlin-
ear phase noise or Gordon-Mollenauer phase noise {108]. In this chapter, we ignore the
nonlinear phase noise and mainly focus on the amplitude fluctuations due to IFWM. It is
likely that the dispersion map that minimize the IFWM impairments would also minimize
nonlinear phase noise. However, this would be the subject of a future investigation.

In section 3.2, mathematical derivation of PDF is given, in which first-order pertur-
bation theory is used to solve the nonlinear Schrédinger equation (NLS). In section 3.3,
the variance of IFWM is analytically calculated. In section 3.4, simulations based on
the given analytical PDF are implemented and the results are compared with those from
Monte-Carlo simulations. In addition, the optimum dispersion map is investigated based
on the analytically calculated variance of IFWM for coherent fiber-optic systems. Finally,

in section 3.5, the results and contributions are concluded.

3.2 Mathematical Derivation of PDF

Fiber link
Sin(t) Sout(t)

X »| Coherent
detection _l
L Correlator t=nTp

1" D SN Threshold —
T -[ Ot | si(t) SH(nT}) | device | Decision
b6

Figure 3.1: Coherent fiber-optic system.
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In this section, we derive the PDF of received bits for a BPSK coherent fiber-optic
system. Fig. 3.1 shows the scheme of the coherent fiber-optic system based on BPSK.
Suppose the input to the fiber link is

oo

sin(t) = Y an/Pof(t — nT}) (3.1)

where a, is a random variable which takes values 1 and —1 with equal probability, F is
the peak power, f(t) represents a basic pulse shape and T}, is the bit interval. We assume
that the fiber channel is quasi-linear. Under this assumption, the output field of the fiber
link can be evaluated using first-order perturbation theory [99], [105]. The evolution of
the optical field envelope is described by the nonlinear Schrédinger equation in the lossless
form,

Ou [y(z) 0%u

2 J—
i5 BT + yexp [—w(z)] |u|"u =0, (3.2)

where 7 is the fiber nonlinear coefficient,

w(z) = /OZ a(s)ds, (3.3)

a(s) is the fiber loss/gain profile and F;(s) is the dispersion profile. Fig. 3.2 shows
the typical dispersion and loss/gain profiles of a long-haul dispersion-managed fiber-optic

system. The solution to Eq. (3.2) can be written as
u(t, z) = uo(t, 2) + yur(t, 2) + Y2ua(t, 2), (3.4)
where ug(t, z) is the solution of the linear Schrédinger equation given by [106]
uo(t, z) = F ' [Sin(w) exp (iw?s(2)/2)]

= /PF! Z anf(w) exp (iwnT}, + iw’s(z)/2)

where F~! denotes the inverse Fourier transform,

s(2) = /0 " Ba(s)ds, (3.6)
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Figure 3.2: Typical dispersion and loss/gain profiles of the dispersion-managed fiber. Pre- and

post- compensation are not shown.
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Sin(w) and f(w) are the Fourier transform of s;,(t) and f(t), respectively. Substituting
Eq. (3.4) in Eq. (3.2) and collecting the terms proportional to v, we obtain

Ouy Pa(z) 8w

0z 2 Ot?

= —exp [—w(z)] |u0|2 Ug (3.7)

u1(t, z) represents the first order correction to Eq. (3.5) due to fiber nonlinearity. The
nonlinear mixing of pulses in bit slots /,m and n leads to a ghost pulse in bit slot 0 if
[+m —n = 0. Without loss of generality, let us focus on the nonlinearly generated ghost

pulses u,(t, z) at bit slot 0. Taking the Fourier transform of Eq. (3.7), we obtain

i%%—l + @uﬂﬂl = —exp [~w(z)] x

[to(w, z) ® Uy(—w, )] ® to(w, 2) (3.8)

Substituting Eq. (3.5) in Eq. (3.8) and considering only the four-wave mixing triplets

that satisfy the condition [ +m — n = 0, we obtain
yur(t,2) = B2 3" amntmin Xonn 2, 2) (3.9)

where

; L rx
Xonlto2) = =5 [ [~ Ko 2
x exp {i[s(L) — s(z)]w?/2 — iwt } dwdz, (3.10)

Kmn{w, 2) = —yexp [—w(z)] X

[Fw)rm(@) ® F@)ra@)] @ {F(=)rin(-w)},
(3.11)

rm(w) = exp [iwmTy, + iw’s(2)/2] (3.12)

and L is the total transmission distance. We assume that the accumulated dispersion is

zero at the receiver, s(L) = 0. Using Egs. (3.5) and (3.9) in Eq. (3.4) and ignoring the
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terms involving v, n > 1, optical field envelope at the end of the transmission line for

the bit slot 0 is

sour(t) = a0V Pof(t)+ Py D> amanaminXma(t)

+n(t) (3.13)

where n(t) is a Gaussian white noise due to optical amplifiers. When

f(t) =exp (—;—TQOQ> , (3.14)

dispersion (3, and loss coeflicient « are constants, and dispersion of the transmission fiber
is linearly compensated such that s(L) = 0, Eq. (3.10) reduces to that derived in [99],
[105],

L t2
KXonn(t, L) =i — g
(t,L) z*y/o exp( 677 az)
1
X
1+ 2B/ T3 +3 (B2 TR

3 (2t/3 - TLTb) (2t/3 - me)
P {_ T3 (1 + 31652/ T3)

(m —n)’T}

T {1+2i62/T3 +3(8,2/T2)"}

dz (3.15)

After passing through the ideal unit gain coherent detector, the output signal S,,:(t)
is multiplied by the /Fof*(t) and integrated over one bit interval which is equivalent to

the matched filter receiver. The output of the correlator is

Py [T

sp(Ty) = ao?b A |F(0) dt

P} To
7 D Gmnmin /O X () £*(t)dt

VT

T

Ty
/ n(t) f*(t)dt (3.16)
0
If Re{sp(Ty)} > 0, it will be decided that bit ’1’ is transmitted. Otherwise, bit ’0’ is
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transmitted. Let

I = Re {SF(Tb)}
- CLOPav + Z Z O OnQmtnYmn + NF (317)
where .
P b
Pu=g [ 150 (3.18)
Ty Jo
is the average power of the transmitted bit 1’ or bit ’0’,
P2 Ty
0 *
Yo = L0 Re { Xn(0)f (t)dt} , (3.19)
T 0

" np = Y2 e { /O ) f*(t)dt} (3.20)

The characteristic function of random variable I is given by
¥(§) = Elexp €N} = [ e gD (Dl (3.21)
where E denotes expectation and p([) is the conditional probability density function of

received current I when bit ‘1’ or bit ‘0’ is sent. Because [ is a function of transmitted

random binary variables a_y,a_n41, -+ ,an and noise ng, Eq. (3.21) can be rewritten
as
+oo  +00
U,(€) = / / exp [iff (a-n,a_N41,- " ,CLN,“F)]
-0 -0
X p{a_n,a_n41,*-an,np) da_yda_ni1---daydng, (3.22)

where p(a_n,a_n41,--an,np) is the joint probability density function of random vari-
ables a_n,a_ny1,---an,np. When they are independent and identically distributed
(ii.d.) random variables, the joint probability density function in Eq. (3.22) becomes
the products of probability functions of each random variable. Here, we assume that the
IST induced by fiber nonlinearity is only contributed by the neighboring N bits on both
sides of the central bit, i.e., (m,n) € [-N, N]. To calculate the conditional PDF given bit
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‘17, we assume that the bit in slot 0 is a ‘1’, i.e., ag = +1, and the transmitted information
bits are independent and with the equal probability being ‘1’ or ‘0’. The characteristic

function can be rewritten as
+o0

/ /exp

+ Z Z amanamﬂymn)}
m n

X pla-n)pla-n1) - - plan)p(nr)

’Lf(Pav +ng

X da_nda_ny1---dandnp, (3.23)
where
1 ne
ng) = ex 3.24
pioe) = o (55 529

where ¢? is the variance of the Gaussian noise field nr and it is proportional to the

variance of the ASE noise n(t), and
1
pla;) = 5 [0(ai = 1) +6(a; + 1], (3.25)

where ¢ # 0 and ¢ € [N, N]. Inserting Egs. (3.24) and (3.25) into Eq. (3.23), we obtain

Z Z 2/221" 210

a_ny=-la_ N+1—_1 ay=—1_"
orl or 1 or 1
X exp |i€ <PM 3 amnGmpnmn + np)]
m n
7L2
X exp (—gﬁ) dnp (3.26)

Taking the Fourier transform of Eq. (3.26), the probability density function of received

electrical signal for bit "1’ is obtained as

nl) = 22N 5o Z Z Z

a.N= =—la_ N+1—_1 aN——l
or 1 or 1 or 1
2
(] - Pav - Z Z amanam+nymn>
exp | — = 502 (3.27)
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Simplifying Eq. (3.27), we obtain

1 2 (I — IV
- E S A 2
n(l) 22N\/2mo £ lexp [ 202 j| (3.28)
where
I; = Pav + E E A nGm4nYmn (329)

and z is the index corresponding to each possible bit pattern in total 22~. Then, we

expand I} as

N
I; = Pav+y00+2 Z Ymo
m=—N,;é0

N N
+ Z Z AmOnmpnYmn (3.30)
m=—N,#0 n=—N,#0

In Eq. (3.30), the first term represents the average power of the transmitted bit, the
second term represents the ISPM, the third term represents IXPM and the last term
represents the IFWM. ISPM and IXPM are independent of bit pattern and only lead to
deterministic changes to the first order. When the launch power is too large, the depletion
of the pump pulses due to IFWM can not be ignored and as a result, the peak powers of
the pulses vary leading to IXPM penalty which is bit pattern dependent. However, under
the first order perturbation approximation, ISPM and IXPM effects are independent of

bit pattern. Therefore, we finally obtain

N N
II=P+ Z Z A Oy O g Y (3.31)
m=—N,#0 n=—N,#0
where
N
P'=Pu+y0+2 D tmo (3.32)
m=—N

Calculation of the PDF of bit '0’ is similar and proceeding as before, we obtain

po(1) = _1 Zexp [_(1_—]2)_] (3.33)
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where
N
]2 = —Pav-y00‘2 Z Ymo
m=—N
N N
+ Z Z A O Cmtn Y (3.34)

m=—N,#0 n=—N,#0

3.3 Variance of IFWM

Suppose the bit ’17 is sent, i.e., ag = +1. Eq. (3.17) can be rewritten as

N
I = Pav+y00+2 Z Ymo
m=—N,#0
N N
+ Z Z AmOnOm4nYmn + NF (335)

m=—N,#0 n=—N,#0
where the first three terms are deterministic, and therefore they don’t contribute to the
variance. The fourth term involving a,,, a, and a,,4,, leads to random fluctuations of the

received signal. Then we can rewrite Eq. (3.35) as

I = P’+5[FWM+nF (336)
where
N
P = Pav + Yoo + 2 Z Ymo, (337)
m=—N,#0
N N
JIFWM = Z Z AmAnlm4nlYmn (338)

m=~N,#0 n=-N,#0

Considering that the random bit sequence is independent of the Gaussian noise ng, the

variance of bit '1’ can be written as
2 2 2
01 = 0trpwM t Oy (3.39)

where o2 is the variance of ASE noise after the matched filter. The variance of §/pwy

can be written as
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where E denotes the ensemble average.

For BPSK signal, we have

1, if m=n
E{ama,} =
0, otherwise

we have

—

, if m=0 or n=0
E {amanam+n} =
0, otherwise

and therefore we obtain

E {8Iywu} =0

Then Eq. (3.40) becomes
UIQFWM = F {51}2?WM}

N N
= E{ Z Z AmAnGmnlmn

m=—N,£0 n=—N,#0

N N
X E E QAEA1 kYl
|=—N,#0 k=—N,#0
N N N N
m=—N,#0 n=—N,#0 l=—N,#0 k=—N,£0
E {amanam+nazakaz+k} Ymn¥Yik

Noticing that in Eq. (3.44), m # 0, n # 0 and

1, if m=1 and n=%k

E {amanam+nalakal+k} = 1, if m=%k and n=1

0, otherwise

we finally obtain

N N N
Oirwm = 2 Z Z nynn+ Z -

m=—N,#0 n=—N,#0 m#n m=-N,#0

(3.41)

(3.42)

(3.43)

(3.44)

(3.45)

(3.46)

We use Eq. (3.46) in section (3.4) to calculate the impact of various dispersion maps on

the intrachannel impairments.
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3.4 Simulations and Results

3.4.1 Probability density function

In this section, we implement the simulations based on the analytical PDF given in
Eq. (3.28) and also the Monte-Carlo simulations to verify the results obtained from the
analytical formula. The De Bruijn bit sequence of length 2!3 is used as input in Monte-
Carlo simulations and the lumped amplification is assumed throughout this paper. The

critical simulation parameters are listed in Table 3.1. We consider a dispersion-managed

Table 3.1: Simulation parameters

Bit rate 40 Gb/s
Pulse width (FWHM) 7.5 ps
Pulse shape Gaussian
Peak power 0 dBm
Amplifier spacing 80 km
Transmission distance 400 km
N (Effective neighboring bit slots) | 10

No. of bits in Monte-Carlo sim. 213
Computational bandwidth 1600 GHz

fiber with two segments. The first segment is a standard SMF of 40 km length and
dispersion D; = 17 ps/(km-nm) and this is followed by a reverse dispersion fiber of equal
length and dispersion Dy = —17 ps/(km-nm). The fiber loss for these two kinds of fibers
are 0.2 dB/km and 0.25 dB/km, respectively. We consider two cases. In the first case, ASE
noise is turned off and, dispersion and nonlinear effects are the only impairments. In Fig.
3.3(a) and 3.3(b), PDFs of bit ’1’ and bit '0’ are shown, respectively for this case. o = 0 in
Eq. (3.28) leads to Dirac-Delta function instead of Gaussian function. In our simulation,
the rectangular function with very narrow width A = 1073 for the normalized current

and height 1/A = 103 is used to approximate the Dirac-Delta function to implement the
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analytical calculation of PDF. One would expect the PDFs of intra-channel impairments
to be symmetric since bit ’1’ and bit ’0’ are represented by optical field amplitudes 1 and
—1, respectively and they occur with equal probability. But the conditional PDF of the
received signal when bit "1’ (or bit ’0’) is sent, is calculated by fixing the bit "1 (or bit
’0’) in the bit slot 0 and other bit slots carry bit "1’ or bit '0’ with equal probability. The
non-degenerate symmetric IFWM triplet of the type u;u-;ug, j # 0, involves the pump
pulse ug in bit slot 0 and this is responsible for making the PDFs asymmetric. If the
pusles in all the bit slots were to be of amplitudes +1 and —1 with equal probability, the

PDFs would be symmetric.

