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Abstract

The purpose of this research is to provide a comprehensive study of spectrally
efficient multicarrier systems for fiber-optic transmission. Multicarrier optical systems
partition a high-data rate digital signal in a wavelength channel into multiple subcarriers.
The data rate on each subcarrier can be sufficiently low and thus, the tolerance to
transmission impairments can be significantly improved. Although different modulation
and detection techniques are used, all the multicarrier systems investigated in this
dissertation achieve a high spectral efficiency of 1 Baud/s/Hz.

Orthogonal frequency-division multiplexing (OFDM) and Nyquist wavelength-
division multiplexing (Nyquist-WDM) are the two basic approaches to achieve the 1
Baud/s/Hz spectral efficiency. OFDM allows spectral overlap of adjacent subcarriers and
crosstalk elimination by integration at the receiver; Nyquist-WDM limits the spectral
spreading of each subcarrier channel to the symbol rate per subcarrier to avoid spectral
overlap. In terms of detection method, both direct detection and coherent detection can be
applied in multicarrier systems.

This dissertation focuses on the use of three high spectral efficiency optical
multicarrier systems. In the theoretical and experimental investigation of a 11.1Gb/s FFT-
based OFDM system, a simple dual-drive Mach-Zehnder modulator (MZM) was
employed in the transmitter and direct detection in the receiver, which provided an
OFDM system implementation with reduced complexity. The data was transmitted
through 675km uncompensated standard single-mode fiber (SMF). Next, a 22.2Gb/s

digital subcarrier multiplexing based (DSCM-based) OFDM system was used in



conjunction with 10 subcarrier channels using QPSK modulation. In this system, an 1Q
modulator was utilized in the transmitter and coherent detection in the receiver. By using
coherent detection, the receiver was able to dynamically select the desired subcarrier
channels for detection without changing the system configuration. The present research
also explored a 22.2Gb/s 10 subcarrier Nyquist-WDM system with coherent detection,
compared its system performance with OFDM systems, and subsequently examined the
impact of filter roll-off factor.

Finally, a systemic comparison of the three proposed multicarrier systems was
performed in terms of their transmission performance and system flexibility. The design
tradeoffs were analyzed for different applications and summarized principles for the

modern multicarrier fiber-optic system design.
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1. Introduction
1.1 Fiber-optic communication systems

In 1970, a team of researchers at Corning successfully fabricated optical fibers
using fused-silica with a loss of less than 20dB/km at 633nm wavelength, which was the
most significant step toward the practical application of fiber-optic communications [1].
Subsequently, fiber-optic communication systems have revolutionized the
telecommunication industry and have played a major role in the advent of the so-called
“Information Age” [2].

In comparison with twisted pair and coaxial cable, optical fiber has the
advantages of wide bandwidth, low loss, and high tolerance to electromagnetic
interference. The first commercial fiber-optic communication system was developed by
General Telephone and Electronics (GTE) on April 22, 1977. The popularity of this fiber-
optic communication with telecommunication companies was accelerated by the success
of wavelength-division multiplexing (WDM) and optical amplifier. By using WDM,
signals modulated on different wavelengths of light could be transmitted in a single fiber,
which greatly expanded the transmission bandwidth and reduced the cost of the
transmission system. Furthermore, the implementation of optical amplifiers greatly
reduced the requirement of optical-to-electrical (OE) and electrical-to-optical (EO)
conversion in long distance transmission systems, which enabled the accommodation of
different technologies without changing the backbone network. These two breakthroughs
revealed the transmission power of fiber-optics, which therefore resulted in the doubling

of system capacity every six months starting in 1992 until a bit rate of 10 Tb/s was



reached by 2001 [2]. As a result, optical fiber has largely replaced copper wire
communications in core networks.

Early on, commercial WDM systems started with up to eight channels on
wavelengths in C-Band (1530nm to 1565 nm), with the data rate of each wavelength
channel typically lower than 10Gb/s. The continuous demand for higher network capacity
and the availability of erbium-doped fiber amplifier (EDFA) and Raman amplifier
extended the concept of WDM into dense-WDM (DWDM). The DWDM system utilizes
the C-Band and L-Band (1565nm to 1625 nm) with denser channel spacing, and typically
uses 40 channels at 100 GHz spacing or 80 channels with 50 GHz spacing. Some
technologies are capable of making the channel spacing as low as 25 GHz, which allow
the number of channels carried in a single fiber to dramatically increase. A 64-Tb/s
(640x107-Gb/s) PDM-36QAM transmission over 320km using both pre- and post-
transmission digital equalization has even been reported [3].

It is clear that fiber-optics changed the telecommunication industry, with the
change coming closer to meeting the needs of end users. Due to high installation and
operation expenses, fiber-optic transmission was not applied to the distribution network
until 2000. Since 2000, the prices of fiber-optic systems have dropped significantly, and
researches on the utilization of fiber into access networks have gained extensive attention.
Research indicates that an all-fiber network is in the near future.

In order to connect the lower bandwidth end users to the core network,
researchers have adopted the structure of WDM into passive optical network (PON),
known as WDM-PON. The channel capacity in the existing DWDM system is still much

larger than the need of each end user. To make the best compromise between the



efficiency of optical and electrical components, a finer wavelength division is needed.
Also within the core network, transmitting high speed information through multiple
lower-speed channels reduces inter-symbol interference and simplifies equalization
circuits at the receiver, which therefore reduces the cost of the system. Under these
motivations, multicarrier systems are proposed. Multicarrier optical systems partition a
high-data rate digital signal in a wavelength channel into multiple subcarriers. Here, the
data rate on each subcarrier has the potential to be sufficiently low and thus, the tolerance
to transmission degradations such as chromatic dispersion and polarization mode
dispersion could be significantly improved.

Today’s rapid growth of high data rate internet applications is increasing the
demand for bandwidth. The once regarded unlimited bandwidth in optical fiber is no
longer true. Thus, the focus of the next generation fiber-optic communication system will
likely be the extension of the usable bandwidth of fiber and an increase in the bandwidth
efficiency (also called spectral efficiency). Spectral efficiency is defined by the data-rate
carried by each hertz of optical bandwidth. In the past decade, many techniques on band-
limited channels in electrical and wireless transmission have been adopted to fiber-optic
transmission. The developments of analog-to-digital converters (ADCs) and digital-to-
analog converters (DACs) have helped to facilitate this practice. Theoretical analysis of
narrowing the spectral bandwidth of a modulated optical channel has been outlined in the
literature [4]. Experimental systems utilizing optical [5] or digital filters [6] to limit the
effective bandwidth also have been reported.

Aforementioned, high spectral efficiency is a fundamental requirement for the

next generation fiber-optic networks. The means to achieve this goal have become a



central focus of research. Higher spectral efficiency in a multicarrier system can be
achieved from two directions, by either shrinking the spectral bandwidth of each
subcarrier or allowing spectral overlap of adjacent subcarriers. The general introductions
of theory and technologies adopted in these two approaches are outlined in section 1.2
and section 1.3.
1.2 Band-limited channels

If the frequency response of a channel is nonzero only within a certain frequency
window, this channel is referred to as a band-limited channel. Frequency components
outside the boundary are removed after passing through the channel. Band-limited
channels are primarily the result of the desire to transmit multiple independent signals in
the same medium, by partitioning the total bandwidth into multiple spectral bands. As in
wireless systems, FM radio is often broadcast in the 87.5 MHz - 108 MHz range [7]. The
available bandwidth of optical fiber is limited by the wavelength-dependent loss in fiber,
and from Fig. 1.2.1 we can see that the fiber attenuation has been reduced significantly by
advanced fabrication technologies in modern fibers. Among the three transmission
windows, the lowest loss window is around 1550nm, including the C-band and L-band,
which is the most frequently selected window by many commercial systems. Some
systems also exploit another window, S-band (1460nm to 1530 nm), in order to extend

the total transmission bandwidth.
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Fig. 1.2.1 Attenuation versus wavelength and transmission windows (REF [8] )

The spectrum of a given signal cannot be compressed unlimitedly without
introducing waveform distortion. The theoretical maximum symbol rate that can be
accommodated by a certain available bandwidth was predicted by Harry Nyquist [9]. A
channel with a baseband bandwidth of B Hz can transmit a symbol rate of 2B Hz without
intersymbol interference (ISI). In other words, a signal with 2B Hz symbol rate requires a
minimum of B Hz baseband bandwidth. If the signal is transmitted through a channel
with bandwidth narrower than this Nyquist limit, ISI is introduced to deteriorate the

transmission performance.