2
-3

-
3

-
&
[

1401 X Monte-carlo sim. I X Monte-carlo sim.
e Analytical PDF e Analytical PDF

5 s

Probability Density
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(a) (b)
Figure 3.3: (a) PDF of bit '1". (b) PDF of bit ’0’.

In the second case, nonlinear impairments are weaker than that due to ASE. In Fig.
3.4, the cross marks show the PDF from Monte-Carlo simulation and the solid line shows
the analytically calculated PDF that agrees well with the numerically calculated PDF.
The noise figure of amplifiers is set to 4.5 dB in this simulation. As can be seen, the PDF
becomes nearly symmetric since ASE is the dominant noise process in this example. Fig.
3.5 shows the standard deviation of bit ’1’. The solid line with triangles shows the result

from the Monte-Carlo simulation and the the dashed line with circles shows that from the
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Figure 3.4: PDF of bit ']’ with ASE noise. PDF of bit ’0’ is similar to that of bit "1".
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Figure 3.5: Normalized standard deviation of bit '1’.
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analytical formula (Eq. (3.46)) and both of them match each other very well.

3.4.2 Optimum dispersion maps

pre-compensation post-compensation
fiber fiber

D post

Figure 3.6: Dispersion-managed fiber link with pre- and post- dispersion compensation.

Fig. 3.6 shows the fiber link consisting of pre-, post- and inline dispersion compen-
sation. We assume the same parameters as before except that average dispersion of the
transmission fiber, total transmission distance, pre- and post- compensation are variables.
In this section, we will investigate the optimum dispersion map and also the optimum
dispersion compensation ratio (DCR) for the fiber-optic coherent system based on the
analytical formula given in Eq. (3.46).

We define the average dispersion within each amplifier spacing as
Doy = (D1Ly + D2 L) / (Ly + Lo) (3.47)

where D; and L;j, j = 1,2, are the dispersion and length of the fiber section j between
amplifiers. We assume that total accumulated dispersion at the receiver is zero. The

dispersion compensation ratio (DCR) is defined as

Accum. disp. of pre-compensation fiber

DCR (3.48)

~ Accum. disp. of pre- and post- compensation fibers

The dispersion of the compensating fiber used at the transmitter and receiver is —100
ps/(km-nm) in this study. The compensating fiber loss is 0.5 dB/km. The loss of anoma-
lous dispersion fiber (D7) and normal dispersion fiber (D,) are 0.2 dB/km and 0.25 dB/km,

respectively. The variance of IFWM changes with the dispersion map, pre-compensation
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ratio and also the transmission distance. Combining all these three factors, we then study

the optimum dispersion compensation scheme for the fiber-optic coherent system.
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Figure 3.7: Comparison of standard deviation of IFWM between analytical expression and

numerical simulation at L = 800 km and Dg, = 1.25 ps/(km-nm).

The solid line in Fig. 3.7 shows the standard deviation of IFWM obtained analytically
and the x shows the numerical simulation of nonlinear Schrodinger equation. It can be
seen that orpwm can be significantly reduced if 75% of the dispersion of the transmission
fiber is compensated at the transmitter. Fig. 3.8 shows the optimum DCR at three
different transmission distances, L = 800,1200 and 1600 km, respectively, with Dy, =
1.25 ps/(km-nm). From Fig. 3.8, we see that at smaller transmission distances, it is
advantageous to do the dispersion compensation mostly at the transmitter (DCR close
to 0.8). However, as transmission distance increases, optimum DCR approaches 0.5 for
the dispersion-managed fiber-optic link. Fig. 3.9 shows the optimum DCR as a function
of the average dispersion, D,,. The optimum DCR is that DCR which minimizes the
variance of IFWM and it is found using line search method. It can be seen that as D,

increases, optimum DCR approaches 0.5 for the dispersion-managed fiber-optic link. Fig.
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Figure 3.8: Standard deviation of IFWM as a function of DCR at Dy, = 1.25 ps/(km-nm).
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Figure 3.9: Optimum DCR v.s. Average dispersion.
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3.10 shows the dependence of standard deviation of IFWM on average dispersion. We see
that the system scheme with larger average dispersion has better performance. This is
because the frequency components of the pulses walk off quickly as D,, increases. As a

result, the ghost pulses generated in different amplifier spans do not add up coherently.
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Figure 3.10: Standard deviation of IFWM varying as a function of average dispersion at opti-

mum DCR.

The numerical simulation of NLS is time-consuming, however, the analytical method
based on solving NLS under the first-order perturbation approximation is a quite efficient,
and therefore, the analytical PDF and variance can be obtained more easily without
requiring extensive computational efforts, and also with fairly good accuracy for quasi-

linear systems.

3.5 Conclusion

We have derived analytical expressions for the PDFs and variances of bit ’1’ and bit
'0’ in a dispersion managed coherent fiber-optic system based on BPSK. The analytical

expressions are in good agreement with numerical simulations. We have shown that PDFs
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of bit "1’ and bit ’0’ become asymmetric when IFWM is dominant impairment over ASE.
But the PDF's become nearly symmetric as the variance of ASE increases. The analytical
formula for the variance of IFWM is used as a design tool to investigate the optimum
dispersion maps for coherent fiber-optic systems based on BPSK. Our results show that
the optimum dispersion compensations ratio approaches 0.5 as the average dispersion
of the dispersion managed transmission fiber becomes large for all the dispersion maps

analyzed in this chapter.
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Chapter 4

Temporal Filtering Technique using
Time Lenses for Optical

Transmission Systems

4.1 Introduction

It is well known that there exits an analogy between the spatial diffraction and temporal
dispersion [59]-[61]. In the spatial domain, an optical wave propagating in free space
diverges due to diffraction. As an analogue, in the temporal domain, an optical pulse
propagating in a dispersive medium broadens due to dispersion. This space-time duality
can also be extended to lenses. A space lens generates quadratic phase modulation on
the transverse profile of the input beam and its analogue, a time lens, simply applies
a quadratic phase modulation to a temporal optical waveform. On this basis, several
temporal analogues to spatial systems based on thin lenses have been created and many
real-time optical signal processing applications, including temporal imaging, pulse com-
pression, and temporal filtering using time lenses have been proposed [62], [109]-[111].
In 1992, Lohmann and Mendlovic first proposed the temporal filtering technique [62]. A

temporal filter was introduced in a 4-f configuration consisting of time lenses in their pio-
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neering work. In the spatial domain, a conventional lens produces the Fourier transform
(FT) at the back focal plane of an optical signal placed at the front focal plane, which is
known as a 2-f configuration or 2-f subsystem. The spatial filter placed at the back focal
plane modifies the signal spectrum, and a subsequent 2-f subsystem provides the Fourier
transform of the modified signal spectrum, which returns the signal to the spatial domain
with spatial inversion.

An exact analogy exists between spatial filtering and temporal filtering techniques.
In the case of temporal filtering, the spatial lens is replaced by a time lens (which is
nothing but a phase modulator), and spatial diffraction is substituted with second-order
dispersion. Figure 4.1 shows a modified 4-f system consisting of two time lenses. In this
4-f configuration, the subsystem T1 provides the Fourier/inverse FT of the input signal.
The signs of chirp and dispersion coeflicients are reversed in the 2-f subsystem T2 after the
temporal filter. In contrast, Lohmann and Mendlovic proposed the 4-f configuration in
which the signs of the dispersion coefficients of the 2-f subsystems are identical [62]. This
implies that the second 2-f subsystem provides the Fourier transform of the modified signal
spectrum leading to a time-reversed bit pattern, whereas in the approach we proposed in
2008 [63], it provides the IFT so that the output bit pattern is not reversed in time. This
approach has no spatial analog since the sign of spatial diffraction cannot be changed
[112].

In this chapter, based on the 4-f configuration consisting of time lenses, two applica-
tions have been numerically implemented. One of them is a tunable wavelength division
demultiplexer [63]. The wavelength division multiplexing demultiplexer is realized using
the temporal band pass filter in a 4-f system. The temporal filter is realized using an
amplitude modulator, and the channel to be demultiplexed can be dynamically changed
by changing the input voltage to the amplitude modulator. The passband of the temporal
filter is chosen to be at the central frequency of the desired channel with a suitable band-
width such that only the signal carried by the channel to be demultiplexed passes through

it with the least attenuation. The wavelength division multiplexed signal passes through
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the 2-f subsystem T1 (see Figure 4.1 and its FT in the time domain is obtained. After
the temporal filter, the signals in any other undesired channels are blocked and the signal
in the desired channel then passes through the 2-f subsystem T2, which finally produces
the demultiplexed signal as its original bit sequence by the exact IFT.

The other application of the 4-f temporal filtering scheme is a higher-order dispersion
compensator [63]. The temporal filter in this application is realized by a phase modulator.
To compensate for fiber dispersion, the time domain transfer function of the phase modu-
lator has the same form as the frequency domain transfer function of fiber but the signs of
dispersion coefficients are opposite. At the temporal filter, the Fourier transformed input
signal is multiplied by the time domain transfer function of the phase modulator so that

fiber dispersion-induced phase shift is canceled out.

4.2 Configuration of a Time-Lens—Based Optical Signal
Processing System

Figure 4.1 shows the modified 4-f system based on time lenses [63]. This 4-f system consists
of two cascaded 2-f subsystems T1 and T2, each of which contains a time lens and two
segments of single-mode fibers (SMFs) that are symmetrically placed on both sides of
the time lens. A time lens is a temporal analog of a space lens and it is realized by an
electro-optic phase modulator that can generate quadratic phase modulation. The signal
spectrum can be modified using a temporal filter. The temporal filter can be realized
using an amplitude and/or phase modulator. The transfer function of the temporal filter
can be changed by changing the input voltage to the amplitude and/or phase modulator.

For the proper operation of this system, two phase modulators and the temporal filter
should be properly synchronized. If Ty is the absolute time at the phase modulator k,
k = 1,2, then they are related by

Ty =T+ fi/vg + fo/vg, (4.1)
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1 i 2) 2)
21 22 /21 22\‘
Time lens 1 @ @ Time lens 2
Temporal
“« f; > PM 1 « f > filter <—f2—’ PM?2 fHh—>
(W J \ _J
Y Y
T1 T2

Figure 4.1: Scheme of a typical 4-f system. PM= Phase modulator.

where vy and vy, are the group speeds of the fibers after the time lens 1 and just before
the time lens 2, respectively. fi; and f, are the fiber lengths as shown in Figure 4.1.
This delay between the driving voltages of the phase modulators can be achieved using a
microwave delay line. Similarly, the absolute time T at the temporal filter is related to
T, by
Ty =T + fi/vg, (4.2)

where f; is the length of the SMF in T1.

Propagation of the optical signal in a system consisting of a dispersive SMF and the
time lens (such as the 2-f subsystem T1 in Figure 4.1) results in the FT of the input signal
at the length 2f;. We use the following definitions of F'T pairs:

- +o0
0(w) = Flu(t)} = /_ w(t) expiwt) dt (4.3)
u(t) = F YU (w)} = % /_+oo U(w) exp(—iwt)dw, (4.4)

where u(t) is a temporal function and U (w) is its FT. The time lens is implemented using

an optical phase modulator whose time domain transfer function is given by
h;(t) = exp (iC;t*), j=1,2, (4.5)

where C; is the chirp coefficient of the phase modulator j in the 2-fsubsystem T}, j = 1,2,

and £ is the time variable in a reference frame that moves with an optical pulse. Using
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Eq. (4.5) in Eq. (4.3), we obtain the FT of the transfer function h;(¢):

Hj(w) = 1/ir/Cjexp (——i%) ,j=1,2. (4.6)

Suppose that the field envelope of the input signal is u(t,0), and the corresponding FT
is U(w,0). Let 55’{’ and ﬁég) be the dispersion coefficients of the first and second fibers in
the subsystem Ty, k = 1,2, respectively, and f; be the length of the SMF in Ty, k =1, 2.
Before the time lens of T1 (z = f;_), the temporal signal is [1]

u(t, fi-) = 1 /_+OO U(w, 0) exp (%5;})f1w2 — iwt) dw. (4.7)

21 Joo

The behavior of the time lens is described as follows:

U(t, f1+) = U(t,fl_) hl(t) (48)

Because the product in the time domain becomes a convolution in spectral domain, taking

the Fourier transform of Eq. (4.8), we obtain

Ulw, fir) = Flut, in)h(t)}
= L T =, f) By (W), (4.9)

27

where U(w, fi-) is the FT of u(t, f;_). Hence, at the end of the first 2-f subsystem T1,

we obtain
1 [ - ]
u(t,2f1) = o= / U(w, fis) exp (%ﬂ%’flw? - iwt) dw. (4.10)
Substituting Eq. (4.9) into Eq. (4.10), by choosing the focal length as [62]
hi=1/(288), (4.11)

and after some algebra (see A.1), we obtain the following:

\/iﬁ/Cl ~< t ) .
U ,0 T tWres ) 412
anlon] \AgR ) -

where the residual phase term is given by
1 1
1 ( él) + ﬁ§2))
1 - 2
552)f1 2 ( 2?) fi
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Let us consider the case when the temporal filter is absent. This can be divided into
two cases.
1 1 1
Case 1: @2) = 51) = ﬁé )

In this case, ¢,., = 0 and

u(t,2f1) = Vir/Cy U(ﬂtf,o). (4.14)

1)
2 ‘ﬁél)fl’ é

Choosing 55? = 53) = 52) and fy =1 / (2[3;?02) in the 2-f subsystem T2 and noting
that

FLO@/5" 11,00 = (20|80 1)) w (=B fiw,0) (4.15)
we finally obtain (see A.2)
(
u(t,2f1 +2f) =u (—ﬂé—)fl t, 0) , (4.16)
By f2

where 2f; + 2f, is the total length of the time-lens system. For the 4-f configuration

proposed by Lohmann and Mendlovic, the magnification factor is defined as

e Co_ 8%

G P,

If sgn (ﬁél)) = sgn (ﬁf)), from Eq. (4.16) it follows that M is negative. Defining a

(4.17)

positive stretching factor m = |M|, Eqgs. (4.17) and (4.16) can be rewritten as
B fi=ma"f, and Cp=mC, (4.18)

and

[ (t, 2f1 + 2f2) =1Uu (—mt, 0) s (419)

which shows that T2 provides the scaled FT of its input and then leads to an inverted
image of the signal input of the 4-f configuration [62]. If M = —1, T2 provides the
exact F'T and this leads to the reversal of the bit sequence within a frame, which requires
additional signal processing in the optical/electrical domain to recover the original bit

sequence.
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In our work, the 4-f system of Lohmann and Mendlovic is reconfigured. Suppose

sgn [3(1) = —sgn Bf) , Egs. (4.17) and (4.16) can be rewritten as
2
él)fl = —mﬂé?)fz and Cp=-m(C, (4.20)

and

u(t,2fi +2f2) = u(mt,0), (4.21)

which shows that the 2-f subsystem T2 provides the scaled IFT so that the signal at the
end of the 4-f system is not time-reversed. If M = 1, the output signal is identical to
the input signal. We note that in spatial optical signal processing, it is not possible to
obtain both direct and inverse Fourier transformation since the sign of diffraction cannot
be changed [112]. Table 4.1 lists the signs of fiber dispersions and chirp coefficients of

subsystems T1 and T2 to produce signals with and without time reversal.

Table 4.1: Comparison of fiber dispersions and phase coefficients for different time-lens systems.

P . PM1 | PM2 T1 T2 Funct;
arameters unction
Ci | G |5 |80 | B | B
+ + + | + | + | + | Time reversal
- - - - - - | Time reversal
Case 1
+ - + | + - - | No time reversal
i + - - + + | No time reversal J
+ - - + - + | No time reversal
Case 2
- + + - + - | No time reversal
Case 2: ﬂ;;) = — §})
In this case,
£2
Pres = €xp | —i—y— : (422)
B3 i
and
Vit/Cy o~ ¢ ¢
u(t,2f1) = (i) 5 U ( M ’0> *Xp <“Z_(ﬁ_> ‘ (423)
2w 1522 fl‘ Bas f1 Bag 1
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If we configure the 2-f subsystem T2 with reversed parameters,

W o= —BRh, Co=—C1, B3 f = -8,
(4.24)

then we find that the input signal of T1 can be exactly recovered at the end of T2 (see
A3),
U(t, 2f1 + 2f2) = U(t) (425)

Lines 5 and 6 in Table 4.1 present two possible configurations of Case 2. The result
of Eq. (4.25) has a simple physical explanation. When ﬁg) fo= —5%) f1, the accumulated
dispersion of the second fiber of T1 is compensated by that of the first fiber of T2,
leading to unity transfer function. After that, since chirp coefficients ¢, and C, are of
opposite sign, they cancel each other too, making the transfer function from PM1 to PM2
(see Figure 4.1) to unity. Finally, the accumulated dispersion of the first fiber of T1 is
compensated by that of the second fiber of T2 when ﬂg) fo= —ﬁé}) fi. Thus, the total
transfer function of the 4-f system is unity.

By inserting a temporal filter between two 2-f subsystems (see Figure 4.1), we can
easily fulfill various kinds of optical signal processing in the time domain. The impor-
tant advantage of the time-lens—based temporal filtering technique is that the transfer
function of the temporal filter can be dynamically altered by changing the input volt-
age to the amplitude/phase modulator and therefore, this technique could have potential
applications for switching and multiplexing in optical networks. Next, we provide two
examples of optical signal processing based on this time-lens temporal filtering technique
to show the potential advantages of this temporal filtering technique. One example is a
tunable wavelength division demultiplexer and the other is a higher-order fiber dispersion

compensator.
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4.3 Wavelength Division Demultiplexer

For fiber-optic networks, tunable optical filters are desirable so that center wavelengths
of the channels to be added or dropped at a node can be dynamically changed. Tunable
optical filters are typically implemented using directional couplers or Bragg gratings. We
discuss a temporal filtering technique for the implementation of a tunable optical filter.
As an example, let us consider the case of a 2-channel WDM system at 40 Gb/s channel
with a channel separation of 200 GHz. Let the input to the 4-f system be the superposition
of two channels as shown in Figure 4.2 (b). Here we ignore the impairments caused by
the fiber-optic transmission and assume that the input to the 4-f system is the same as
the transmitted multiplexed signal. In this example, we have simulated a random bit
pattern consisting of 16 bits in each channel. The bit ’1’ is represented by a Gaussian
pulse of width 12.5 ps. We assume that the bit rate is 40 Gb/s and therefore the signal
bandwidth for each channel is approximately 80 GHz (Return-to-zero (RZ) signal with
duty cycle of 0.5). Thus, the channel separation of 200 GHz is wide enough to avoid
channel interference. Assume that channel 1 is centered at the optical carrier frequency
wo and channel 2 is centered at wy + 2Aw, where 2Aw is the channel separation. A band
pass filter that is also centered at wy and with double-side bandwidth of 2Aw can allow
channel 1 to transmit while it blocks the channel 2. In this case, the temporal band
pass filter is realized using an amplitude modulator—for instance, an electroabsorption

modulator (EAM), with a time domain transfer function

(1)
1, |t < Aw
0, otherwise
where ﬁg) = é;) = él) is the dispersion coeflicient of the SMF in the 2-f subsystem
T1 and Aw/27 = 100 GHz. In this section and in Section 4.4, we assume that 6&{) =
5512') = ﬁéj), Jj =1,2, and M = 1 unless otherwise specified. Considering the realistic

implementation of the high-speed amplitude modulator, we need to choose the parameters

of the 4-f system carefully. The state-of-the-art EAM operates up to a bit rate of 40 Gb/s
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(113, 114], which implies that it can be turned on and off with a temporal separation of
25 ps. From Eq. (4.26), we see that the amplitude modulator should be turned on for a

duration

AT =2 ‘ A f1| Aw (4.27)

and then it is turned off. Setting AT > 25 ps, we find that

8" 11| 2 20 ps® (4.28)

Eq. (4.28) can be satisfied using a dispersion compensation module (DCM) with dis-
persion coefficient ﬂél) = 123 ps?/km and length f; = 1 km. From Eq. (4.27), we find
AT = 155 ps. To implement IFT in T2, we use a standard SMF with dispersion coeffi-
cient 8{¥ = —21 ps2/km and length f> = 5.86 km, which leads to 82 f, = =4V f; and
M=1
Figure 4.2 shows a wavelength division demultiplexer based on a 4-f time-lens system.
After the 2-f subsystem T1, we obtain the FT of the multiplexed signal in time domain,
given by
a(t,2f1-) = [D1(w) + Ua(w)]

w=t/(8"11) " (4.29)

where Uy and Us are the spectra of the signals for channel 1 and channel 2, respectively.
Then it passes through the temporal filter defined by Eq. (4.26), and the output is given
by

at.2fi) = HE) |[01w) + Oa(w)]

= Ul(w

wet] (505

(4.30)

locey (675)
and as shown in Figure 4.2 (c), the signal from channel 2 is blocked. Thus, at the input
end of the 2-f subsystem T2, only the signal from channel 1 is retained. Finally, we obtain
the demultiplexed signal for channel 1 at the output of the 2-f subsystem T2 as shown in
Figure 4.2 (d). According to Eq. (4.21), it is q(¢,2f1 + 2f2) = uy(t) for m = 1, which is
identical to the original input of the channel 1. As can be seen, the data in channel 1 can

be successfully demultiplexed.
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Figure 4.2: A WDM demultiplexer based on a 4-f time-lens system (M = 1). (a) Input signals
from channel 1 and channel 2. (b) Multiplexed output signal. (¢) Combined signals before and

after the temporal filter. (d) Demultiplexed signal in channel 1.
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For a practical implementation, the quadratic phase factor of Eq. (4.5) cannot increase
indefinitely with time and therefore, a periodic time lens is introduced in Ref. [115]. It is

given by
+o00
hi(t) = > hoj (t —ntg), (4.31)
where

exp (iC:t?), |t| < fte
hOj(t) = p( ’ ) l I ? y ] = 17 25
otherwise

(4.32)

where t; is the frame time and ¢, is the guard time between the frames. Based on the
periodic time lenses, we redo the above simulation with a random bit pattern consisting
of 3 frames (= 48 bits) in each channel. We assume the frame time ¢{; = 400 ps and
therefore, a frame consists of 16 bits. Figure 4.3 (a) shows the input bit sequence of
channel 1. Figures 4.3 (b) and 4.3 (c) show the demultiplexed signals for M = —1 (time
reversal) and M = 1 (without time reversal), respectively. For the case of M = —1, we
choose the same parameters as for the case of M = 1 except that Bél) fi= ﬁég) fa. From
Figure 4.3 (b), we see that the pulses at the edges of frames are distorted, whereas the
output pulses without time reversal as shown in Figure 4.3 (c) suffer only some minor
distortions. As discussed in Ref. [115], the time-reversal system introduces distortion if
there is no guard time between the frames because the bits at the left and right edges of
a frame are imaged by the neighboring (in time domain) time lenses. As .ﬁél)' increases,
the distortion also increases because pulses at the edges of a frame broaden more due to
high dispersion of the 2-f subsystems and occupy the neighboring frames. In this modified
4-f configuration (M = +1), the distortion is less (Figure 4.3 (¢)) than with M = —1
(Figure 4.3 (b)). This is probably because the distortion introduced by the first 2-f system
is suppressed by that due to the second 2-f system since the signs of the dispersions are
reversed. These distortions can be avoided by introducing a guard time between frames,

as shown in Figure 4.4. Figure 4.4 (a) shows the input bit sequence with a guard time of
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Figure 4.3: Input and output bit sequences of the WDM demultiplexer based on a 4-f time-lens

system. (a) Input. (b) Output with time reversal, M = —1. (c¢) Output without time reversal,
M = +1. Guard time t; = 0 and t; = 400 ps.
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Figure 4.4: Input and output bit sequences of the WDM demultiplexer based on a 4-f time-lens

system. (a) Input. (b) Output with time reversal, M = —1. (c) Output without time reversal,

M = +1. Guard time t; = 50 ps and ty = 400 ps.
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50 ps. Figures 4.4 (b) and 4.4 (c) show the output signals with and without time reversal,
respectively. From Figures 4.4 (b) and 4.4 (c), we find that the distortion is effectively
eliminated by adding the guard time between frames.

The advantage of this scheme is that the channels to be demultiplexed at a node can be
dynamically reconfigured. For example, if channel 1 has to be blocked instead of channel
2, the transmittivity of the amplitude modulator [Eq. (4.26)] can be dynamically changed

to
1,

—5— — 2Aw| < Aw
52 fl

0, otherwise

H(t) = (4.33)

such that channel 1 is in the stop band of the temporal filter and channel 2 is in the

passband.

4.4 Dispersion Compensator

The following example is the implementation of a higher-order fiber dispersion compen-
sator based on the temporal filtering technique. As the bit rate of a single channel in-
creases, its spectrum broadens and the higher-order dispersion leads to pulse distortion in
such a transmission system that limits the system performance. Various dispersion com-
pensation techniques have been developed. The most commercially advanced technique
is negative-dispersion fiber-based dispersion compensation, but the disadvantage is that,
in practice, it is hard to design and manufacture a dispersion-compensating fiber with
negative dispersion slope due to its higher sensitivity to waveguide profile fluctuations
[116].

We discuss a dispersion compensation technique based on the time-lens—based tempo-
ral filtering technique that can compensate for any order of fiber dispersion in fiber-optic
transmission systems. In this application, the temporal filter is realized using a phase

modulator instead of an amplitude modulator and its time domain transfer function is
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Figure 4.5: A dispersion compensator based on a 4-f time-lens system. t; = 100 ps, t; = 12
ps, and M = 1. (a) Input signal. (b) Output signal after fiber propagation. (c) Dispersion

compensator based on the time-lens system. (d) Output after the dispersion compensator.
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given by
(4.34)

?

whd"j3
H(t) =exp (—zLZ | dw")
w=t/(85) f1)

where d"3/dw" is the nth order dispersion. To realize the transfer function given by Eq.

(4.34), an arbitrary waveform generator (AWG) is required to drive the phase modulator.
Considering that the bit sequence is processed frame by frame, if the frame time is ¢y,

then for each frame, the frequency resolution is given by
Af=—. (4.35)

Before using the temporal filter we obtain the Fourier transform of the input signal in
the time domain as U (t / Bél) fi ) Therefore, the corresponding time resolution is given
by

at =g @nAf). (4.36)

The maximum achievable bandwidth, B,,,,, of an AWG using the current technology is

~ 12.5 GHz [117]. Therefore, we obtain

1

At >
"2 B

= 80 ps. (4.37)

Using Eqgs. (4.35) and (4.36) in Eq. (4.37), we obtain the following constraint on the

parameters of the time-lens system:

'ﬂz”f | > o Bm (4.38)

From Eq. (4.38), we see that if the frame is too wide, the fiber with higher dispersion
coefficient is required when the bandwidth of AWG is fixed. However, on the other hand,
if the frame is too narrow, synchronization of various modulators should be done at a
higher frame rate (= 1/t;). Usually synchronization is done by extracting the clock from
the signal [118] and synchronization is easier at lower frame rates. From Eq. (4.38), we see
that if the bandwidth of the AWG is too small, we need a fiber with large dispersion. We
choose dispersion coefficient 551) = 123 ps? /km and the frame time t; = 100 ps. From Eq.
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(4.38), we find f; = 10.4 km. With the above choice of frame time, the synchronization
of the frame needs to be done by extracting a clock at 10 GHz (= 1/ty).
Without loss of the generality, in this example only the second- and third-order fiber

dispersion effects are taken into account. Therefore, the temporal filter is simplified to

H(t) = exp (—iw’B2L/2 — iw’B3L/6)]| (4.39)

w=t/(85" 1) ?
where J; and (3 are the second- and third-order dispersions of the transmission fiber,
respectively. L is the transmission distance. ﬁél) is the dispersion coefficient of the SMF
in the 2-f subsystem T1. In the simulation, we ignore the nonlinear effect and amplifier
noise. The bit ’1’ is represented by a Gaussian pulse with width of 25 ps, and the input
bit sequence is shown in Figure 4.5 (a). We simulate a random bit pattern with 20 bits
(10 frames), and the bit rate is 20 Gb/s such that there are two bits within each frame
in this case. The guard time is chosen as t;, = 12 ps. The second-order dispersion of
the transmission fiber is B, = —21 ps®/km and the transmission distance is 10 km. To
highlight the effect of the third-order dispersion, we set 33 = 20 ps®/km, rather than
the standard value of 0.1 ps®/km, but it does not affect the generality of this dispersion
compensation technique. After propagation along the transmission fiber with both the
second- and third-order dispersions, each bit has been broadened beyond its bit interval
and hence the output signal after fiber transmission is distorted as shown in Figure 4.5
(b), which is then input to the 4-f system. As analyzed previously, the 2-f subsystem T1
provides the F'T of the signal input to the 4-f system in the time domain such that

g(t,2f1-) = U(w) exp (iw?BoL/2 + iwB3L/6) [ (4.40)

w=t/(5él)f1) ’
where U(w) is the FT of the launched bit sequence as shown in Figure 4.5 (a) and the

exponential part is the linear transfer function of the fiber transmission system. Thus,

combining Eqgs. (4.39) and (4.40), after the temporal filter we obtain
q(t,2f1+) = q(t,2f1-)H(2)

= Uw) ot (85" (4.41)

73



PhD: Dong Yang McMaster - Electrical and Computer Engineering

and it is shown from Eq. (4.41) that the phase shift caused by the transmission fiber
has been completely canceled out by the temporal filter. Since M = 1, the 2-f subsystem
T2 provides the exact IFT of ¢(¢,2f1+) = U(t/ﬂél)fl) so that ¢(t,2f; + 2f>) = u(t,0),
where u(t, 0) is the input signal of the fiber transmission system. Figure 4.5 demonstrates
the process of the dispersion compensation undertaken by the time-lens—based temporal
filtering system. Figure 4.5 (d) shows that there is some distortion of the output signal
since the guard time (= 12 ps) used in this simulation is quite small. To avoid this
distortion, we use the guard time ¢; = 24 ps and redo the above simulation. Figure 4.6
shows the simulation resuits with t; = 12 ps and ¢, = 24 ps and the rest of the parameters
is the same as that used in Figure 4.5. Figure 4.6 (a) shows the input bit sequence (the
same as Figure 4.5 (a)). Figures 4.6 (b) (the same as Figure 4.5 (d)) and 4.6 (c) show the
output signals for the cases of ¢, = 12 ps and ¢, = 24 ps, respectively. As can be seen,
the distortion is more effectively suppressed in the case of t;, = 24 ps compared with the

case of t;, = 12 ps.