The spectrum of a modulated signal is determined by the pulse shape. Therefore,
a pulse shaping filter can be used to limit the effective bandwidth. This reduces inter-
channel crosstalk in a multi-carrier system, and also keeps the ISI in control at the same
time. The ideal pulse shaping filter is the Sinc filter, its impulse response is a Sinc
function in the time domain, and its frequency response is a rectangular function. Fig.
1.2.2 indicates that the impulse response of a Sinc pulse with a baseband bandwidth B
will have zero crossings at integer multiples of 1/(2B) in the time domain, which are the
sampling points of other symbols of the 2B Hz pulse train. Thus, no ISI will be
introduced. But the Sinc filter is idealized and cannot be physically realized because of
the finite time response of realistic electronic components. In digital communication,
boxcar filter, raised cosine filter and Nyquist filter are often used to approximate the Sinc

filter.
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Fig. 1.2.2 Sinc function (a) Impulse response and (b) Frequency response



1.3 Orthogonal frequency-division multiplexing (OFDM)

OFDM is a multicarrier transmission system with mutually orthogonal
subcarriers. The orthogonality among subcarriers is ensured by the special pulse shaping
filter and channel spacing in OFDM systems. In an OFDM system, the pulse shaping
filter is the boxcar filter, thus the channel spacing must be integer multiples of the symbol
rate. As previously mentioned in Section 1.2, the boxcar filter is the counterpart of the
Sinc filter, but with a rectangular shape in time domain and Sinc function shape in
frequency domain. Its flat impulse response in symbol period ensures the cancellation of
the inter-channel crosstalk. Because the spectral bandwidth of an ideal boxcar filter has to
be infinite, it is not widely applied in traditional digital communications. However,
OFDM system partitions the total signal into a large number of subcarriers, with a
relatively low data rate on each subcarrier, so that it is virtually unaffected by the
practical bandwidth limitation of the receiver.

To demonstrate the crosstalk cancellation in OFDM, consider an FDM system
with N carriers in which the input symbol duration is 7, and the symbol duration on each
carrier is NT which we will denote by 7f;,. During one FDM symbol interval the FDM

signal can be expressed as follows:
N-1

X (1) = 3 Ay cosQa(f, + kA )t + ) (13.1)
k=0

Ayiis the user symbol on the &y, subcarrier;
fe 1s the optical carrier frequency;

Af'1s the separation between subcarriers, ky, subcarrier frequency is f, = f, + kAf ;

@ 1s a random static phase offset of the &, subcarrier.



We can recover symbol on the j; subcarrier by demodulating the FDM signal

with a phase coherent local carrier as:

Tl J’dem X (D) COS27(f, + jA)E + P, Jdt

Jdm

=% r 3 A, cosl2(f, + KAF ) + i Jeos2a(, + JA i+, W
Jdm =" k=0
1

=], Ay cosl2a(f, + jAD+ 4, cos2a(f, + A )i+ J
fdm fdm

Fo ]S cosRa(, +RA N+ Jeos2a(, + AT+ W

T Tin

(1.3.2)

Here, the first term in Eq. (1.3.2) is the desired symbol output, and the second term is the

cross-talk term between the carriers. The first term can be expressed as:

1 ' |
1, Ayeosla(f+ AN+ g Jeos (. + JAT )t + Yt
fdm dm
1 1 1 '
=7 ), AT L/ A;cos[27(2f, + 2 jAf )t +24,)dt (1.3.3)
Jdm ofdm

A,
zjf if 2fCdem >> 1

The cross talk term can be rewritten as:

1

f A cos[2z(f, + kA )t + @ Jcos[2z(f, + jAf )t + ¢, |dt

k#j

T

Jidm

DS A cosCrt- AN b gt i 2£T, >

f dm ofdm

T fim

(1.3.4)

From Eq. (1.3.4) we obtain the orthogonality condition for eliminating cross-talk in an

FDM system as follows:



TL L cos(2r(k — )AF)t+ ¢ —@,)dt =0 (1.3.5)
fdm fdm

For arbitrary values of ¢ and ¢, the above condition is satisfied for a minimum

frequency separation of the following:
M in =1/ Ty, (1.3.6)

In other words, the minimum frequency separation for orthogonality is the inverse of the
subcarrier symbol time. In the case of OFDM, it will be denoted by 7, For purposes of

notational clarity we define the orthogonality condition as:

Af in = 1/Tﬁ)dm;Ta_fdm =NT (1.3.7)

The conceptual implementation of OFDM modulator is given in Fig. 1.3.1 (a),
which requires N analog mixers (N as the number of channels). When N is too large, the
analog implementation may not be practical because of the overwhelming complexity.
The OFDM demodulator can also be implemented in conceptual form using analog

mixers followed by matched filters as shown in Fig. 1.3.1 (b).



i%

cos(2xf,t+g,)
w
- Q N-1
s 2 ) > A4, cosQr(f. +kAf)t+¢,);
User Symbols S © ! Z 0
AyA,, ... Ay, = QY
o = .
= s :
=
Ay,

cos(2nfy  t + oy, )

Ji <o +E=DAf
(a)
— 1 J’ »| Sample and >
T g *Toiim Decide
cos(2nf,t +¢,) =
1 5 5
s - IT »| Sample and of 22
ofim """ Decide =2
S g| User symbols
cos(2nf;t + ¢)) g 1 ALAL LAY
. =W
L, 1 I .| Sample and .
Toam "o Decide

cos(2rafy , t + oy,)

(b)

Fig. 1.3.1 Conceptual block diagrams of OFDM system: (a) Modulator; (b) Demodulator.
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With the rapid progress of high-speed digital electronic circuits including ADC
and DAC in the recent years, the use of OFDM for high-speed optical transmission
systems became possible, in which multiple subcarriers are created in digital domain. In
several research studies, IFFT and FFT are used for the generation of OFDM signals [10].
In the FFT-based optical OFDM, which is also referred to as digital-OFDM, the
subcarriers are generated by electronic IFFT in the transmitter and then uploaded onto an
optical carrier by an external electro-optic modulator. At the receiver, the matched filter

is then realized by electronic FFT.

According to Eq. (1.3.1), the bandpass OFDM signal can be expressed as:
N-1
Xgp(t) =D A, cosQr(f, +kA ) +6,); 0<t<T,.. A =1/T,, (1.3.8)
k=0

Where A4,e’% = X, = Complex QPSK/QAM symbolon the kth carrier , to simplify the

analysis, the random phase offset of each subcarrier is set to zero. Eq. (1.3.8) can be

expressed as:

N-1
Xgp(t) = Re{exp(j27y”ct)ZXk exp( j27kAft)} (1.3.9)
k=0
N-1 -
Where ZX . exp(j27kAft)1s defined as the complex lowpass equivalent representation
k=0
of the OFDM signal:
N-1 -
X, (1) = ) X, exp(j2akAft) (1.3.10)
k=0

11



When the lowpass equivalent OFDM signal is sampled at the Nyquist rate of f; = NAf,
then the sampled version can be expressed with the following equation:

N-l N-1
X,p(nT,) =D X, exp(j2akAMmT,) =Y X, exp(j2rkn/ N)
=0 k=0 (1311)

= IFFT{X,, X, ... X}

Eq. (1.3.11) shows that the time domain samples of the lowpass equivalent version of the
OFDM signal can be generated by taking the Inverse Fourier Transform (IFT) of the
input symbol sequence. It is also clear that the input symbols can be recovered from the
OFDM samples by the Fourier Transform operator as follows:

- 1 & .
X(k)=F;x(nﬂ)exp(]zﬂkAf”/N) (1.3.12)

= FTof {%(0),%(1),..X(N 1)}

12
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Fig. 1.3.2 OFDM system block diagram. (REF [10] )

The block diagram of the signal processing stages in OFDM systems are
described in Fig. 1.3.2. Because of the orthogonality between subcarrier channels and the
elimination of an extra frequency guard band between them, OFDM provides improved
spectral efficiency compared to conventional subcarrier multiplexed (SCM) systems
based on the analog domain. In addition, other digital signal processing techniques can be
applied to reduced inter-symbol interference through digital equalization, and pre- or
post- digital compensations. As a well-studied digital modulation method, OFDM

supports various advanced electrical and optical modulation formats, and utilizes various

13



digital signal processing algorithms to achieve high spectral efficiency and excellent
system performance for high-speed optical transmission.
1.4  Implementation of modern optical multicarrier systems

In a traditional WDM system, banks of independent lasers are used to generate
optical carriers that each contains a different wavelength. If the channel spacing is not
wide enough, incoherent interference occurs when beat signals arise from adjacent
channels that fall within the receiver bandwidth. This process is noise-like, if the relative
phase of the two channels is random. This is the case when independent lasers are used
for each channel, unless strong optical pre-filtering is used in the transmitter. Unlike
traditional WDM systems, optical multicarrier systems have relatively stable optical
phase difference between adjacent channels, so that the phase of the interference signal is
deterministic. This can be removed at the receiver with proper signal processing. This
interference control may be achieved by replacing the typical bank of free-running lasers
in a conventional WDM system with one or more coherent comb sources [11], or by
generating the subcarriers digitally before optical modulation [12].

f
> -

1, 111, (AN,

—{ moD |—
Mul_tl- MOD
LD carrier —>
generator :
L J
MOD

>

Fig. 1.4.1 Coherent optical multicarrier generator
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The transmitter setup using a coherent multicarrier generator is shown in Fig.
1.4.1. Here, the CW light-wave coming out of the laser diode first goes through a
multicarrier generator to obtain mutually coherent subcarriers. Next, an optical
demultiplexer is used to separate the subcarriers. After that, each subcarrier is modulated
with an independent optical modulator. The modulated subcarriers are finally combined
by a multiplexer for transmission.