4.5 Conclusions

Various issues in the design of a time-lens—based optical signal processing system are
discussed. The 2-f subsystem T2 is chosen to be anti-symmetric with respect to the 2-f
subsystem T1; that is, 5&2) = —ﬂél) and Cy = —Cj so that the 2-f subsystem T2 provides
the exact inverse Fourier transform, and as a result the bit sequence at the output is not
time-reversed. In contrast, as for the 4-f configuration in previous work [62], the sign of
dispersion of the fiber in the 2-f subsystem T2 is identical to that in T1 and therefore,
T2 provides the Fourier transform of its input, which leads to a time-reversed output
bit pattern and therefore, additional signal processing in the optical/electrical domain to
recover the original bit sequence is required.

We have discussed two applications using the time-lens—based optical signal processing

scheme. One is a tunable wavelength division demultiplexer. The temporal filter in this
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Figure 4.6: Input and output bit sequences of the dispersion compensator based on a 4-f time-

lens system (M =1 and t; = 100 ps). (a) Input. (b) Output with guard time ¢, = 12 ps. (c)

Output with guard time t, = 24 ps.
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example is an amplitude modulator. The advantage of this time-lens—based wavelength
division multiplexing demultiplexer is that the channels to be demultiplexed at a node of
an optical network can be dynamically chosen by changing the passbands of the temporal
filter. The other application is a higher-order fiber dispersion compensator. In this case,
the temporal filter is realized by a phase modulator. The transfer function of the filter
can be expressed as a summation of several independent terms, each of which corresponds
to the amount of the phase shift caused by the certain order of fiber dispersion. This dis-
persion compensation technique can flexibly compensate for any order of fiber dispersion

by simply modifying the transfer function of the temporal filter.
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Chapter 5

Realization of OFDM using Time

Lenses in Direct Detection Systems

5.1 Introduction

Orthogonal frequency division multiplexing (OFDM) has been widely used in wireless
communication systems and recently has drawn significant research interest in fiber-optic
communications owing to its large dispersion tolerance and high spectral efficiency [70]-
[81], [119, 120], [122]-[124]. OFDM is a form of multiple subcarrier multiplexing technique
in which subcarriers are orthogonal. In a typical OFDM scheme, a large number of closely
spaced orthogonal subcarriers are used to carry information data. Each subcarrier can be
modulated with the conventional modulation schemes such as QAM or PSK at a lower
symbol rate, and the total data rate is as same as that in a single-carrier modulation
scheme. We proposed an optical implementation of OFDM using time lenses in a direct
detection system [64]. The first 2-f subsystem provides the inverse Fourier transform
(IFT) of the input signal that carries the information. This input signal is obtained
by the optical/electrical time division multiplexing of several channels. The kernel of
the IFT is of the form exp (i27wft) and therefore, IFT operation can be imagined as

the multiplication of the signal samples of several channels by the optical subcarriers.
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These subcarriers are orthogonal and therefore, the original signal can be obtained by
a Fourier transformer at the receiver, which acts as a demultiplexer. The second 2-f
subsystem provides the Fourier transform (FT) of the output from the fiber link so that
the convolution of the input optical signal and the fiber transfer function in time domain
is converted into the product of the FT of both, but still in time domain. The output
of the Fourier transformer is the product of the original input signal (input signal of T1)
and the phase correction due to the fiber transfer function. The photodetector responds
only to the intensity of the optical signal and therefore, the deleterious effects introduced
by the fiber that appear as the phase correction are removed by the photodetector in a
direct detection system without extra signal processing. This occurs because the fiber
transfer function due to dispersive effects is of the type exp [i3(f)]. In the absence of fiber
nonlinearity, optical carriers are orthogonal and the Fourier transformer at the receiver
demultiplexes the subcarriers without introducing any penalty. However, strong nonlinear
effects can destroy the orthogonality of the optical subcarriers. The simulations in our
work show that the time-lens-based optical OFDM system scheme has the tolerance to

the fiber nonlinearity to some extent.

5.2 Optical Implementation of Orthogonal Frequency-
Division Multiplexing using Time Lenses

Figure 5.1 shows an example of a fiber-optic communication system based on OFDM.
Single-channel input data are converted into N parallel data paths using serial-to-parallel
conversion. Let the symbol interval of the input to the inverse fast Fourier transform
(IFFT) be Tyoer and each of the parallel data channels consists of a complex data ay, k =
1,2,... N, within each block. These signals are multiplied by subcarriers and multiplexed
together using IFFT, which processes data on a block-by-block basis. The subcarriers
are sinusoids with frequencies that are integer multiples of 1/Type, Which makes them

orthogonal to each other. The output of IFFT is up-converted to the radio frequency
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Figure 5.1: Block diagram of a conventional OFDM system.

(RF) domain after parallel-to-serial and digital-to-analog (D/A) conversion. An optical
carrier is intensity modulated by the RF signal consisting of an OFDM band using optical
modulator. At the receiver, the RF signal is down-converted to baseband and the input
complex data a can be recovered from the output of fast-Fourier transform (FFT). The
signals in adjacent blocks could interfere with each other due to fiber dispersion leading
to interblock interference, which can be avoided by introducing guard intervals between
blocks [119, 120]. Figure 5.2 shows an optical implementation of OFDM using time lenses
for direct detection. The input electrical signals for each subchannel, 1,2,---, M, are
first multiplexed in time domain before the optical modulation. Let the input optical

field envelope be 4;,(t"). We define the Fourier transform pairs as

a(t) = Flu(t);t — t'] = /oo u(t) exp(—i2wt't)dt, (5.1)
and
w(t) = FYa(t); ¢ — o] = / (') exp(i2rt't)dt. (5.2)

The IFT and FT are implemented using time lenses. Propagation of an input optical
field envelope in a 2-f system consisting of dispersive elements and a phase modulator

(time lens) results in either FT or IFT of the input signal at the output of the 2-f system
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Figure 5.2: Block diagram of the time-lens-based direct-detection OFDM scheme. ETDM=

electrical time-division multiplexer.

[62], [121]. The output of the 2-f system can either be the FT or IFT depending on the
signs of second-order dispersion coefficients and chirp factors of the phase modulator [63].

We choose

B h = BR =801,

B fe = B fa=—0"11, (53)
so that the first 2-f subsystem provides the IFT and the second 2-f subsystem provides
the direct FT. Define the S; = ﬂéj ) fi»7 = 1,2 as the accumulated second order dispersion
coefficient of the 2-f subsystems T1 and T2, respectively, we have §; = —S55. The temporal

filter in this application is characterized as a transfer function of fiber link. Using the

time-lens—based 2-f system, the IFT of the input field envelope, @;,(¢’) is given by [62]

IET() = FMagt);t — t/(2rS))]/v/ —i27S,,
= wm(t/(2751))/\/—i2n L. (5.4)

The input and output of the IFT (T1) are serial and therefore, there is no need for

[

IFT

serial-to-parallel and parallel-to-serial conversion. The signal u);;

(t) is transmitted over
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the fiber-optic link and at the receiver, the output of the fiber-optic link, u/">*"(t) passes

through a Fourier transformer (T2) whose output is

g (') =

fzber t — t//(Qﬂ'SQ)],

/—2271'_5 F[ out
= @l /(2nSy))//—i2nSs. (5.5)

After passing through the direct-detection optical receiver, the photodiode current is given
by
I(t') = lage (")), (5.6)

assuming unity responsivity of the photodiode. Consider the optical OFDM signal u/FT(¢)

propagating in a fiber whose linear transfer function is [1]

Hg(f) = explif(f)L], (5.7)
where
0(f) = Ba(2mf)?/2 + Ba(2m f)? /6 + Ba(2m f) /24 + .. ., (5.8)

L is the fiber length, and 3, is the nth-order dispersion coefficient. In the absence of noise

and nonlinearity, the fiber output is

uluT(8) = ug (8) * hy (0), (5.9)

out

where * denotes convolution and k¢ (t) = F'[H;(f)] is the fiber impulse response function.
Convolution in the time domain becomes a product in frequency domain and therefore,

after the Fourier transformer (see Figure 5.2), the output signal can be written as

W) = S FLUlET ()it = ¢/ nSa (05t = ¢/(2rS)). (5.10)

Using Eqgs.(5.4) and (5.7), we obtain
ubT(t) = @ (¢)) expliLO(t' /(27 S2))].- (5.11)

out

From Eq. (5.6), the photocurrent is

I{t') = @ (). (5.12)
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Thus, we see that the effect of fiber dispersion is a mere phase shift [Eq. (5.11)] in
this system and therefore, dispersive effects completely disappear after direct detection
and the photocurrent is directly proportional to the input power.

So far we have assumed that the aperture of the time lens is infinite. To process
the input signal block-by-block basis, periodic time lenses with finite aperture should be
introduced [63], [115]. In this case, the phase modulator multiplies the incident optical
field envelope by a function

0o
h(t) = Y ho(t = nTogam), (5.13)
n=—o0
ho(t) = exp(iat®) for [t| < Thocks2

= 0, elsewhere (5.14)

and input signal is of the form

o]

ain(t,) = Z un(tl - nTofdm): (515)

un(t') = fo(t') for |t'] < Thioek/2

= 0, elsewhere (5.16)

where f,(t') is an arbitrary input signal in the block n and T,sgm is the total width
of the OFDM signal. The difference Ty ¢gm-Thiock is the guard time introduced between
consecutive blocks to ensure that interblock interference is not significant.

Consider the input signal u,(t'), which is limited to the interval [—Thiock/2, Thiock/2]-
Let the highest-frequency component of the signal u, (') be fi... After passing through
the IF'T, the corresponding signal should be confined within the interval [—Tyock /2, Thiock/2)-
Using Eq. (5.4), the above condition leads to

|S1l S Tblock/(Qfmaz)a (517)
which gives an upper bound for |S|.
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There are a few differences between the conventional OFDM and the scheme discussed
here (see Figure 5.2). First, the conventional OFDM uses the discrete FT, whereas the
scheme of Figure 5.2 uses continuous FT. Second, conventional OFDM requires high-speed
digital signal processors to compute FFT and IFFT and computational time increases as
the aggregate bit rate becomes higher. In contrast, the FT and IFT operations of Figure
5.2 are almost instantaneous except for the small propagation delays in the dispersive el-
ements. This time-lens-based scheme should not be considered a method to compensate
for second-order dispersion of the transmission fiber. This is because the dispersive ele-
ments of the FT and IFT should have both positive and negative second-order dispersion
coefficients. This technique can be used to compensate for third- and higher-order disper-
sion coefficients. To illustrate this point, numerical simulations of a dispersion-managed
transmission system is carried out using the following parameters: bit rate = 320 Gb/s,
second- (/3), third- (/33) and fourth- (34) order dispersion of the transmission fiber (SMF)
are —21.6 ps?/km, 0.05 ps®/km, and 1.69 x 10~% ps?/km, respectively, and total trans-
mission distance = 400 km. The commercially available dispersion-compensating module
(DCM) has a zero dispersion slope. Therefore, we choose 3, = 128 ps?/km, 33 = 0 and
34 = 0 for the DCM. The nonlinear coefficients of SMF and DCM are set to zero. Fiber
losses are 0.2 dB/km and 0.5 dB/km for SMF and DCM, respectively. Fiber losses are
fully compensated by amplifiers that are placed 80 km apart. The amplifiers are assumed
to be noiseless to see the impact of dispersion clearly. The second-order dispersion of the
SMF is fully compensated by the inline DCM placed just before each amplifier. u,(t') is
a random bit sequence consisting of Gaussian pulses with FWHM of 1.56 ps, Ty = 6.4
ns, Tofam = 7.2 ns, and S; = 397 ps?. The dotted line, crosses and solid line in Figure
5.3 show the input power(|u;,(t')|?), output power ((I(t')) with FT and IFT, and output
power without FT and IFT, respectively. In Figure 5.3, the amplifiers are assumed to be
noiseless to see the impact of dispersion clearly. Four blocks of data are simulated and
Figure 5.3 shows a part of the data within a block. As can be seen, there is a significant

distortion due to 3 and [3; when FT and IFT are not used, and higher-order dispersive
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3.5

+  with FT&IFT
------ input
3l — without FT &IFT

n
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T

Power (mW)
o

104 10.42 10.43
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Figure 5.3: Plot of input and output powers vs time. The solid line denotes output power

without using FT and IFT. The dotted line shows input power and the crosses show output
power with FT and IFT.
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effects can be suppressed using the scheme of Figure 5.2. The transmission distance can

further be increased without distortion by increasing Thiock-

0 T T T T T T T
sl o—— ———— © |
-1k O - . ]

: : : —8— No OFDM
1.5 - : —.—-Tblock=3.84ns d

. —_—— Tblock= 6.4 ns

log10 BER

275 28 285 29 295 30 305 31 315 32
OSNR (dB)

Figure 5.4: Comparison of BER between OFDM-based systems with different Torpas and the

conventional OOK system.

In Figure 5.4, we compare the bit error rate (BER) of the time-lens—based scheme (see
Figure 5.2) and the system without using FT and IFT. In this simulation, amplifier noise
is turned on and 4 million bits are used at the input; all the other parameters are kept
the same as in Figure 5.3, except T,k is changing. Optical signal-noise ratio (OSNR) is
calculated using a bandwidth of 0.1 nm. In the absence of FT and IFT, from Figure 5.4
we see that BER is nearly independent of OSNR, indicating that degradation is mainly
due to higher-order dispersion. As OFDM symbol interval increases, BER reduces, since
larger Ty, corresponds to lower subchannel bit rates and therefore higher dispersion
tolerance.

Figure 5.5 shows the evolution of pulses in the presence of fiber nonlinearity. The
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Figure 5.5: Nonlinear performance of the time-lens—based scheme.
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parameters are same as in Figure 5.2 except that nonlinear coefficients of SMF and DCF
are 1.25 W—km™! and 5 W—'km™!, respectively, and the launch peak power is 4 mW. As
can be seen, there is a pulse distortion due to intrachannel nonlinear impairments, which
should be expected since this time-lens-based scheme does not compensate for nonlinear
impairments. Note that the F'T and IFT should be properly synchronized to ensure that
they process the data on a block-by-block basis. However, the synchronization needs to be
done only at the OFDM symbol rate (= 1/T; ¢4 ), which is much lower than the aggregate
bit rate.

5.3 Conclusions

An implementation of orthogonal frequency-division multiplexing in the optical domain
using Fourier transforming properties of time lenses in direct detection systems is dis-
cussed. The first 2-f subsystem (T1) takes role of an inverse Fourier transformer and the
second 2-f subsystem (T2) works as a Fourier transformer. The temporal filter between
T1 and T2 is characterized as the transfer function of a fiber-optic link with nonlinearity.
The output of the Fourier transformer is the original input signal of IFT (T1) multiplied
by a phase factor due to fiber dispersive effects. Since the photocurrent is proportional
to the absolute square of the optical field, dispersive effects are easily eliminated in direct
detection systems. Using this configuration, the third- and higher-order dispersive effects
can be considerably reduced. Results also show that the time-lens-based optical OFDM
system scheme in a direct detection system has the tolerance to the fiber nonlinearity to

some extent.

87



Chapter 6

Realization of Optical OFDM using
Time Lenses in Coherent Detection

Systems

6.1 Introduction

In this chapter, we investigate the possibility of introducing time lenses for coherent
OFDM systems. Recently, Refs. [64] and [80] have proposed to realize Fourier transform
(FT) and inverse Fourier transform (IFT) in optical domain. In Ref. [80], the discrete
Fourier transform (DFT) circuit is designed using combinations of optical delays and
phase shifters. The time-domain Fourier transformation of a single Gaussian pulse is ex-
perimentally demonstrated in Ref. [125]. The advantage of the optical domain realization
of FT is that high speed digital signal processing needed for FFT and IFFT implemen-
tation is now replaced by optical signal processing by time lenses which have inherently
high bandwidth. Due to inherently high peak-to-average power ratio (PAPR) of OFDM
signal, fiber nonlinearity causes serious performance degradation. Therefore, the impact
of fiber nonlinearity in optical OFDM systems and its mitigation have drawn significant

attention, recently [127]-[137]. The effects of MZM nonlinearity on optical OFDM sys-
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tems both for coherent detection [138, 139] and for direct detection [140, 141] have also
been investigated and digital clipping and pre-distortion processes were applied to com-
pensate for the nonlinear impairments introduced by in-phase and quadrature MZMs in
Ref. [139]. In this chapter, the nonlinear tolerance of a coherent optical OFDM system
using time lenses is studied. The nonlinear effects induced by MZM are also investigated
and compared with the OFDM scheme based on FFT. Results show that the nonlinear-
ity of MZM significantly degrades the performance of the conventional coherent OFDM
using FFT as the power of the driving message signal increases, while it only has minor
impairment on the coherent OFDM using time lenses. This is because MZM is placed
after IFFT for the conventional OFDM, and the output signal of IFFT has the property
of high peak to average power ratio (PAPR), such that some part of the input signal to
MZM with high instant peak power falls into the nonlinear region of MZM, and therefore,
the output of MZM is distorted by the nonlinear response of MZM. At the receiver end,
the received OFDM sub-channels are no longer orthogonal and therefore, after FFT the
demodulated signal cannot be recovered without errors. In contrast, for the coherent
OFDM using time lenses, the MZM is placed before FT, so that, in the absence of fiber
dispersion, nonlinearity and ASE noise, the signal after FT at the receiver end is identical
to the output signal of MZM at the transmitter end. This implies that the nonlinear
distortion induced by MZM is applied directly to the message signal while it does not
affect the OFDM modulation and demodulation. The simulation results show that the
nonlinearity of MZM does not have significant impairment on the coherent optical OFDM
system using time lenses. One of the drawbacks of the scheme proposed in Ref. [64] is
that to realize FT and IFT, one would need fibers with anomalous as well as normal
dispersion and therefore, the dispersion tolerance of such a scheme becomes questionable.
Instead, in this chapter, an alternative scheme is considered, in which FTs are introduced
both at the transmitter and at the receiver so that the SMF can be used as a dispersive
element of the time-lens setup. As a result, the received sequence gets time reversed

within a frame. But it can be easily corrected using the digital signal processing at the
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receiver. To realize the time lens, a quadratic phase chirp should be introduced using a
phase modulator. As the frame time increases, one would expect that the driving voltage
increases quadratically with time and at the edge of the time frame, the required driving
voltage becomes unreasonably large. But, it is shown in this chapter that it is possible to
realize the time lens even with low driving voltage by making use of the periodic property

of the sinusoidal transfer function of the phase modulator.

6.2 System Modeling and Time-Lens Setup

| Laser I
y

ial
Binary Serial = g > [Parallel Mach-Zehnder
Toput | t0111 . | Modulation | - HFFT| - | to [—D/A—%| modulator
paralle > > »| serial (MZM)
Y
4 Serial

Deci§ion <_‘Equalizatio‘n& <« FFT ; to — Cohergnt Fiber Link
device demodulation * |parallel detection @

Figure 6.1: Block diagram of a coherent optical OFDM system using FFT.

A

Fig. 6.1 shows a typical optical OFDM scheme for coherent detection, in which the
Fourier transform (FT)/inverse FT is implemented in the electrical domain using fast
Fourier transform (FFT). The electrical OFDM signal is brought into optical domain
after the Mach-Zehnder modulator. At the receiver, the coherent detection is used to
recover both amplitude and phase of the OFDM signal. DSP is used after the coherent
receiver to demodulate the OFDM signal, including FFT, equalization and demodulation.

In this chapter, we discuss an optical OFDM scheme with Fourier transform imple-

mented in optical domain using time lenses. Fig. 6.2 shows a block diagram of fiber-optic
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Figure 6.2: Block diagram of a coherent optical OFDM system using time lenses. MZM= Mach-

Zehnder modulator, ETDM= electrical time division multiplexer. I and Q denote in-phase and

quadrature components, respectively.
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communication system based on optical OFDM using time lenses. In this scheme, the
in-phase and quadrature components of the message signals from various channels are
combined using electrical time division multiplexing (ETDM) units ETDM-I and ETDM-
Q, respectively. The outputs of ETDM-I and ETDM-Q drive the in-phase and quadrature
Mach-Zehnder modulators (MZM), MZM-1 and MZM-Q), respectively. In contrast, in the
case of conventional OFDM (72, 70], [122, 123], message signals from various channels
modulate the sub-carriers through IFFT. The outputs of the MZMs are combined and
pass through the FT block. The output of the FT block is launched to the fiber-optic link
and then to another FT block at the receiver. Since the Fourier transform of a Fourier
transform leads to time reversal within an OFDM frame, the transmitted signal can be
recovered by introducing time reversal using digital signal processing. In the case of co-
herent optical/electrical OFDM, a phase chirp is introduced across the frame due to fiber
dispersive effects which can be canceled using equalization algorithms [123]. The optical

field envelope at the MZM-I and MZM-Q outputs can be written as [126]

™

umzma(t) = Accos {2—7{/— [my(t) — VMGS]} , (6.1)
umznq(t) = iAccos {% [mo(t) — v;,z-as]} : (6.2)

where m(t), mg(t) are in-phase and quadrature components of message signal, respec-
tively, Vias is a constant bias voltage, is known as the half-wave voltage, and A, is the

amplitude of optical carrier. When Vs = Vi, and my(t), mg(t) < V, , we have

UMZM-I(t) - Acﬁml(t% (6-3)
unza(l) = idegrmmol(t). (6.4)

The input of the Fourier transformer under these conditions is

iy Acrm(?)
Uin(t) = N7 (6.5)
where
m(t) = my(t) + img(t). (6.6)
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Here, we define the Laser power, P, , in-phase/quadrature message signal average power,

FP,, , and average input power launched to fiber, F;, as

c = lAc|2, (6-7)

P = <mj(t) >=<m)(t) >, (6.8)
T2 P.P,w?

P = <|ubi_..| >= R (6.9)

where < > denotes the temporal average and ufZ___ is the input signal to fiber-optic

link, as shown in Fig. 6.2.

Next, let us consider the implementation of the Fourier transformation using time

lenses. Let the input optical field envelope be u;,(t). The FT pairs are defined as

Uin(f) = Flun(t);t — f]= / uin(t) exp (i27 f1) dt, (6.10)

Un(t) = F U anlf)if — ] = / Tin(f) exp (—i27 1) dF. (6.11)

A time-lens-based Fourier transformer is shown in Fig. 6.3. 3f and F are the second-

2F system
,BZF AWG ﬁZF
Input ' FT in time domain
—_— q »
Phase modulator ”

u, () —— F — F —AlUy (f)|f=t/(27r,82FF)

SSMF SSMF

Figure 6.3: Fourier transform using the time lens. AWG= Arbitrary waveform generator,

SSMF= Standard single-mode fiber.

order dispersion of the standard single-mode fiber (SMF) and the length of the fiber,
respectively. The accumulated second-order dispersion of the dispersive fiber of the time

lens is defined as S; = Bf'F. Propagation of an input optical field envelope in a 2F
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system (see Fig. 6.3) consisting of dispersive elements (fibers) and a phase modulator
(time lens) results in either FT or IFT of the input signal at the output of 2F system
[62], depending on the signs of second-order dispersion coefficients and chirp factors of the
phase modulator [63]. The phase modulator multiplies the incident optical field envelope

by a function

Vit
h(t) = exp [ZV( )W} , (6.12)
Va
where V (t) = Vjt? is the driving voltage and the chirp C = 7V, /V, is related to S; by
c= L (6.13)
25 '
The output of FT at the transmitter is given by
Ui};_m(t) = f[um(t),t — t/ (27’(’51)] - ! Ein ( t ) . (614)
V127 |84 25

Then, uf%_, (¢) is transmitted over the fiber-optic link, and the output of the fiber-optic

oul—tx

link, ufffzer(t) passes through the Fourier transformer at the receiver whose output is
; 1 ; t
FT fiber (4N, ~ fiber
Uout—rz\l) = F [uou i)t —t/(2nS j' = ————=Uyy ( ) . 6.15
0 T3 =t )] =~ (5 (6.15)

Consider the optical OFDM signal propagating in a fiber whose linear transfer function
is
Hp(f) = exp i¢(f)L]. (6.16)

where

O(f) = Be (2 f)* 2+ B3 (21 f)* /6 + Ba (27 f)* /24 + -+ -, (6.17)

L is the fiber length, and 3, is the nth-order dispersion coefficient. In the absence of fiber

nonlinearity and noise, the fiber output is
" (8) = uliy_o(t) © k(1) (6.18)

where ® denotes convolution and hr(t) = F [Hp(f)] is the fiber impulse response function.

Convolution in the time domain becomes a product in the frequency domain and therefore,
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after FT at the receiver, the output signal given in Eq. (6.15) can be rewritten as

U a0) =~ (W0 (1) X HE (D] s_oppms, (6.19)

T |

Using Egs. (6.14) and (6.16) in Eq. (6.19), we obtain

ulT  (t) = —iup(—t) exp [iqu ( 27:5,1)] . (6.20)

From Eq. (6.20), we see that the effect of fiber dispersion is a mere phase shift in the time-

lens-based OFDM system and therefore, dispersive effects completely disappear if direct
detection is used since the photocurrent is directly proportional to the incident optical
power. In the case of coherent detection, the phase shift introduced by the fiber dispersion
is canceled using electrical equalizers. Note that the received signal is time-reversed in
both detection schemes which can be easily undone in electrical domain.

Since the input signal to the time-lens-based system is processed in block-by-block
basis, periodic time lenses with finite aperture should be introduced [64], [115, 63]. Sup-
pose that the time frame of Fourier transform (FT) is Ty, the OFDM bandwidth is
fs, the number of sub-channels is n,., and Af, is the frequency space between OFDM

sub-channels, then we have

fs = nscAfs; (6.21)
Top = Alfs. (6.22)

The phase modulator multiplies the incident optical field envelope by a function

h(t) =Y ho(t — nTpr), (6.23)
ho(t) = exp [M] , (6.24)
Va
Vot?, for |t| < Ter/2,
v =4 o for il <Ter/ (6.25)
0, otherwise.

The input signal to the time-lens-based Fourier transformer is of the form

0

uin(t) = Y un(t—nTrr), (6.26)

n=—oo
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myp(t), for |t| < Trr/2,

Un(t) = 0 ] < Ter/ (6.27)
0, otherwise,

where m,,(f) is the message signal in the n-th block. Consider the input signal u,(t),

which is limited to the interval [—Tpr/2,Tpr/2] . To see the spectrum of the OFDM

signal, taking the FT of Eq. (6.14) and using Eq. (6.26), we obtain

Uiz (f) o un(t), (6.28)
where
t=-275.f. (6.29)

Eq. (6.28) implies that the desirable OFDM spectrum, #X% . (f) can be obtained by
appropriately shaping the input message signal u,(t) in time domain and the time axis,
t is related to the frequency axis, f by Eq. (6.29). For the given frequency space, A fs
between the sub-channels, the corresponding time spacing for the time-lens-based system
is

Aty = 27|S1{Af,. (6.30)
In other words, the samples of the message signals corresponding to adjacent subcarriers
should be separated by Ats. For the OFDM signal with bandwidth of f, , the frequency
fin Eq. (6.28) should be confined to [—f,/2, fs/2] and the time frame boundary Trr/2
should correspond to the maximum frequency, fs/2. Using Eq. (6.29), we obtain

_ Tpr
1S1| = ol (6.31)
Substituting Eq. (6.31) in Eq. (6.30) and using Eq. (6.22), we obtain
At, = (6.32)
S '

The driving voltage of the phase modulator in the time lens set up could be very high if
the duration of OFDM symbol is getting large, which can be seen from Eq. (6.25). Using
Egs. (6.13), (6.21), (6.22), (6.25) and (6.31), the maximum phase shift introduced by the
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phase modulator in frame-by-frame basis is given by

Vo (Trr 2_7T
7 ( 5 ) = 4nsc, (6.33)

which means that the maximum phase shift increases linearly with the number of sub-
channels. Since is generally a very large number, the maximum phase shift could be
unreasonably large. To avoid the large driving voltage, we utilize the periodic property

of sinusoidal function,
exp(iz) = exp[i(z + 2nm)], n=+0,1,2,... . (6.34)

Because of the periodic property, the driving voltage needs not increase quadratically
with time. The broken line in Fig. 6.4 shows the normalized driving voltage increasing
quadratically with time and the solid line in Fig. 6.4 shows the driving voltage that
provides the same amount of phase shift. For example, when ¢ = Trr/2 = 25.6 ns, the
driving voltage with quadratic dependence is 256V, , whereas the voltage shown in the
solid line of Fig. 6.4 does not increase beyond 2V,. Because of the periodic property,
the maximum driving voltage becomes independent of Tpy. The required driving voltage
shown in the solid line of Fig. 6.4 can be obtained using arbitrary waveform generator
(AWG). Typically, the commercially available AWG has a bandwidth less than 10 GHz.
For the example shown in Fig. 6.4, the required bandwidth is around 2 GHz.