A typical implementation of a multicarrier generator is illustrated in Fig. 1.4.2,
also referred to as comb generator. The comb generator consists of a CW laser and two
consecutive Mach-Zehnder modulators (MZM) driven by a high frequency sinusoidal
wave. The first MZM works as an intensity modulator while the second MZM is
configured as a phase modulator. The frequency of the sine wave determines the
frequency spacing of the generated comb carriers. By carefully adjusting the modulation
indices of the DC bias of the IM modulator and the relative phase delay between the
signals driving the two modulators, a group of flattened coherent subcarriers are
generated. In this type of setup, each optical subcarrier must be modulated by an
independent electro-optic modulator for data encoding. This setup may become
impractical when there are a large number of optical subcarriers. In these instances,
several electro-optic external modulators would be required, which would therefore

increase the system cost.
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Another way of generating multiple mutually coherent subcarriers is to utilize
digital electronic circuits. The transmitter configuration is shown in Fig. 1.4.3, where data
is directly modulated onto different subcarriers and aggregated in digital domain. The
digital signal is then converted into analog domain through DACs, and subsequently used
to drive an electro-optic modulator. In this case, only a single electro-optic modulator is
used for the composite signal, which contains multiple subcarriers. However, the
bandwidth of the modulator has to be wide enough to accommodate all the subcarrier
channels. In order to have the ability to modulate both the intensity and the phase of the
optical signal simultaneously, a pair of independent DACs is needed to drive the two
electrodes of an electro-optic modulator. This modulator could be either an IQ modulator
or a dual drive MZM, depending on the modulation technique applied on each subcarrier

channel.
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Fig. 1.4.4 Configuration of direct detection

The detection method of multicarrier systems can be either direct detection or
coherent detection. Fig. 1.4.4 illustrates the configuration of a direct detection setup.
Because the frequency spacing between subcarrier channels is very narrow and a typical
demulplexer is not fine enough to separate them, the received optical signal usually

passes through an asymmetric Mach-Zehnder interferometer. This serves as a frequency

17



interleaver to separate the odd and even channels. Demultiplexers with large channel
counts, such as AWGs, are then used to further separate the channels. This receiver can
perform the function of matched filters under the condition that the phases of all the
subcarriers are precisely controlled. The phase control can be done by shifting the phase
of adjacent carriers by m/2, so that interference between them can be eliminated by the
receiver [13]. Because the interference from adjacent channels has the largest influence
on the signal, it is important that the phase control of the optical carriers obtain crosstalk-
free channel extraction. After the channel separation, each individual subcarrier channel
can then be detected by a separate photodiode.

In the case of complex modulation in which data is carried both by the optical
intensity and by the optical phase, coherent detection will have to be used at the receiver.
The configuration of a coherent detection receiver is shown in Fig. 1.4.5. With coherent
detection, the optical field is detected and the optical spectrum is linearly mapped onto
the electrical domain. Subsequently, subcarrier separation can be performed digitally, in
conjunction with other data recovery functions such as dispersion compensation,

equalization and carrier recovery.
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Fig. 1.4.5 Configuration of coherent detection
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1.5 Summary of the dissertation

To improve performance tolerance to transmission impairments such as chromatic
dispersion and PMD, optical multicarrier systems were first introduced around 2002 [14].
Here, a high speed data channel was partitioned into multiple low data rate subcarrier
channels. In early works such as these, subcarriers were multiplexed and demultiplexed
in RF domain using analog devices, with a spectral guardband required between
subcarrier channels to minimize the crosstalk between them. As a result of the fast
advance of digital electronics such as DAC/ADC and DSP, high spectral efficiency
multicarrier systems were introduced into optical communication, which allowed a
spectral efficiency of 1 bit/s/Hz with binary modulation and can be further increased by
multilevel modulation formats.

Both direct detection and coherent can be used at the receiver of modern optical
multicarrier systems. Direct detection utilizes only 50% of the available bandwidth to
avoid the impact of inter-mixing between subcarrier channels. This topic will be
expanded upon in the next section. Coherent detection, on the other hand, has better
spectral efficiency and channel selection flexibility. In comparison to multicarrier
systems in wireless communication, several different issues have to be taken into
consideration for its application in high-speed optical communication. For example,
phase noise of laser diode and chromatic dispersion in the fiber will impact signal
equalization and carrier recovery. Furthermore, amplified spontaneous emission noise
from optical amplifiers and nonlinearity of optical fibers will introduce signal

degradation and crosstalk. Thus, advanced DSP algorithm to improve data recovery in
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optical coherent detection is arguably one of the hottest current topics in the
communication research and development communities.

A detailed analysis of optical field evolution along the optical transmission
system, which consists of the concatenation of various optical and electronic functional
components, can provide a clear understanding of the operation and degradation
mechanisms of components and their subsequent impact on the system performance. To
this end, Chapter 2 will provide the necessary analytical equations that describe every
section of the system, as well as their influence on the overall system performance.

As demonstrated in section 1.3 and 1.4, OFDM and pulse shaping filtering are
two approaches to achieve high spectral efficiency in modern multicarrier systems. For
OFDM systems, IFFT/FFT and digital subcarrier multiplexing (DSCM) are two ways to
distribute data onto the subcarriers.

In FFT-based OFDM, the data stream is first mapped into a 2-D array. An IFFT is
then performed such that each column of the data array becomes a subcarrier channel. In
this way an OFDM symbol is usually partitioned into different subcarriers [15]. At the
receiver, an FFT process is used to convert the 2-D data array back into frequency
domain and the original digital signal is reconstructed through parallel to serial
conversion. An FFT-based OFDM system is demonstrated in Chapter 3, in which direct
detection was utilized at the receiver. For the first time, the present research demonstrates
a compatible single-side modulation was implemented to achieve the same spectral
efficiency as coherent detection. The system with 11.1 Gb/s data rate was tested through
a 675km SMF transmission, and the impacts of chromatic dispersion, nonlinearity and

modulator bias are discussed and analyzed in subsequent chapters.
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In DSCM-based OFDM, subcarrier channels are digitally generated and linearly
up-converted to an optical carrier by an electro-optic IQ modulator. This allows a higher
degree of flexibility in bandwidth allocation and scalability in data rate granularity, while
maintaining high bandwidth efficiency. The receiver with coherent detection has the
flexibility to dynamically select a different number of DSCM channels in the detection
without the need to change system configuration. The bandwidth requirement in the
receiver can be reduced if only a subset of subcarrier channels is to be detected instead of
the entire OFDM frame. A DSCM-based OFDM system is demonstrated in Chapter 4,
with an accompanying exploration of the impacts of DSCM channel spacing and time
mismatch between subcarrier channels.

The use of a pulse shaping filter to limit the spectrum of the modulated signal is
the alternate way to achieve high spectral efficiency. By limiting the bandwidth of each
channel to the symbol rate, 1 baud/s/Hz spectral efficiency could be achieved without
overlapping adjacent channels. Various optical or digital electronic filters have been
adopted in research papers [5, 6]. In Chapter 5, a Nyquist-WDM system is demonstrated,
in which a pair of Nyquist filters were used for pulse shaping and channel selection at the
transmitter and receiver. This chapter also includes an investigation of the transmission
performance of this system.

Lastly, in Chapter 6 includes a summarization of the dissertation, and provides
guidelines for the modern multicarrier system design in different transmission

environments.
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2. Optical multicarrier systems

To increase the system capacity and to make more efficient use of the available
bandwidth in optical fiber transmission, the frequency spacing between DWDM channels
has been continuously reduced in recent decades. Furthermore, multilevel modulation
formats for the transceivers and long fiber spans between optical amplifiers in the
transmission line require high optical powers per channel to satisfy signal-to noise ratio
(SNR) requirements. The high per-channel optical power in the fiber and the narrow
spacing between channels give rise to ISI within each subcarrier, as well as to inter-
channel crosstalk between subcarriers. The unique transmission characteristics of optical
fiber that include linear and nonlinear impairments also influence the performance of
optical multicarrier systems. Thus, this chapter presents the theoretical analysis based on
fundamental physical mechanisms of optical multicarrier systems. Additionally,
numerical simulations will be used to analyze the performance limits introduced by
various impairments.
2.1 Transmission equations of optical multicarrier systems

To obtain a system level perspective on the optical field evolution of a
multicarrier system in fiber-optic transmission, it is first necessary to build a model that
includes all sources of signal distortion from the transmitter all the way to the receiver
through the transmission fiber. The causes of distortion on the received signal waveform
can be pulse shaping filtering, chromatic dispersion (CD), polarization mode dispersion
(PMD), or fiber nonlinearity. And at the receiver, we can classify the distortion into two

categories, namely ISI and inter-channel crosstalk.
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Because optical waveform changes with time and the impairments introduced by
optical fiber accumulate over the transmission distance, optical filed can be defined as a
two dimensional variable as a function of both time and distance. In a multicarrier system,
each subcarrier channel is assigned a unique sub-wavelength. The interplay between
different sub-wavelength channels is also an important issue in the analysis. For
convenience, the definitions of variables used in the model are listed below:

z: distance along the optical fiber;
t: time frame of the optical signal;
k: the number of sub-wavelength channel;
m: the number of symbol.
First, we define Ej(z,7) as the optical field of the 4, subcarrier. The optical signal

coming out of the multi-carrier laser source at z=0 can be written as follows.