For the proper operation of the proposed scheme, the driving voltage of the phase
modulator should be synchronized with OFDM frames. This can be achieved by extracting
a clock at the frame rate which would be used at the AWG electronics to synchronize the
driving voltage with the OFDM frame. Similar techniques have been used to reduce the
timing jitter of solitons using synchronous amplitude modulators [142]. Since the frame
rate is much lower than the symbol rate, this technique is not too hard to implement.
Alternatively, the periodic time lenses could be free running without synchronizing them to
the OFDM frames. Let the timing shifts between the OFDM frame and the driving voltage
of the phase modulators at the transmitter and receiver be ¢; and t;. The parameters ¢,

and t, can be estimated using digital signal processing at the receiver.
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Figure 6.4: The driving voltage varying as time for the phase modulator in a time-lens-based

system.

6.3 Simulation and Results

B.W. of OFDM signal (= f,) | Space of sub-chs.
20 GHz 19.53 MHz

No. of sub-chs. No. of frames
1024 64

Cyclic prefix Cyclic suffix

1/8 Tpr N/A

No. of PRBS Si(= BFF)

217 0.407 ns?

Table 6.1: OFDM parameters. PRBS= Pseudo-random bit sequence.

To compare the performance of the optical OFDM using time lenses with the con-
ventional OFDM using FFT, the bit error rate (BER) is calculated at the receiver as
a function of the launch power. Fiber nonlinearity and amplified spontaneous emission
(ASE) noise are both taken into account. The simulation parameters are given in Table

6.1 for OFDM setup and Table 6.2 for the transmission link setup, respectively. The data
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rate is 40 Gb/s, and we use 4-QAM format as the message data. The OFDM bandwidth,
fs 18 20 GHz. The number of sub-channels is 1024 and the space between sub-channels,
is 19.53 MHz. 64 OFDM symbols are simulated such that the total number of bits is 2'7.
A De Bruijin sequence of length 2!7 is used in the Monte-Carlo simulation. The accumu-
lated second-order dispersion in the time-lens-based system is 0.407 ns?>. The bandwidth
of optical filter used in our simulation is 10 GHz. The cyclic prefix for optical OFDM

using time lenses can be realized using delay lines and couplers for each OFDM frame.

Date rate Modu. format | Trans. distance
40 Gb/s 4-QAM 2400 km

Fiber loss Noise figure Fiber disp.

0.2 dB/km 5dB 17 ps/(km-nm)

Fiber nonlinear coefficient | Amp. spans B.W. of opt. filter
1.1099 km~* W-! 30 10 GHz

Table 6.2: Transmission link parameters.

First, the amplitudes of m;(t) and mg(t) are carefully chosen such that they operate
in the linear region of MZM. We choose P, (as defined in Eq. (6.8)) to be 0.12 mW.
The disadvantage of choosing such low values is that the significant laser power is lost
after introducing MZMs. Fig. 6.5 shows the BER as a function of launch power, P;, (as
defined in Eq. (6.9)), at P, = 0.12 mW. The launch power to the fiber-optic link can
be varied by changing the laser power P. (as defined in Eq. (6.7)). The broken lines
with squares and diamonds show the back-to-back BER for the case of FFT-based and
time-lens-based OFDM, respectively. Back-to-back BER is calculated by introducing a
noise source that is equivalent to the cascade of all in-line amplifiers. The solid line with
crosses stands for the conventional coherent OFDM using FFT and the circles stand for
the coherent OFDM using time lenses, respectively. It is found that both of these two
schemes of coherent OFDM systems have almost the same performance. This is because

the nature of both conventional OFDM based on FFT and optical OFDM using time
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Figure 6.5: BER v.s. launch power for coherent OFDM at 0.12 mW.
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lenses is essentially same and the only difference is that for the conventional OFDM, the
IFT/FT is implemented in electrical domain but for the optical OFDM, that is done
in the optical domain using Fourier transforming property of time lenses. However, the
advantage of optical OFDM is that all the signal processing needed to obtain OFDM
signal can be accomplished in the optical domain. This implies that intrinsically higher
available bandwidth in optical domain can be utilized and thereby, high speed digital
signal processing (DSP) to implement FFT/IFFT can be eliminated. From Fig. 6.5, it
is can be seen that when the launch power is small, BER decreases as the launch power
increases. This is the linear regime as shown on the left-hand side of Fig. 6.5. When the
launch power becomes large, the fiber nonlinearity dominates over the ASE noise, such
that the BER increases with the launch power. This is the nonlinear regime as depicted
on the right-hand side of Fig. 6.5.

Fig. 6.6 (a) shows the normalized in-phase component of input m(¢) of the first 32 bits
in the first OFDM frame for a coherent optical OFDM system using time lenses. The solid
and dotted lines in Fig. 6.6 (b) show the normalized output current after the coherent
detector, but before the time-reversing circuit at the average optical launch power of —13
dBm and —4 dBm, respectively. The significant nonlinear impairment can be seen for
the case of P, = —4 dBm , while for the case of P,, = —13 dBm, the effect of fiber
nonlinearity is negligible. Note that the output bit sequence shown in Fig. 6.6 (b) is
time-reversed within a frame. Fig. 6.7 (a) and 6.7 (b) show the spectra of FFT-based and
time-lens-based OFDM. As can be seen, they are identical and therefore, the coherent
OFDM using time lenses has the same spectral efficiency as the OFDM using FFTs.

The above simulation is done under the assumption that MZM is working as a lin-
ear modulator. However, when the power of driving message signal launched to MZM
increases, this assumption would not hold any more. Next, we study the impact of MZM
nonlinearity as well as fiber nonlinearity on the coherent OFDM system based on FFT
and time lenses. First, to investigate the nonlinear effect induced by MZM alone, the fiber

nonlinearity is turned off and the ASE noise is adjusted to generate the OSNR required
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Figure 6.6: (a) Normalized in-phase input m;(t), and (b) the corresponding output of the

coherent detector.

102



PhD: Dong Yang McMaster - Electrical and Computer Engineering

%

(a) Spectrum of FFT-based OFDM (b) Spectrum of time-lens-based OFDM
[

10 S— v 10

Power (dB)

L . . L )
-4 -3 -2 -1 0 ] 2 3 40
x lo'”H, x 10! Hz

Frequency Frequency

Figure 6.7: (a) Spectrum of the FFT-based OFDM signal, and (b) spectrum of the time-lens-
based OFDM signal.

to obtain the BER of 2 x 1073,

Fig. 6.8 shows the required OSNR at BER of 2 x 1072 varying as the average power
of the driving message signal. Fig. 6.8 (a) shows the MZM nonlinear effect on coherent
OFDM systems without fiber nonlinearity. In Fig. 6.8 (b), the fiber nonlinearity is
taken into account and the power launched to the transmission fiber is at —10 dBm. In
both cases, it is shown that the required OSNR at BER of 2 x 1072 for coherent optical
OFDM based on FFT increases drastically when P,, > 200 mW, whereas for the coherent
optical OFDM using time lenses, the required OSNR at BER of 2 x 1073 does not change
significantly. For the coherent OFDM using FFT, the MZM is placed between IFFT
block at the transmitter and FFT block at the receiver, so MZM nonlinearity destroys the
orthogonality of sub-channels of OFDM signal, which leads to the significant impairment
on the coherent OFDM using FFT. In contrast, for the coherent OFDM using time lenses,
MZM is placed before IFT, so that the OFDM signal can be demodulated correctly after
passing through FT. Therefore, the MZM nonlinearity only has minor impairment on the
coherent OFDM using time lenses as can be seen in Fig. 6.8. When the fiber nonlinearity

is present (Fig. 6.8 (b)), the required OSNR at BER of 2 x 1073 increases by 1 ~ 2 dB
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for both coherent OFDM schemes, compared to that shown in Fig. 6.8 (a). This implies
that the fiber nonlinearity further worsens the system performance along with the MZM
nonlinearity. Fig. 6.9 shows the BER as a function of the launch power, F;, , when a
larger average power of electrical driving message signal, P, is chosen. The parameters
used for Fig. 6.9 are same as that of Fig. 6.5 except that P, = 0.12 mW in Fig. 6.5 and
P, = 500 mW in Fig. 6.9. In Fig. 6.5, we found that the performance of the OFDM
based on FFT is almost same as that based on time lenses. In contrast, when P,, is large,

OFDM based on time lenses has a superior performance as can be seen from Fig. 6.9.

6.4 Conclusions

A coherent optical OFDM scheme utilizing time lenses for implementing Fourier trans-
forms both at the transmitter and at the receiver is analyzed. Impact of MZM nonlinearity
as well as the fiber nonlinearity on the performance of the optical OFDM system is stud-

ied. The results are compared with the optical OFDM using FFTs. It is found that
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Figure 6.9: BER v.s. launch power for coherent OFDM at P,,, = 500 mW.

when the driving voltage of the MZM is large, MZM nonlinearity destroys orthogonality
of sub-channels of OFDM signal for coherent OFDM using FFT, and therefore degrades
its performance significantly, whereas for the coherent OFDM using time lenses, MZM
nonlinearity only has minor impairment because the Fourier transform block is introduced
after the MZM. When the MZM operates in the linear regime, almost same performance is
obtained for both schemes. In addition, the setup of time-lens-based Fourier transformer
is discussed and a novel scheme to obtain the quadratic phase chirp without requiring the
quadratic driving voltage is proposed. Important advantages of time-lens-based OFDM
are that (i) FT can be done in optical domain almost instantaneously, whereas the FF'T
in digital domain is slow and requires significant computational efforts, (ii) optical do-
main Fourier transform has a large bandwidth (~ THz) and therefore, FT/IFT can be

performed at a large system rate.
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Chapter 7

Investigation and Comparison of
Digital Back-Propagation Schemes
for OFDM and Single-Carrier

Fiber-Optic Transmission Systems

7.1 Introduction

Digital backward propagation (BP) schemes have drawn significant research interest re-
cently because of their ability to undo fiber linear and nonlinear impairments [81], [87],
[89]-[91], [143, 144]. Orthogonal frequency-division multiplexing (OFDM) is believed to
suffer from fiber nonlinearity because of the large peak-to-average power ratio (PAPR).
Digital BP could compensate for fiber nonlinear effects to some extent and therefore, it
is important to compare the single-carrier (SC) and OFDM systems in a coherent system
that utilizes digital BP. In this chapter, we investigate two types of digital BP schemes
for SC and OFDM systems based on 16 quadrature amplitude modulation (QAM). The
first scheme is the perfect BP with very small step size. This scheme provides the highest

performance improvement. However, in this case, computational cost is quite large be-
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cause of small step size. The second scheme is the one that uses the step size equal to the
amplifier spacing (AS-BP). This scheme is computationally cheaper, but the performance
improvement is moderate. We compare the performance of SC and OFDM systems using
these BP schemes. For SC systems, we consider two types of pulses — Nyquist pulses
with rectangular spectrum and the standard raised-cosine NRZ pulses. Our results show
that OFDM has almost the same performance as SC-Nyquist and they both outperform
SC-NRZ, when either of digital BP schemes is used.

In principle, digital BP scheme could undo the deterministic (bit-pattern dependent)
nonlinear impairments, but it cannot compensate for stochastic nonlinear impairments
such as nonlinear phase noise. In-line optical amplifiers change the amplitude of the op-
tical field envelope randomly and fiber nonlinear effects such as self-phase modulation
(SPM) convert the amplitude fluctuations to phase fluctuations which is known as non-
linear phase noise. The impact of nonlinear phase noise was first studied in Ref. [145] for
dispersion-free fiber-optic systems. Refs. [146] and [147] have found that the fiber dis-
persion lowers the impact of nonlinear phase noise. When the digital BP scheme is used,
deterministic nonlinear impairments such as SPM, XPM and FWM can be suppressed
and therefore, stochastic nonlinear impairments such as nonlinear phase noise could be-
come dominant. For constant intensity formats such as quadrature phase-shift keying
(QPSK), amplitude noise does not lead to penalty. However, for systems based on QAM,
amplitude noise becomes important because of several amplitude levels. In this chap-
ter, we investigate the impact of nonlinear amplitude noise on OFDM and SC systems.
The phase fluctuations caused by ASE and SPM (or cross-phase modulation (XPM))
translates into amplitude fluctuations because of fiber dispersion leading to nonlinear
amplitude noise. Qur numerical simulation results show that the standard deviations of
nonlinear phase and amplitude noise are lower for OFDM and SC-Nyquist systems as
compared to SC-NRZ systems, which explains the reason for performance advantage of
OFDM/SC-Nyquist system over SC-NRZ system when the BP is used.

This chapter is organized as follows. In Section 7.2, we review the background on
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backward propagation, including Nonlinear Schriédinger Equation, symmetric split-step
Fourier method (S-SSFM), and also define two types of BP schemes. In Section 7.3, we
compare the performances of the OFDM, SC-NRZ and SC-Nyquist. The impact of elec-
trical filter bandwidth and the impact of nonlinear phase/amplitude noise in OFDM/SC

systems with BP are also investigated.

7.2 Theoretical Background on Backward Propaga-
tion (BP)

The signal propagation along a fiber is governed by nonlinear Schrodinger equation

(NLSE) [33],

ou . -
= = [D+N] u, (7.1)
where D denotes the linear operator given by
) 2 3
= _iﬁ2(z) 8_ I /33(Z) a_ a(z) (7.2)

2 ot 6 o3 2

and N denotes the nonlinear operator given by
N = iy(2)ul?, (7.3)

u(t, z) is the electrical field envelope of the signal, G2(z), f3(z), a(z) and v(z) are the
profiles of second-order, third-order fiber dispersion coefficients, loss/gain and nonlinear
coefficient, respectively. Fiber loss is fully compensated after each span by EDFAs. Eq.
(7.1) can be numerically solved using split-step Fourier method (SSFM). The solution of
Eq. (7.1) is given by

u(t, L) = Muf(t,0), (74)

where

M = exp { /0 " (D(2) + N(2) dz} , (7.5)
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Here, L is the total transmission distance. The distortions caused by dispersion and
nonlinearity, can be undone by means of digital signal processing (DSP). Suppose we

multiply Eq. (7.4) by M~ we obtain
u(t,0) = M~Yu(t, L). (7.6)

Since exp(x) exp(—z) = 1 for any operator z, it follows that

L
M~ =exp {—/ [D(z) + N(z)] dz} , (7.7)
0
which is equivalent to solving the following partial differential equation
ou . N
== [D + N} u, (7.8)

with the initial condition w(t,L). Since Eq. (7.8) can be obtained by reversing the
spatial variable z in Eq. (7.1), this technique is referred to as backward propagation
(BP) [81], [87], [89]-[91], [143, 144]. In comparison with the mid-span phase conjugation
technique, in which the third-order dispersion can not be canceled [81], [148]-[150], BP
has the advantage that it can be used to compensate for any higher order dispersion.
BP can be implemented digitally, either at transmitter/receiver or jointly at both, by
numerically solving Eq. (7.8) using DSP. In this work, we focus on the receiver-based
backward propagation compensation.

To solve the NLSE, the S-SSFM is used which is shown in Fig. 7.1. In Fig. 7.1, the
length of each fiber span is divided into M small segments of step size, h. Smaller h gives
better performance, but leads to more extensive calculation efforts. At the receiver, after
the coherent detection, the received signal with complex field envelope passes through
a digital BP compensator implemented using DSP. An ideal BP compensator is shown
in Fig. 7.2. In this work, we will discuss two types of BP. For type I, the BP has step
size equal to amplifier spacing, called AS-BP, and for type II, very small step size (same
step size as that used in forward propagation) is used in BP. We call this perfect BP.
In this chapter, the NLSE is solved using the non-iterative symmetric SSFM, and its
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Figure 7.2: An ideal BP compensator for a single span.

110



PhD: Dong Yang McMaster - Electrical and Computer Engineering

corresponding forward propagation mathematical expression for one fiber span is given

by [33]7 z+h
u(z 4+ ht) = exp @D) exp ( / N(ﬂm) exp <2D> u(zt). (7.9)

Note that, at the end of each span, the gain, G = exp (0Lspen) is applied, and Lspn
is the fiber span length between amplifiers. The mathematical expression of backward
propagation therefore can be written as
- L—(z4h) _ b

u[L—(z+h),t] =exp (—§D) exp (/L_Z N(T)d’l‘> exp <—§D> u(L—z,t), (7.10)
where L is the total transmission distance. One of the disadvantages of the ideal BP is
that computational complexity increases significantly as h decreases. In Ref. [143], it is
proposed to use asymmetric split-step Fourier scheme with step size equal to amplifier
spacing (AS-BP) and with a variable parameter to optimize the BER. The AS-BP can be
realized as [89], [143],

u(z,t) = u(L — zt)exp (—iny |u(L — 2, t)|? Leg) , (7.11)

u[L — (2 + Lgpan),w] = ui(2z,w)exp [—i (%ng + %w3> Lspan] , (7.12)

where

1 - - Ls an
Log = e"p(a Q0 sp ), (7.13)
0

ap is the fiber loss coefficient, u;(z,w) is the Fourier transform of u;(z,t), and 7 is the
variable parameter to be optimized. In the case of AS-BP, the computational complexity

increases linearly with the number of spans.

7.3 Results and Discussion

We have simulated a N span fiber-optic transmission system without inline pre- and post-
dispersion compensation in optical domain. Table 7.1 shows the system parameters used
in our simulation. These parameters are used throughout the chapter unless otherwise

specified. For perfect BP, very small step size is chosen so that nonlinear phase does not
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exceed 0.005 rad. A pseudo-random bit sequence (PRBS) of length 22! is used in the
simulation. The bit rate is 100 Gb/s and the corresponding symbol rate for 16-QAM
is 250 Gbaud. We assume that the coherent receiver is ideal and mainly focus on the
impairments caused by dispersion and nonlinearity. Digital backward propagation (BP)
provides equalization for both linear and nonlinear impairments and therefore, no other
equalizer is used.

In this chapter, we compare three types of modulation/multiplexing schemes. The
first scheme is OFDM system with 1024 sub-carriers. Each sub-carrier is modulated by
16-QAM data. The second scheme is the single-carrier (SC) modulated by 16-NRZ-QAM.
The third scheme is the SC modulated by 16-QAM that uses the Nyquist pulse so that
the bandwidth of the OFDM and this SC system is roughly same. The electrical filter

bandwidths shown in Table 7.1 are so chosen as to optimize the performance.

Bit rate Modulation format | Amplifier spacing Noise figure

100 Gb/s 16-QAM 80 km 5 dB
B2 O3 Y o
-21.7 ps?/km 0.125 ps®/km 1.1099 W~km™! 0.2 dB/km

No. of sub-channels FFT-points Electrical filter bw

OFDM

1024 4 x 1024 13.75 GHz
Pulse shape Roll-off factor | Electrical filter bw
SC NRZ (raised cosine) 0.8 20 GHz
Nyquist pulse (sinc) N/A 13.75 GHz

Table 7.1: System parameters used in simulation.
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Figure 7.3: Normalized spectra of OFDM and SC-Nyquist signals.
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Figure 7.4: Normalized spectrum of SC-NRZ signal.
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7.3.1 Comparison of system performance for OFDM, SC-NRZ
and SC-Nyquist

Figs. 7.3(a), 7.3(b) and 7.4 show the spectra of OFDM, SC-Nyquist and SC-NRZ signals,
respectively. The spectral power is normalized. We can see from Figs. 7.3(a), 7.3(b)
that the bandwidth and shape of the spectra of OFDM and SC-Nyquist are almost same.
The one-sided bandwidth is around 12.5 GHz for both OFDM and SC-Nyquist. For the
SC-NRZ, however, the bandwidth reaches about 20 GHz as shown in Fig. 7.4.

107 £—*r——v—v—'—
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—i—- SC-NRZ - w/o BP

= A - 6-bit-span SC-Nyquist - wio BP
—d= 120-bit-span SC-Nyquist — w/o BP

F

-14 —1’2 -10 -l: —é -4
Average launch power (dBm)
Figure 7.5: BER v.s. average launch power in the case without BP. Transmission dis-

tance= 13 x 80 km.

Fig. 7.5 shows the BER v.s. the average launch power for OFDM and single-carrier
(SC) systems without BP, at the transmission distance of 13 x 80 km. The curve with
circles shows that the OFDM system can go as far as 13 fiber spans at BER of 2.1 x 1073,
and has a superior performance over SC-NRZ systems (the curve with squares). The
solid and dashed curves with triangles denote the SC-Nyquist system, for which the sinc
function, used to generate the Nyquist pulses, has a spanning of 120 bit slots (solid),
and 6 bit slots (dashed), respectively. It can be seen that the longer the single Nyquist
pulse spans, the better performance is achieved. This is because the bandwidth of the SC-
Nyquist system approximates ideal Nyquist bandwidth when the duration of sinc function

increases. However, it would be difficult to implement the long duration Nyquist pulses
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in practical high-speed transmission systems. From Fig. 7.5, we see that SC-Nyquist is
much better than SC-NRZ when the 120-bit-span sinc function is used, and has almost
the same performance compared to OFDM. It is mainly because the SC-Nyquist has
narrower signal bandwidth compared to that of SC-NRZ, and therefore less ASE noise is

introduced for SC-Nyquist.

—&— OFDM - perfect-BP
—&— SC-NRZ - perfect-BP
—h— SC-Nyquist ~ perfect-BP

BER

2 10 8 6 4 -2 0
Average launch power (dBm)
Figure 7.6: BER v.s. average launch power in the case of perfect-BP. Transmission

distance= 82 x 80 km. 120 bit-span Nyquist pulses are used for SC-Nyquist.

Fig. 7.6 shows the BER v.s. average launch power for both OFDM and SC systems
with perfect-BP, at the transmission distance of 82 x 80 km. From Fig. 7.6, we see that the
OFDM and SC-Nyquist systems (the curves with circles and triangles) using perfect-BP
have the performance advantage over the SC-NRZ with perfect-BP. There is a five-fold
increase in system reach as compared to that without BP for OFDM/SC-Nyquist. The
slightly better performance of OFDM over SC-Nyquist is shown when the launch power
increases, which results from the truncation of the Nyquist pulses leading to broadened
spectrum. In the nonlinear regime, the signal spectrum is further broadened due to fiber
nonlinearity, and therefore the out-band signal components are strengthened. Before the
digital BP, the electrical filter with bandwidth shown in Table 7.1 is applied to remove
the out-band signal, which leads to larger distortion for SC-Nyquist than for OFDM when
the perfect-BP is used.
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Figure 7.7: BER v.s. average launch power in the case of AS-BP. Transmission distance=

52 x 80 km.

Fig. 7.7 shows BER as a function of average launch power in the case of BP with step
size of amplifier spacing (AS-BP), at the transmission distance of 52 x 80km. The OFDM
and SC-Nyquist (the curves with circles and triangles) have almost the same performance
when AS-BP is used. The parameter 7 (given in Eq. (7.11)) is optimized for each scheme
and is found to be in the range of 1.0-1.3. The system reach for OFDM/SC-Nyquist with
AS-BP can be increased by 3 times of that without BP. It can also be seen from Figs.
7.5, 7.6 and 7.7 that the optimum launch power is increased from —7 dBm in the case
without BP, to —1.5 dBm in the case of AS-BP, and finally to 0 dBm in the case of
perfect-BP. The advantages of 5.5 dB and 7 dB in launch power are achieved for AS-BP
and perfect-BP, respectively.

Figs. 7.8(a) and 7.8(b) show the optimum BER varying as a function of number of
transmission fiber spans for the cases of perfect-BP and AS-BP, respectively. It can be
seen that OFDM has achieved the maximum system reach in both cases, then SC-Nyquist,
the worst is SC-NRZ.

In the above studies, we have shown that OFDM/SC-Nyquist has better performance
as compared to SC-NRZ when digital BP is used. To understand the performance advan-

tage of OFDM over SC, we investigate the impact of the electrical filter bandwidth and
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Figure 7.8: Optimum BER v.s. no. of transmission fiber spans.

the impact of nonlinear phase/amplitude noise on OFDM/SC systems using BP in the

following work.

7.3.2 Impact of the electrical filter bandwidth on OFDM/SC

systems with BP
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Figure 7.9: BER v.s. electrical filter bandwidth for perfect-BP and AS-BP.

In the absence of fiber nonlinearity, as the electrical filter bandwidth increases beyond

117



PhD: Dong Yang McMaster - Electrical and Computer Engineering

the symbol rate, the performance degrades due to increased ASE power within the filter
bandwidth. However, in the presence of nonlinearity and BP, it is desirable to have the
large electrical filter bandwidth. To see the impact of electrical filter bandwidth on the
nonlinear transmission system with BP, we find the BER of OFDM/SC with perfect-BP
and AS-BP by changing the electrical filter bandwidth. We have chosen relatively large
launch power so that the system operates in the nonlinear regime. Fig. 7.9(a) shows
BER v.s. electrical filter bandwidth in the case of perfect-BP. It can be seen that the
system performance improves as the electrical filter bandwidth increases for OFDM/SC
with perfect BP. This is because the fiber nonlinearity broadens the signal spectrum and
out-of-band signal components are truncated after passing through the narrow electrical
filter. In other words, four wave mixing (FWM) sidebands generated by the forward
propagation in fibers is removed by the ideal digital backward propagation if the electrical
filter bandwidth is very large. However, if the electrical filter bandwidth is small (<
symbol rate), FWM sidebands generated by the fiber are cut off, but the digital backward
propagation generates new FWM sidebands which are reflected at the computational edge
(in frequency domain) and appear at the other edge leading to in-band cross-talk. From
a practical standpoint, it would be challenging to increase the filter bandwidth due to the
unavailability of high speed Analog-to-Digital (A/D) convertors. Fig. 7.9(b) shows BER
v.s. electrical filter bandwidth for OFDM/SC with AS-BP. It can be seen that in the case
of AS-BP, the fiber nonlinearity is not fully compensated, and therefore the increasing

of electrical filter bandwidth gives a less benefit for the performance improvement for

OFDM/SC with AS-BP.

7.3.3 Impact of nonlinear phase/amplitude noise with BP for

OFDM, SC-NRZ and SC-Nyquist

When BP is used in OFDM/SC systems, the nonlinear effects are suppressed to some
extent, as shown in the above work. However, the stochastic nonlinear impairments

such as nonlinear phase/amplitude noise cannot be compensated using BP, and therefore
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it could become dominant impairment in OFDM/SC systems with BP. The amount of
nonlinear phase/amplitude noise is measured by calculating the standard deviations of
the phase and amplitude of received data symbols.

The received symbol for SC systems can be written as
sp(1) = A; exp(jb;), (7.14)

where A; and 6, are the amplitude and phase of the sampled 16-QAM symbol at the i-th
sampling time 7T, where T} is the symbol interval. The total samples used to calculate
the variances of phase and amplitude in our simulation are 2'°. The phase and amplitude

variances are calculated as follows:
var(f) =< 6% > — < 0 >2, (7.15)

and

var(A) =< A% > — < A >, (7.16)

and therefore, the corresponding standard deviation of phase and the normalized standard

deviation of amplitude are given by

o = +/var(f), (7.17)
oa = /var(A)/ < A >, (7.18)

where < - > stands for mean value. For OFDM systems, the complex information symbols
are obtained after the fast Fourier transform (FFT) in digital domain. Then, the standard
deviations of phase and amplitude are calculated following the same procedures given in
Egs. (7.15)- (7.18).

To investigate the impact of nonlinear phase/amplitude noise, we first turn off the
ASE of in-line amplifiers and do the noise loading after the BP such that the SNR before
the decision is same as that in the case of in-line amplifiers with ASE. We call this
"lumped ASE” and in this case, nonlinear interaction between signal and ASE is absent.

In Figs. 7.10(a) and 7.10(b), the dashed lines show the case of lumped ASE with perfect-
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Figure 7.10: The standard deviations of phase/amplitude noise v.s. average launch power

for perfect-BP. The transmission distance is 60 x 80 km.