E, (0,8) = [P, exp(jw,t + ¢,) 2.1.1)
Here, Py is the average power, oy and @k are the frequency and initial phase of the &,
subcarrier channel. Next, an information symbol 4y, is encoded onto the optical carrier

through an electro-optic modulator, where A ,, denotes the m;, symbol on the &, channel.

A can be real or complex depending on the modulation method.

E(0,0)= Y [P A, exp(jo,t + ) (2.1.2)
After modulation, P, becomes the peak optical power of the k; channel, and the
spectral bandwidth of each subcarrier channel is determined by the speed of modulation.

In order to make full use of the limited optical bandwidth, the spectrum of each

subcarrier channel can be made narrower through pulse shaping with a band limiting
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filter. Both digital and analog filters can be used. Adding the filter impulse response /()

to Eq. (2.1.2), we have:

E (0,1) = { i\/ﬁ A, exp(jo,t + ¢, )} x1,(1) (2.1.3)

Here, * denotes convolution. It is then possible to add all the subcarriers together to

obtain the total optical field at the transmitter output:

E(0,1) = i[ i JB A, exp(jo,t + ¢, )} «1(f) (2.1.4)

k=1 |_m=—o0
This optical signal will be launched into optical fiber for transmission. H jannei(z,2) is used
to denote the total impulse response of the transmission fiber, which includes chromatic
dispersion, PMD and fiber nonlinearity. At the receiver, a matched filter is added to
select the channel of interest, which is defined as Q7). The fiber attenuation coefficient

a is also included in Eq. (2.1.5). Thus, the g, channel at the receiver after channel

selection can be expressed as follows.

k=1

E (z,0) = {i{ i\/ﬁkeXp(—Oz)Ak,m exp(jat + ¢, )} * Ik(t)} *H e (2,1) ¥ O, (1)

(2.1.5)
Eq. (2.1.5) fully represents the evolution of the optical field of a multicarrier system
through fiber-optic transmission. To make it concise, it is possible to combine the pulse
shaping filter, channel impulse response and receiver filter to one impulse response H(t)
which is defined as,

H(z,t)= IFFT[FFT(I(t))- FFT(H,,,,.,(z,1)) - FFT(Q(?))] (2.1.6)

According to the central wavelength of the pulse shaping filter and receiver matched

filter, we can define the subscript of H(¢) such that,
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H, (z,t)= IFFT|FFT(I,(1))- FFT(H i (2,0)) - FFT(Q, (1))
H, (z,t)= IFFT|FFT(I,(1))- FFT(H i (2,0)) - FFT(Q, (1))
In these equations, H (z, t) represents the selection of the desired ¢, channel, whereas
H, . (z,t) represents the crosstalk from the &y channel. Taking the multi-channel effect

H(?) into Eq. (2.1.5), the electrical field of the selected g, channel is therefore,

J ©
E (z,1)= Z Z\/erxp(—oa)/lk’m exp(jo,mT + ¢ )H, (z,t —mT) (2.1.7)

k=1 m=—0
Where T is the symbol period, decompose Eq. (2.1.7) into the channel of interest and
crosstalk from other channels,

E (z,t) = i\/ﬁqexp(—m)Aq’m exp(gp,)H, (z,t —mT)
" (2.1.8)

+ > Y JP exp(-c2) 4, , explj(e, — ,)mT + @, -9, 1H, (z,t —mT)

[p—

In Eq. (2.1.8), the first term on the right-hand side (RHS) represents the channel
of interest including the impact of ISI, and the second term on the RHS is the crosstalk
from all other channels.

In digital transmission, the analog signals that reach the receiver need to be
digitized and sampled for symbol decision and data recovery. Furthermore, because the
symbol decision is made only based on finite sampling points made at the optimum phase
within each symbol, Eq. (2.1.8) was sampled at a sampling rate equal to the symbol rate.
By setting r=nT, we have the following:

E (z,nT) = Z\/quxp(—oz)Aq’m exp(p,)H,  (z,nT —mT)
" (2.1.9)

+> Y P exp(-a2) 4, , expl (@, — 0, )mT + ¢, —9,H, ,(z,nT —mT)

k#q m=—0
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After sampling the received signal, it is then possible to further decompose the first term

on the RHS of Eq. (2.1.9) into signal of interest and ISI.

E, (z.nT) =[P, exp(-az)4,,, exp(p,)H, ,(2.0)

+ 3 [P, exp(-az)4,,, exp(p,)H, , (z.nT ~mT) (2.1.10)

m#n

+z Z\/erxp(—oz)Ak,m explj(o, —o,)mT +¢, — @, ]Hk’q(z,nT—mT)

kg m=—so
The three terms in Eq. (2.1.10) clearly represent the signal (first term on the RHS),
ISI (second term on the RHS) and crosstalk (third term on the RHS), which determine the
quality of the performance of sampling and symbol decision.
Next, in order to compare the magnitudes of ISI and crosstalk comparing to the
signal of interest which demonstrate their impacts in the sampling and decision, the

signal to crosstalk power ratio (SCPR) and signal to ISI power ratio (SIPR) is defined as:

2
P —az)A H ,0
. WP, exp(-a2)4,, exp(p,)H,,,(2.0) (2.1.11)

2

> 3P exp(-c2) A, expl j(o, — @, )mT + ¢, —¢,1H, (z,nT —mT)

k#q m=-0

2
app NP exp-aR) A, explp)H, (20

(2.1.12)

2

Z\/?qexp(—oa)Aq’m exp(p,)H, (z,nT —mT)

m#n

To simplify the analysis, it is assumed that the input average powers in all the
subcarrier channels are equal; the channel spacing is integer multiples of the symbol rate;
and the receiver filter is matched to the pulse shaping filter in the transmitter to minimize

noise impact. These ideal conditions can be summarized as:

w, —w, =27p/T , where p is an integer;
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Q. () =1.(1);3
H ehannei(z,0)=1.

Because the average modulus of A4, on each subcarrier channel is the same, the
parameter dependence on the data pattern Ay, in Eq. (2.1.11) can be eliminated. Thus,

the SCPR and SIPR can be simplified into the following:

O 4
SCPR = ‘Qq( )‘ - (2.1.13)
‘Z ZHk’q(Z,nT—mT)
0 4
SIPR = ‘Qq( )‘ (2.1.14)

2

ZHM(Z,nT—mT)

m#n

In order to find the general rules of SCPR and SIPR in the ideal situation, the
SCPR and SIPR were calculated as a function of filter bandwidth/symbol rate in a system
with 10 subcarrier channels using a Sinc filter on each channel. The results are plotted in
Fig. 2.1.1 and Fig. 2.1.2 in which the filter bandwidth was the variable. Because of the
ideal situation, ISI is small when the filter bandwidth is much larger than the symbol rate.
Oppositely, crosstalk is small when the filter bandwidth is much smaller than the symbol

rate so different ranges were chosen for the horizontal axis.
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Fig. 2.1.1 Inter-symbol interference as the function of the filter bandwidth
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Fig. 2.1.2 Inter-channel crosstalk as the function of the filter bandwidth
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From the plot, it is evident that normalized ISI represented by SIPR increases with
the filter bandwidth. On the other hand, normalized inter-channel crosstalk represented
by SCPR has a stronger impact when the filter bandwidth is smaller than the symbol rate,
which is in agreement with Nyquist theorem.

The above results are for ideal filters in the transmitter and receiver and ideal
transmission channel. However, in the real systems, the transfer function of the channel is
unknown at the receiver. It is therefore only possible to make the matched filter at the
receiver equal to the pulse shaping filter at the transmitter. With this in mind, the
following is true;

0, (1) =1,(1)

When designing the matched filters at the receiver, it is therefore important to
consider degradation introduced through channel transmission impairments. In the
following sections, the impacts of filter shape are discussed, as well an examination of
transmission impairments caused by chromatic dispersion (CD) and fiber nonlinearity.
Finally, in section 2.6 we will summarize the dominant factors for different data rates and
transmission lengths.

2.2 Impact of filter shape

As previously discussed, in order to make full use of the available optical
bandwidth, the spectrum of each channel has to be confined and the width has to be as
narrow as possible. Pulse shaping filters are widely used for this purpose. Boxcar, raised
cosine, and Nyquist are the most common filters used in digital communication for pulse
shaping. In this section, a theoretical investigation of the general properties and impact in
multicarrier optical systems is examined in great detail.
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First, the impulse response of a boxcar filter is:

1 <t
(1) = % (2.2.1)
0 > 5y

From Fig. 2.2.1(a), it is evident that the boxcar filter does not introduce ISI because the
energy in one symbol does not leak into other symbols. But, the frequency response of
boxcar filters shown in Fig. 2.2.1(b) indicates that the spectrum of one channel may

overlap with other channels, so crosstalk may be introduced.

-T2 0 T2

AL A A
VY,

(a) (b)

Fig. 2.2.1 Boxcar filter: (a) impulse response; (b) frequency response.

However, when the channel spacing equals to the symbol rate, which is the
situation in OFDM systems, the crosstalk can be removed by integration in the receiver.
Another widely used pulse shaping filter in digital communication is square-root

raised cosine (SRRC) filter. Its impulse response can be written as:
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sin(;z;(l _ ,B)j + 4,B;cos[7r;(1 + ﬂ))

i3]

h(t) =

In Eq. (2.2.2), B is the roll-off factor. SRRC filters can be used at both the
transmitter and the receiver to minimize the impact of noise. The concatenation of
transmitter and receiver SRRC filters is equivalent to a raised cosine filter. Thus, its

impulse response and frequency response with different roll-off factors are described in

Fig. 2.2.2.
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Fig. 2.2.2 SRRC filter: (a) impulse response; (b) frequency response.

Nyquist filter is another commonly used filter in communication systems. The
major purpose of applying a Nyquist filter in the transmitter is to shape the pulse and
limit the bandwidth of the channel. On the other hand, the purpose of the filter in the
receiver is to perform channel selection and noise reduction. Therefore, different forms of
Nyquist filters are usually used in the transmitter and the receiver. The typical transfer

function of a Nyquist filter in the transmitter is:
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Fig. 2.2.3 shows the transfer function of the transmitter Nyquist filter with different roll-

off factor B values.

151 | —beta=0
———bheta=0.25
""""" beta=0.5
— = -bheta=0.75
;’
1 L i a
/]
i
L .
I i
i 1
l B | :
05} o : :
: 1
| | s -
it 2 1
I 1
121 =
I } !
-y
0 | : oo H
-2 -1 0 1 2
Frequency (Hz) x 10°

Fig. 2.2.3 The transfer function of the transmitter side Nyquist filter

The transfer function of a Nyquist filter in the receiver is usually expressed as:
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The receiver Nyquist filter transfer function is plotted in Fig. 2.2.4 with different roll-off

factor B values.
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Fig. 2.2.4 The transfer function of the receiver side Nyquist filter
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In digital communication, a pair of filters is used in the transmission line, which is
located at the transmitter and receiver respectively. The filter in transmitter is for the
pulse shaping, which controls the spectral bandwidth of the modulated signal; the filter in
receiver is for the noise elimination which filters out the out of band noise. To avoid ISI,
the product of the two filters has to meet the Nyquist criterion. Furthermore, to minimize
the noise impact, the shape of the two filters should be similar. So, although the ultimate
goal is the pulse shaping for band-limited channel, it is important to consider both the
transmitter and the receiver.

This section introduced three widely used filters, boxcar filter, raised cosine filter
and Nyquist filter. Abovementioned, boxcar filter has a rectangular impulse response and
infinite frequency transfer function. As a result, it can only be used for extremely low
data rate channels for which the system bandwidth is much larger (more than 100 times)
than that of each channel. Additionally, because of the steep edge of the impulse response,
boxcar filters can only be realized in digital domain. OFDM system is an example of
boxcar filter application in digital communication. A raised cosine filter is an
approximation of the ideal Sinc filter, but because it has a smooth edge in frequency
domain, which makes it realizable by electronic or optical materials. Because of the
nonideal shape of raised cosine filter, it introduced both ISI and crosstalk to multicarrier
systems, but it is still widely used for the easy realization. Nyquist filter is another
approximation of Sinc filter, but it has a different shape for the transmitter and receiver.
The concave top in the transmitter can compensate for the convex shape of the modulated
signal, which gives the output of the transmitter a rectangular spectral shape, thus

ensuring the zero ISI.
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The roll-off factor of pulse shaping filters has a great influence on the
transmission performance of multicarrier systems. In order to see the impact
quantitatively, the numerical simulation of a multicarrier system with 10 subcarrier
channels using Nyquist filter is calculated. The channel spacing between subcarrier
channels is 1GHz, the data rate on each subcarrier channel is 1Gb/s using binary

modulation, and the optical signal to noise ratio (OSNR) at the receiver is set to 10dB.

10

BER

0 01 0.2 03 04 05
roll-off factor

Fig. 2.2.5 BER vs. filter roll-off factor in a multicarrier system

The bit error rate (BER) with different filter roll-off factors in a back-to back
transmission is calculated in Fig. 2.2.5, The plot indicates that the BER increases rapidly
with a roll-off factor greater than 0.1. In order to obtain zero inter-channel crosstalk, zero

roll-off is required. Because of the response time of electronic and optical components,
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the zero roll-off Nyquist filter cannot be realized by electrical or optical filters with
current techniques. To solve this problem, digital filters that are capable of producing
steep edges in frequency domain are widely used in modern optical multicarrier systems.
2.3 Impact of chromatic dispersion

When optical signal propagates along an optical fiber, different frequency
components within the optical signal propagate at slightly different speeds. This
frequency-dependency of propagation speed is commonly known as the chromatic
dispersion (CD). In high data rate systems, the influence of CD may be significant
because the transmitted signal occupies a wide optical bandwidth. Meanwhile, the system
tolerance to chromatic dispersion is reduced at a high data-rate because the temporal
length of each bit is short. In traditional 10Gb/s and 40Gb/s optical systems, dispersion
compensation is commonly used. Here, CD in the transmission fiber is compensated by a
dispersion compensator, which contains the opposite sign of chromatic dispersion as the
transmission fiber. Popular dispersion compensators include dispersion compensating
fibers (DCFs) and passive optical components, such as fiber Bragg gratings (FBG). In
recent years, the rapid advance of digital electronic circuits enabled high speed digital-
signal processing has allowed the dispersion compensation to be accomplished in the
electrical domain. Additionally, advanced optical and electrical modulation formats have
made electrical-domain CD compensation realistic and more efficient.

Theoretically, chromatic dispersion can be treated as a frequency chirp added to
the optical signal. The transfer function of a dispersive component such as an optical

fiber can be expressed as:

H ey (z,0) = exp(j %ﬂzwzz) (2.3.1)
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In Eq. (2.3.1), B; is the group delay dispersion parameter. The frequency chirp makes
pulse broadening after transmission, which is described in Fig. 2.3.1. In the plot, a
Gaussian pulse is transmitter through a single mode fiber (SMF). T stands for the pulse
width and 7p as the initial pulse width, with z representing the transmission distance and

T 2
L, =2 defined as the CD length.
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Fig. 2.3.1 Pulse broadening after transmission (REF [2])

To see the influence of CD in optical multicarrier systems, it is possible to add
fiber to the system discussed in section 2.2 and set the roll-off factor to 0 and 0.1. The

BER values at different transmission distance are plotted in Fig. 2.3.2. In this calculation,
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only CD is considered in the fiber, with the dispersion parameter D as 16x10°s/m* (D = -

2meB?/A%, ¢ is the speed of light in free space, A is the wavelength).
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Fig. 2.3.2 Impact of CD in multicarrier system

The curves in Fig. 2.3.2 show that CD can significantly reduce system
performance as transmission distance increases. When the distortion from CD becomes
dominant, the advantage of low roll-off filters will be diminished. Therefore, in modern
multicarrier systems, equalization algorithms are often used for dispersion compensation.
24 Impact of fiber nonlinearity

Kerr effect nonlinearity is introduced by the fact that the refractive index of an

optical material is often a weak function of the optical power density:
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11:110+112i (2.5.1)
eof

Here, ny i1s the linear refractive index of the material 7, is the nonlinear index, P is the
optical power, and 4.4 is the effective cross-section area of the optical waveguide. P/ 4.y
represents optical power density. Kerr effect results in three major nonlinear distortions
to the transmitted signal: self-phase modulation (SPM), cross-phase modulation (XPM),
and four-wave mixing (FWM).

SPM adds a nonlinear phase shift to the optical field, which follows the time-
dependent change of the optical power. The introduced frequency shift is the first order
derivative of the phase change, and therefore it is introduced primarily at the leading edge
and the falling edge of signal optical pulses. This frequency shift broadens the signal
optical spectrum. Together with the chromatic dispersion, it introduces additional group
delay mismatch between the leading and falling edges of signal pulses, and therefore
creating waveform distortion.