BP. The solid lines correspond to the case of in-line amplifiers with ASE. The difference
between these curves is a measure of nonlinear phase/amplitude noise. From Figs. 7.10(a)
and 7.10(b), we see that the nonlinear phase/amplitude noise causes almost the same
amount of effects on OFDM, SC-Nyquist, and SC-NRZ when perfect-BP is used. The
solid lines in Fig. 7.10(a) show that the phase deviation decreases initially as a function
of launch power (linear regime) and then starts increasing because of nonlinear phase
noise and uncompensated deterministic nonlinear effects (intra-channel XPM (IXPM),
intra-channel FWM (IFWM)) due to finite bandwidth of filters. The dashed lines show
the phase deviation due to linear phase noise and uncompensated IXPM and IFWM
effects. The larger phase deviation of SC-NRZ results mainly from its inherently wider
signal bandwidth as compared to OFDM and SC-Nyquist. In Fig. 7.10(b), the standard
deviation of amplitude noise decreases as the launch power increases for the case of lumped
ASE which indicates that the amplitude fluctuations due to IXPM and IFWM become
quite small at large launch powers with perfect BP. However, in real systems (solid lines),
Oamp Starts increasing at large launch powers indicating that nonlinear amplitude noise

due to ASE-nonlinearity coupling becomes important. Nonlinear amplitude/phase noise
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set an upper limit on the optimum launch power.
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(a) The standard deviation of phase noise. (b) The normalized standard deviation of am-
plitude noise.
Figure 7.11: The standard deviations of phase/amplitude noise v.s. average launch power

for AS-BP. The transmission distance is 33 x 80 km.

Fig. 7.11(a) and 7.11(b) show standard deviations of phase and amplitude noise v.s.
the average power for AS-BP at the transmission distance of 33 x 80 km. The solid
lines stand for the case of distributed ASE, and the dashed lines show the lumped ASE
simulations for OFDM/SC systems with AS-BP. The trends in Figs. 7.11(a) and 7.11(b)
are similar to those in Figs. 7.10(a) and 7.10(b). From Figs. 7.11(a) and 7.11(b), we
see that for OFDM and SC-Nyquist systems with AS-BP, the nonlinear phase/amplitude
noise leads to negligible impact. However, it causes significant impairment for the SC-
NRZ system as the large difference of standard deviation of phase/amplitude noise can
be seen in Figs. 7.11(a) and 7.11(b). The main difference between perfect BP and AS-
BP is that at large launch powers, the standard deviations of amplitude and phase noise
increase with launch power for the case of AS-BP (Figs. 7.11) whereas it decreases or
remains constant at large launch powers for the case of perfect BP (Figs. 7.10). This is

because AS-BP does not fully compensate for SPM, IXPM and IFWM.
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7.4 Conclusion

We have investigated the digital backward propagation (BP) scheme for OFDM and single-
carrier systems. The performance comparison has been made among OFDM, SC-Nyquist,
and SC-NRZ using amplifier spacing BP (AS-BP)/perfect-BP. The results show that
OFDM with BP has maximum system reach as compared to SC-Nyquist and SC-NRZ with
BP. When AS-BP is used, the maximum transmission distances are 52 x 80 km, 51 x 80 km
and 32 x 80 km for OFDM, SC-Nyquist and SC-NRZ, respectively. When the perfect BP is
used, the corresponding numbers are 82 x 80 km, 80 x 80 km and 76 x 80 km, respectively.
The impact of electrical filter bandwidth has been investigated. The performance of
OFDM/SC systems using perfect-BP improves as the electrical filter bandwidth increases.
For the first time to our knowledge, the impact of nonlinear amplitude noise in OFDM/SC
systems with BP is investigated. It is found that OFDM/SC-Nyquist with BP has less
amount of nonlinear phase/amplitude noise as compared to the SC-NRZ with BP due to

the narrower electrical filter bandwidth.
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Chapter 8

Conclusions and Future Plans

This thesis is focused on the studies of various limiting factors in the designs of a long-
haul fiber-optic communication system, and the implementations of the corresponding
approaches used to mitigate the resulting impairments. The analytical expressions for
the conditional PDF's and variances of bit ‘1’ and bit ‘0’ in a dispersion-managed coher-
ent fiber-optic system based on BPSK are derived. The good agreement between the
analytical calculations and numerical simulations are achieved. The conditional PDF
given bit ‘1’ or ‘0’ becomes asymmetric when IFWM is dominant, while it becomes al-
most symmetric when ASE noise increases. The optimum system parameters are found
by analytically calculating the variance of IFWM, and a lot of computation efforts can
be saved compared to numerical simulations. It is found that the optimum dispersion
compensation ratio approaches 0.5 as the average dispersion of the dispersion-managed
transmission fiber becomes large.

Next, various configurations of a 4-f time-lens system is studied. The direct inverse
Fourier transform has been realized by properly choosing the signs and amount of disper-
sion and phase shift parameter. The 2-f subsystem T2 of the 4-f system is chosen to be
anti-symmetric with respect to the 2-f subsystem T1; that is, ﬁy) = —ﬁél) and Cy = -}
such that T2 provides the exact inverse Fourier transform, which makes the output bit

sequence not time-reversed. Two of the possible applications using the time-lens—based
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optical signal processing scheme are also discussed. One is a tunable wavelength division
demultiplexer. The temporal filter in this example is an amplitude modulator. The driv-
ing voltage to the amplitude modulator can be dynamically changed to select the desirable
channel, which make it suitable for the application of dynamic channel dropping in an
optical network. The other application is a higher-order fiber dispersion compensator, in
which the temporal filter is a phase modulator that generates a summation of several in-
dependent phase shifts, each of which corresponds to the amount of the that caused by the
certain order of fiber dispersion, but with opposite signs. This dispersion compensation
technique can flexibly compensate for any order of fiber dispersion by simply changing
the driving voltage to the phase modulator. One of the most important advantages of the
time-lens-based temporal filtering technique is that temporal filter can be dynamically
altered by changing the input voltage to the amplitude/phase modulator leading to the
potential applications for dynamic switching and multiplexing in optical networks.

A direct-detection optical orthogonal frequency-division multiplexing (DD-O-OFDM)
system is realized using time lenses. The first 2-f subsystem (T1) carries out inverse
Fourier transform and the second 2-f subsystem (T2) demodulates the OFDM signal
by implementing Fourier transform. The output of T2 is the original input signal of
T1 multiplied by a phase factor due to fiber dispersive effects. In direct detection, the
photodiode removes the dispersive effects and just recovers the power of the input signal.
It is shown that the third- and higher-order dispersive effects can be considerably reduced
using time-lens-based DD-O-OFDM. Results also show that the time-lens-based DD-O-
OFDM can tolerate the fiber nonlinearity to some extent.

A time-lens-based coherent optical OFDM (CO-O-OFDM) scheme is proposed. The
impact of MZM nonlinearity and the fiber nonlinearity is studied. The conventional
CO-O-OFDM using fast Fourier transform (FFT) is compared with the time-lens-based
CO-O-OFDM. It is found that the time-lens-based CO-O-OFDM has much better toler-
ance to MZM-induced nonlinear effects than the FFT-based CO-O-OFDM. In addition, a

periodical driving voltage has been proposed to set up the time lens to avoid directly using
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the quadratically increasing driving voltage. The time-lens-based CO-O-OFDM also have
some advantages. Fist, the Fourier transform (FT) is done in the optical domain and the
processing speed only depends on the propagation speed of light in the time-lens-bases
system, whereas state-of-the-art FFT in DSP is still slow and needs much more compu-
tational efforts. Second, the optical domain FT has inherently large bandwidth and as a
result, allows the system operating at a large information rate.

Lastly, the digital backward propagation (DBP) schemes for OFDM and single-carrier
systems are studied. The performance comparison has been made among OFDM, SC-
Nyquist, and SC-NRZ in the cases of without DBP, with amplifier spacing DBP (AS-
BP) and with perfect-BP. Results show that OFDM and SC-Nyquist perform better
as compared to SC-NRZ when DBP is used. It is found that five/three fold increase in
system reach can be obtained for OFDM systems if perfect/AS -BP is used. The impact of
electrical filter bandwidth has also been studied. The performance of OFDM/SC systems
using perfect-BP initially improves as the electrical filter bandwidth increases. The impact
of nonlinear phase/amplitude noise on OFDM/SC systems with BP is investigated. It is
found that the nonlinear phase/amplitude noise has less impact on OFDM/SC-Nyquist
than on SC-NRZ when DBP is used due to the narrower electrical filter bandwidth.

The digital backward propagation (DBP) has been shown an effective equalization
scheme for OFDM systems. But the performance is limited by the nonlinear phase/amplitude
noise. It has been demonstrated recently that all-optical regeneration technology can sup-
press the amplitude distortion and therefore mitigate the nonlinear phase noise. It will be
interesting to investigate a fiber-optic communication system with all-optical regenerators
inserted and the BP at the receiver. To better understand the impact of nonlinear am-
plitude/phase noise on OFDM, the mathematical analysis of nonlinear phase/amplitude
noise will be carried out. Also, the system capacity of an optical OFDM system can be
further enhanced using multi-mode fibers, which will be investigated in the future research
work.

The research outcomes obtained in the thesis mainly result from the computer-aided
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simulations. Therefore, to better verify the simulation results, much more efforts in

experimental investigations will be made in the future work.
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Appendix A

Time-Lens—Based FT and IFT

Al

The output signal at the end of 2-f subsystem T1 is given by
+oo
u(t,2f;) = — / (w, fi4) %

exp (iﬁzg)flw - iwt) dw,

where

Cwhin) = 5 [ T 0w - 9, fi) Bu()d

Substituting Eq. (A.2) into Eq. (A.1), we obtain

2 pdoo poo _
u(t,2f1) = (%) [T [ ow-an)mmx
exp (%ﬁg) fiw? — iwt> dQddw.

From Egs. (4.7) and (4.6), we have

0 (@, fi) = U(w,0)exp ( B0 fr )

and

Hy(w) = /]G exp (—%)
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Let ' = w—Q in Eq. (A.3). Inserting Egs. (A.4) and (A.5) into Eq. (A.3) and

rearranging terms, we obtain
ut,2f) = (= 2\/2'—”/” 6(w)0 (', 0) %
’ ! N 2 Cl — oo ’
Z’ I
o (1)
Lo 2 ,
exp §ﬁ22 fiw™ —iw't ) du', (A.6)
where

, +oo i ) 9 .QQ
o) = [ €xp §ﬂ22f19 _ZZ(Tl X

o0

exp (wgy FL'Q — mt) 4. (A7)

The Q? terms appearing in the argument of the exponent in Eq. (A.7) are eliminated if

we select the chirp coefficient 'y, dispersion ﬁé;), and the fiber length f; are related by

1
Cr=—5— (A.8)
265 i
Hence, Eq. (A.7) becomes
+oo \
(W) = / exp (iﬂég) frw'Qd — z‘Qt) A
= 2m6 (t— 64 fiwr), (A.9)

where 6(-) is a delta function. Inserting Eq. (A.9) into Eq. (A.6), we finally obtain
Vir/Cy - t
u(t,2f)) = ”{) L ( + ,0) x
2”’5%2 fll Bag’ fr
1 ( i+ 555))
W ()

exp | —it? (A.10)
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A.2

If ﬁg) = ﬁg) in T2, following the same derivation as in Appendix A, we obtain

u(t,2f1 + 2f;) = Vin/Co U( ¢ ,2f1>

2|82 \G2
(A.11)
where
~ 4
u (ﬁég)f272f1> = F{u(t, 2f1)}|w:t/5g>f2- (A.12)
From Egs. (4.14) and (4.15), we have
Vin/Cy o - t
u(t,2f1) = ({) — U ( 5 ,0) (A.13)
27 ‘ﬁ22 fl' 22 J1
and
~ 14
f{U ( m ’0)} = (27T ‘ﬁg)fl ) X u (—ﬂéé)flw,@ . (A.14)
Be2’ f1
With the help of Eq. (A.13) and Eq. (A.14) and noting that
1/C1 =285 fi (A.15)
1/Cy = 2033 fo, (A.16)

we obtain

. [ a(1) p o(2) (1)
u(t,2f1 +2f2) = Z__ﬁlﬂ(_l{% X U (—gfg);lt,()) : (A.17)
ﬁ22 fl 22 J2

Ignoring the trivial constant in Eq. (A.17), we finally obtain

()
u(t,2fi +2f;) = u (—gfg);lt, 0) . (A.18)

22 J2
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A.3

For Case 2, from Eq. (4.23), we have

u(t,2f)) = Vir/Cy U( . O)exp< v ) (A.19)

y e
D, 1
27 ‘ﬁé;)fl ﬂz(u) fi /352)f1

The Fourier transform of Eq. (4.23) is given by
F{u(t,2f)} = U (w,2f1). (A.20)
After propagating in the first single-mode fiber of T2, we obtain
U(w,2f1 + foo) = U (w,2f1) exp (%ﬁg?fzw?) : (A.21)

where U (w,2f; + fo—) is the Fourier transform of the signal right before the time lens 2.
Noting that

. = i ’

0 (w2 = 0 (o i) exp (398057 (A22)

substituting Eq. (A.22) into Eq. (A.21) and choosing /’352{) 1= —Bé;) f1, we obtain
U(w,2fi+ fo-) = U (w, fi4), (A.23)

which leads to
u(t,2fi + fou) =ult, fr4). (A.24)

After the time lens 2, we obtain
u(t,2f1 + fay) = u(t,2f1 + foo) exp (iCat?) . (A.25)
The first time lens introduces a quadratic phase factor
u(t, fiv) = u(t, fi-) exp (iC1t?) . (A.26)
If Cy = —C), inserting Eq. (A.24) and Eq. (A.26) into Eq. (A.25), we obtain

u (thfl + for) =u (tVfl—)- (A.27)
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From Eq. (A.27), we have
U(w,2fi + for) = U (w, fi-). (A.28)

After propagating in the second single-mode fiber of T2, we obtain

Uw,2fi+2f) = U (w,2f1 + fay)exp (%55? f2w2> . (A.29)
Also note that
0 (w10 = 0 (0,0)exp (5687 1?) (A30)
Substituting Eq. (A.28) and Eq. (A.30) to Eq. (A.29) and choosing ﬁég)fg = —55?]’1, we
obtain
U (w,2f1 +2f2) = U («,0) (A31)
and
u(t,2f1 +2f2) =u(t,0), (A.32)

where u (t,2f; + 2f3) is the output signal of T2 and u (¢,0) is the input signal of T1.

In summary, for the Case 2, if we choose

5D fo = — ) 1, (A.33)
Cy = —Cy, (A.34)
5D f2 = =B f1, (A.35)

then at the end of the 4-f time-lens system, we can exactly replicate the input signal

without time reversal.
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