In the discussion of SPM, only one wavelength channel is considered, and its
optical phase is affected by its own intensity. If more than one wavelength channel
travels in the same fiber, XPM and FWM will also be introduced by Kerr effect. XPM is
similar to SPM in that both create a nonlinear phase shift to the signal, but XPM instead
creates the shift through the optical power change of other channels. It also requires
chromatic dispersion to convert this nonlinear phase shift into waveform intensity
distortion. FWM can be understood through the simplest case in which two optical
carriers co-propagate along an optical fiber. In this instance, the beating between the
carriers modulates the refractive index of the fiber at the frequency difference between

them. Subsequently, all the optical carriers, including the original two, will be phase-
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modulated by this frequency, creating extra modulation sidebands. When there are only
two optical carriers in the fiber, four modulation sidebands will be generated through the

FWM process, hence the name “four-wave mixing”.
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Fig. 2.4.1 Impact of nonlinearity in multicarrier system

Add the influence of fiber nonlinearity into the system in section 2.3 and set the
nonlinearity index coefficient n, to 26¢*' m*/W, input power to 0dBm for each subcarrier
channel, the result is Fig. 2.4.1. In comparison with Fig. 2.4.1, nonlinearity impairments
further decreases the system performance in Fig. 2.3.2. Furthermore, the system with

higher roll-off filter has more degradation. Since the nonlinearity effect is unavoidable in
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fiber-optic transmission, the designing of pulse shaping filter in multicarrier system has
become a research area of high focus.
2.5  Conclusion

This chapter included an examination of the optical multicarrier system, with
analytical equations providing an explicit understanding and illustration of the physical
mechanism of the system. The influence of filter bandwidth on ideal system was
demonstrated in section 2.1, which further confirmed the minimum frequency bandwidth
requirement for a zero ISI and zero crosstalk multicarrier system. The investigation of the
impacts of pulse shaping filter and fiber impairments provided a theoretical foundation

for optical multicarrier system design.
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3. FFT-based optical OFDM system

Through detailed investigation, multi-carrier systems have been shown potential
in the improvement of the performance of long-distance optical fiber transmission. With
the rapid progress of high-speed digital electronic circuits, including ADC and DAC in
recent years, FFT-based OFDM for high-speed optical systems became possible. In
addition to the increase of optical bandwidth efficiency compared to that in analog SCM
systems, other digital signal processing techniques can be applied to reduced inter-
symbol interference through equalization, as well as through pre- or post- digital
compensations. As a well-studied digital modulation method, FFT-based OFDM has the
capability to support various advanced electrical and optical modulation formats. FFT-
based OFDM also is capable of utilizing various digital signal-processing algorithms [16]
in order to achieve higher spectral efficiency and better system performance for high-
speed optical transmission. FFT-based OFDM optical systems with both coherent-
detection and direct-detection have been demonstrated with single sideband (SSB) optical
spectrum to reduce the impact of fiber chromatic dispersion and make full use of the
optical bandwidth. While coherent detection provides better spectral selectivity and
receiver sensitivity, direct detection has a much simpler system configuration. This
configuration avoided the requirement of an optical local oscillator and the associated
stabilization and phase/polarization diversity apparatus.

It is commonly known that in an OFDM receiver with direct detection, signal in
the optical domain are down-converted into RF domain through the mixing with the
optical carrier in the photodiode. But in the same process, subcarrier channels within the

same OFDM band may also mix with each other generate crosstalk between them. To
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avoid this signal-signal beat interference (SSBI), a spectral guard-band between the
optical carrier and the OFDM subcarriers has to be reserved with the same bandwidth as
the OFDM signal [17]. This is commonly referred to as offset—SSB modulation.

Offset-SSB modulation not only reduces the bandwidth efficiency, but also
wastes approximately 50% of the DAC and ADC capabilities in the transmitter and the
receiver. Theoretically, this problem can be solved by encoding the information into the
exponential envelope of the optical signal [18], which eliminates the nonlinear mixing
among OFDM channels in the photo-detection process. Therefore, the guard-band
between the optical carrier and the OFDM subcarriers is unnecessary. This compatible-
SSB modulation has the least complexity in comparison with other techniques involving
the removal of the guard-band [19, 20].

The implementation of optical SSB modulation is another important issue in the
transmitter of an OFDM system. The most straightforward technique is to use a simple
intensity modulator and a narrowband optical filter to select one from the two redundant
optical sidebands. Other techniques involve the use of Hilbert transform in both the RF
and the optical domains to suppress the unwanted optical sideband. Ideally, an optical 1Q
modulator can directly translate complex RF signals into optical domain [18], whereas a
more traditional dual-drive MZM can also be used with appropriate digital signal
processing to obtain real-valued electrical signals to drive the two modulator arms [21].

This chapter presents a theoretical and experimental systemic investigation of
compatible-SSB modulation technique in long-distance FFT-based OFDM transmission.
The system uses a traditional dual-drive MZM in the transmitter and direct detection in

the receiver. The primary focus is on the simplicity of implementation while still
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maintaining the desired transmission performance. The experimental setup utilizes a
commercial optical transmitter initially designed for 10 Gb/s binary optical transmission
with electrical-domain pre-compensation (eDCO) [22], which is equipped with two
22.2Gs/s DACs and a dual-drive MZM. Although an IQ modulator has been previously
suggested for a compatible-SSB system [18], results from the present study indicate that a
simple dual-drive MZM provides comparable performance for this particular modulation
format. Furthermore, it is evident that system transmission performance can be improved
by appropriate digital pre-compensation in the transmitter to correct the nonlinear transfer
characteristics of the MZM. After performing a detailed analysis on the impact of the
MZM bias variation and the optical modulation index, results indicate that high
modulation index is preferred for noise limited systems. On the other hand, a lower
modulation index is required for uncompensated long-distance systems with significantly
large chromatic dispersion. The impact of nonlinear SPM has also been investigated in
this system. Because compatible-SSB modulation eliminated the requirement of the
guard-band between the carrier and the OFDM signal sideband, the overall optical
bandwidth is 50% narrower than the offset-SSB modulated OFDM system of the same
data rate. Consequently, the tolerance to nonlinear SPM is also improved.
3.1  Principle of operation

In general, an OFDM optical signal can be expressed by a summation of a central

optical carrier and multiple subcarriers:

N-1
X(f) = A0[1 + > X, exp( j27zkAﬁ)} el (3.1.1)
k=0

In this equation, @y is the optical carrier frequency, Ay is the optical carrier amplitude, N

is the total number of subcarrier channels and Af is the frequency spacing between
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adjacent channels. X, = 4,¢’* is the normalized complex QPSK/QAM data symbol on

the ky carrier with 4; and 6 representing the magnitude and the phase, respectively.
Therefore, the bandwidth of the OFDM sideband is NV - Af .

At the optical receiver, the photo-detector performs square-law detection, and the

photocurrent is proportional to the received optical power:

N-1 2
1(t) =4[ 1+ X, exp(j27knfi (3.1.2)
k=0
Here, 7 is the photo-detector responsivity. While the useful RF spectrum comes from the
mixing between the optical carrier and the OFDM subcarriers whose amplitude is

proportional to X , » mixing also happens among subcarrier channels producing crosstalk
with the amplitude proportional to X ,.)N( ;(,j=1,2 .... N). The frequency of this inter-

mixing crosstalk spreads over the RF bandwidth between DC and N - Af . To avoid the

contamination of the OFDM signal from this signal-signal beating interference, the
OFDM signal subcarriers must be offset to higher frequencies in order to reserve a
sufficient guard-band between the optical carrier and the signal sideband. Fig. 3.1.1
illustrates the optical and electrical spectra of the offset-SSB modulation for an OFDM
system in which the 6GHz guard-band is equal to the OFDM signal sideband. After direct
detection in a photodiode, the guard-band in the electrical domain is filled with signal-
signal beat interference noise. The requirement of the guard-band obviously reduces the

spectral efficiency by a factor of 2. Also, the DAC in the transmitter must have twice the
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Fig. 3.1.1 Spectra of offset modulation (a) optical single-sideband spectrum, and (b)

electrical double-sideband spectrum after square law detection

47



bandwidth of the OFDM signal, which often imposes the upper limit on the overall data
rate the transmitter can support.
Compatible-SSB modulation encodes the OFDM data onto the exponential

envelope of the optical field, which can be expressed as:
N-l _

X(t) =4, exp[z X, exp(j27rkAft)} e’ (3.1.3)
k=0

After the square-law detection in an optical receiver, the photocurrent is:

~ 2 Nﬁl ~

i (1) =n|4,| exp{2z X, exp( j27rkAﬁ)} (3.1.4)

k=0

This avoided the nonlinear mixing among the OFDM subcarriers in the detection process
as illustrated by Fig. 3.1.2. By applying a square root operation and a nature log operation,
the original OFDM signal can be digitally recovered. Therefore, with compatible-SSB
modulation and direct detection, a guard-band is not needed, and the OFDM signal can

occupy the entire DAC bandwidth starting from almost DC.
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Fig. 3.1.2 Spectra of compatible-SSB modulation (a) optical single-sideband spectrum,

and (b) electrical double-sideband spectrum after square law detection

The optical signal of compatible-SSB modulation can be generated through an
ideal I/Q modulator, which directly translates the complex electrical waveform into
optical domain [18]. However, since the OFDM signal is encoded as an exponential term
as indicated in Eq. (3.1.3), the negative part of the optical field envelope cannot be
explored. From that point of view, one should also be able to use a simple dual-drive
MZM for the same functionality, while more cost effective and less complexity.

In order to derive the voltage waveforms to drive the dual-electrode MZM, it is

assumed that the OFDM signal in the electrical domain is G(t):]il X, explj2raf)- 1O
k=0

convert o(f) into single sideband, another waveform must be created:
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m(t) = o(t)+ jH[o(¢)], where H[ ] denotes Hilbert transform. For compatible-SSB optical
modulation, this single-sideband electrical signal is carried as an exponential term in the
optical signal, which is:

n(t) = exp[m(t)] = A(t)e™" (3.1.5)

The amplitude and phase of this optical signal is related to the original OFDM signal by

both [18]

A(t) = explo(1)] (3.1.6)
and

O(t) = H[o(1)] = H{n[4())]} (3.1.7)

For an ideally linearized modulator with two balanced electrodes, the intensity
modulation is proportional to the differential phase between the two arms, while the
phase modulation is proportional to the common-mode phase of the two arms. Therefore,
the optical signal required for compatible-SSB transmitter can be obtained through the

following equation:

(01 (t) - ¢2 (t) eXp J q)l(t) + §02 (t) — A(t)e/ﬂ)(t) (3.1.8)
2 2
The optical phases ¢; and ¢, of the two modulator arms should be [19]:
@,(t)=D(2) + A(r) (3.1.9a)
@,(1) = D(2) — A(?) (3.1.9b)

For practical dual-drive MZM biased at the quadrature point, the transfer function

between the CW input optical field £; and output optical field Eo(¢) is not perfectly linear:

E,(f) =2E, sin{Ago(t) + ﬂ exp j[g)o(t) - ﬂ (3.1.10)
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In this equation, ¢, (¢) = z[v,(t) +v,()]/2V, , Ap(t) = z[v,(t)—v,(1)]/2V, are the common-
mode and differential phase delay of the two MZM arms, respectively. v (f) and v,(¢) are
electrical signal voltage applied on the two electrodes, and V,is the voltage for a 7 phase
shift in the MZM power transfer function.

To take this nonlinear intensity transfer characteristic into account, the required

electrical signals on the two MZM electrodes should be written as:

v, (1) = L2 (0) + sin” (4()} (3.1.11a)
T

vy (1) = L2 (1) —sin ™ (4(0) + 7/ 2) (3.1.11b)
T

Unlike the use of an ideal I/Q modulator where the complex RF spectrum is
linearly translated into the optical domain [18], in a practical system using a dual-drive
MZM, both modulation index and the accuracy of bias setting are important parameters
affecting system transmission performance. A small modulation index can ensure the
linear operation and avoid the clipping from the MZM. But, the signal sideband will have
much lower power than that of the carrier if the modulation index is too small. Therefore,
the system will be vulnerable to optical noise. On the other hand, a high modulation
index will explore the nonlinear transfer function of the MZM, and clipping will occur at
the peak intensity of the OFDM signal. The interaction between these nonlinear
modulation effects and the chromatic dispersion in the transmission fiber will further
distort the waveform and introduce transmission performance degradation. Thus, the
optimal MZM modulation index usually depends on the fiber characteristics and the

transmission distance of the system.
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For a noise-limited system, higher modulation index can help to reduce the
carrier-to-signal power ratio and therefore improve the system performance. Yet, if the
system is limited by the chromatic dispersion, the modulation index cannot be too high. If
this is the case, the sideband suppression ratio of the signal will deteriorate and high-
order harmonics will increase in the spectrum. Fig. 3.1.3 shows two examples of optical
spectra with low and high optical modulation indices. Obviously, when the modulation
index is increased from 10% to 40%, the power in the OFDM sideband increases by 6dB.
However, at the same time, frequency components at high-order harmonics, as well as in
the image sideband, are increased dramatically due to the nonlinear transfer function and
clipping of the MZM. Therefore, the system will become vulnerable to chromatic
dispersion in the system. Throughout the analysis, the modulation index is defined as the

RMS voltage of the OFDM signal divided by the V; of the modulator.
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Fig. 3.1.3 Optical spectra of compatible-SSB OFDM signal with small modulation index
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3.2 Experimental setup

In order to experimentally investigate the compatible-SSB modulated OFDM
system for long-distance fiber-optic transmission, a transmission test-bed using an optical
re-circulating loop has been established. Fig. 3.2.1 shows the block diagram of the
experimental setup. The OFDM signal is generated by an offline program in MATLAB.
An 11.1 Gb/s serial data is mapped onto QAM-4 format, and then loaded onto 64
subcarriers by serial-to-parallel conversion. We have used N = 256 block in the IFFT
operation so that the minimum sampling rate is 4 bits per period. The OFDM subcarriers

occupy inputs 65 — 128 while the complex conjugate of the OFDM subcarriers are loaded
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into inputs 129 — 192 in a reverse sequence. This data mapping insures that the time-
domain signal has real values after the IFFT operation. Inputs 1 — 64 and 192 — 256 are
padded with zeros to fill up the entire 256 IFFT block. Two training symbols are inserted
at the beginning of the OFDM symbol for timing synchronization and digital equalization.

In the experimental configuration below, a commercial optical transmitter
provided by Nortel is used, which was initially designed for 10 Gb/s binary optical
transmission with electrical-domain pre-compensation (eDCO) [22, 23]. This eDCO card
is equipped with two DACs with 22.2Gs/s sampling speed at 6-bits resolution and a 2'*-
long memory, so that it functions as a 22.2 Gs/s dual-channel arbitrary waveform
generator (AWG). The card is also imbedded with a tunable laser and a balanced duel-
drive MZM. By loading the digitally-created OFDM data into the eDCO memory, the

compatible-SSB optical signal is obtained.
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Fig. 3.2.1 Experimental configuration
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To test the long-distance transmission performance, a fiber-optic re-circulating
loop is used in the system. Each span of the loop consists of 75km uncompensated
standard single-mode fiber (SMF), two in-line EDFAs, and a 1-nm bandwidth tunable
optical filter to prevent saturation of in-line EDFA by the accumulated ASE noise. At the
output of the re-circulating loop, another EDFA is used as a pre-amplifier to boost the
signal optical power before it reaches the photodiode. The electrical signal output from
the photodiode is sampled and recorded by a real-time oscilloscope (LeCroy 8600A),
which has a 20 Gs/s sampling rate and 6 GHz analog bandwidth. Receiver signal-
processing functions, including synchronization, cyclic prefix removal, FFT, and
equalization are performed offline in a MATLAB program. In order to evaluate the
required optical signal to noise ratio (R-OSNR) for different system configurations and
settings, noise loading is used in the experiment, in which a controllable amount of ASE
noise generated by an EDFA without input is added to the optical signal at the receiver by
an optical coupler.

It is worthwhile to note that with QAM-4 data format using compatible-SSB
modulation, the 11.1 Gb/s data signal only occupied approximately 5.5GHz. While this
eDCO transmitter card is capable of delivering 22.2 Gb/s data rate, the system capacity
described here is primarily limited by the real-time oscilloscope at the receiver, which
only has 6GHz analog bandwidth.

3.3  Results and discussion

Based on the operation principle described in section 3.1 and the system

configuration discussed in section 3.2, it is also possible to compile a numerical

simulation tool to investigate the properties of optical OFDM systems using compatible-
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SSB modulation. The transmitter model uses the same parameters as those in the
experiment, with 6-bits DAC at the sampling rate of 22.2Gs/s. The fiber transmission
model uses a split-step Fourier analysis, which includes chromatic dispersion and Kerr
effect nonlinearity in the fiber. The comparison between measured results and those from
numerical simulations provide help to better understand mechanisms of various system
degradation effects, as well as ways to optimize the system.
a. MZM bias setting and nonlinear equalization

As discussed in the previous section, a practical MZM has nonlinear transfer
characteristics. Driving waveforms given by Eq. (3.1.9) derived from the linear
approximation of the MZM transfer function [19] may introduce waveform distortions.
As a result of the digital implementation of the transmitter, this nonlinear transfer
function can be pre-compensated by using the driving waveforms defined by Eq. (1.1.11).
Fig. 3.3.1 shows the measured BER versus OSNR characteristics for a back-to-back
OFDM system. In the experiment, digital signal was pre-clipped such that the peak
amplitude of the OFDM waveform was 4.62 times its root-mean-square (7ms) value. This
value was chosen based on the theoretical analysis provided in [18]. Less clipping would
result in high DC level in the signal and this high CSPR, whereas stronger clipping would
cause intolerable signal bit errors even before transmission. Without nonlinear pre-
compensation, the MZM operates in linear regime only when the modulation index is
small enough. Nonlinear pre-compensation relaxes this restriction to some extent and
allows the use of higher modulation indices. Without applying the nonlinear pre-
compensation, the required OSNR to achieve a BER of 10 is approximately 22dB and

optimum modulation index is 0.2V,. We choose 10° for the acceptable BER level
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because a forward error correct (FEC) [24] is able to further reduce the BER from 10 to
10"°. In our experimental, BER = 107 is the pre-FEC value. With nonlinear pre-
compensation, a higher modulation index of 0.3V can be used for the optimum system
performance. Subsequently, the required OSNR to achieve a BER of 107 is improved by
4dB to approximately 18dB. The two constellation diagrams in Fig. 3.3.1 were examples

measured at 20dB OSNR level, with and without the nonlinear pre-equalization.

L] —e—without pre-compensation [
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4
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Fig. 3.3.1 BER versus signal OSNR in a back-to-back system with and
without nonlinear pre-compensation of MZM transfer function
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For a practical electro-optic modulator based on a dual-drive Mach-Zehnder
interferometer, proper DC bias and the correction of nonlinear transfer function are two
important issues to optimize the system performance.

In a dual-drive MZM, the generation of optical single-sideband modulation
requires the bias level to be at the quadrature point [25, 26]. The system performance
sensitivity to the level of MZM biasing is an important parameter in practical system
implementation, which determines whether a precise feedback control is required. Fig.
3.3.2 (a) shows the measured BER versus the normalized MZM bias voltage variation for
back-to-back (stars) and over a 3-span (open circles) OFDM systems. In the experiment,
digital signal was pre-clipped by 6dB. For the back-to-back measurement, the modulation
index on the MZM was about 0.35V; and the signal OSNR was 20dB, In the
measurement of the 3-span system, the modulation index was 0.22V;, and the OSNR was
about 24dB.

Fig. 3.3.2 (b) shows the results of numerical simulation for the same systems, but
in order to obtain the comparable BER levels within the experiments, the OSNR had to
be 14dB for the back-to-back system and 20dB for the 3-span system. Both the measured
and the simulated BER curves indicate that the optimum bias level of the MZM changes
for approximately 10% between the back-to-back system and the system with three spans
of standard SMF. This is because in back-to back experiments, chromatic dispersion is
negligible, and the deterioration of sideband suppression ratio caused by moving the bias
away from the quadrature point does not significantly degrade transmission performance.
This allows the bias to be set at a lower transmission point so that the power in the carrier

can be reduced. Thus, of the carrier-to-signal ratio is reduced. On the other hand, for a
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long-distance transmission over fiber with significant chromatic dispersion, optical
sideband suppression ratio must be high enough to avoid the crosstalk between the two
sidebands at the receiver. In this case, the bias has to be set very close to the quadrature
point. In both cases, the normalized bias voltage variation has to be kept within < £5%
for negligible BER degradation.
b. Impact of MZM modulation index

In addition to the bias level and the pre-equalization of MZM nonlinear transfer
function, modulation index is another important parameter critical to the system
transmission performance. Fig. 3.3.3 (a) shows the measured BER as the function of the
MZM modulation index in a re-circulating loop experiment. It is worth noting that for a
back-to-back system not involving optical fiber, the optimum modulation index is around
35%. When transmission fiber is introduced with significant chromatic dispersion, the
optimum modulation index becomes much smaller, at about 13%. This reduced optimum
modulation index in long distance systems is primarily due to the requirement of high
sideband suppression ratio of SSB modulation. Although the carrier-to-signal ratio can be
improved to some extent, the rise of the unwanted optical sideband as illustrated in Fig.
3.1.3 reduces the system tolerance to chromatic dispersion at a high modulation index.
The result of numerical simulation shown in Fig. 3.3.3 (b) qualitatively agrees with the

measurements and thus verifies the observation in the experiments.
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Fig. 3.3.3 BER versus MZM modulation index: (a) experiment; (b) simulation.
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Fig. 3.3.4 illustrates the optimum modulation index as the function of the number of
uncompensated fiber spans (75km standard SMF per span) obtained by more systematic
numerical simulations. The OSNR level at the receiver was kept at 17dB in the
simulation. The optimal modulation index reduces significantly over the first five spans,
which is roughly equivalent to the dispersion length of the signal with SGHz bandwidth
over standard SMF. A further decrease of the modulation index will not bring additional
improvement on the sideband suppression ratio in the SSB modulation, while only
deteriorating (increasing) the carrier-to-noise ratio. A tradeoff has to be made between
minimizing the dispersion-induced crosstalk and maximizing the power in the OFDM

sideband.
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Fig. 3.3.4 Simulated optimum modulation index as the function of fiber length
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¢. Required OSNR

For long-distance optical transmission over amplified fiber spans, one of the most
important parameters is the required OSNR to achieve the pre-FEC BER of 10~. Fig.
3.3.5 shows measured and simulated BER versus OSNR characteristics of the 11.1 Gb/s
compatible-SSB system for back-to-back, as well as over different numbers of
uncompensated fiber spans. The measurement was performed using an optical re-
circulating loop setup as described in section 3.2. The roundtrip optical loss in each loop
is approximately 28dB, which includes 16dB loss for 75km standard SMF, and losses
from optical coupler (3dB), band-pass optical filter (2dB) and an acousto-optic switch
(7dB). Optical noise loading was used before the receiver to measure the BER as the
function of signal OSNR.
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Fig. 3.3.5 BER versus OSNR for different transmission distances: (a) measured; (b)

numerical simulation.

Fig. 3.3.6 summarizes the required OSNR (R-OSNR) for BER = 107 as a
function of the system fiber length. There is an approximate 5 dB difference between the
measured R-OSNR and the results of numerical simulation using the same parameters.
This discrepancy can be attributed to time jitter in the receiver clock (oscilloscope clock
is free-running), as well as the multipath optical and RF interferences along the system
which create ripples in the transfer functions. There is an approximately 9dB OSNR
penalty after 675km transmission over the fiber compared to back-to-back. This is
partially attributed to the high modulation index used for the short distance transmission,
which must be reduced for long distances. The maximum transmission distance here is
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primarily limited by the achievable OSNR of 27dB after 9 fiber spans in the re-
circulating loop. A longer transmission distance may be possible in a real multi-span
optical system in which there is no extra insertion loss in each span as in the re-

circulating loop system. In this instance, the OSNR level can be higher.
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Fig. 3.3.6 Required OSNR versus fiber length.

d. Impact of self-phase modulation

A general concern in OFDM modulation format is the high pick-to-average ratio
for the signal. Therefore, transmission systems using OFDM might be vulnerable to fiber
nonlinear effects, such as self-phase modulation (SPM) [27]. Although it is an important
parameter, the sensitivity to SPM has not yet been investigated for the OFDM system

based on compatible-SSB modulation.
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The present SPM measurement was performed in the same re-circulating loop
setup previously described in section 3.2. The launched optical power into the
transmission fiber was varied by changing the saturation level of the in-line EDFA in the
loop through the pump power adjustment. Because the optical loss is fully compensated
by the EDFA gain in the re-circulating loop, the launched power into the transmission
fiber is expected to be the same for every span. Fig. 3.3.7 shows the BER measured after
9 spans of fiber transmission as the function of the launched optical power. Throughout
the measurement, the receiver OSNR was kept at about 27dB. The results shown in Fig.
3.3.7 indicate that BER is not sensitive to the launched optical power when its level is
lower than 4.5dBm. Rapid BER degradation is observed when the power level is beyond
5dBm. A numerical simulation was also performed based on the experimental system
configuration and used a split-step Fourier method. The parameters used in the simulation
were: fiber length of each span L = 75 km; fiber attenuation parameter « = 0.21 dB/km,;
nonlinear refractive index n, = 2.35 mz/W; fiber core effective area Aoy = 80um2; and
fiber dispersion coefficient D = 16 ps/nmkm at the signal wavelength of 4 = 1547nm.
The result from numerical simulation, also shown in Fig. 3.3.7, agrees reasonably well

with the experiment.
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Fig. 3.3.7 BER versus launch power for OFDM after 675km fiber transmission

SPM performance in OFDM system with direct detection has been previously
measured using standard offset-SSB modulation at the data rate of 11.1 Gb/s [27]. The
system performance was found to degrade by SPM significantly when the launched
optical power approached 0dBm. Fig. 3.3.7 indicates that for the same data rate, an
OFDM using compatible-SSB modulation is much less sensitive to the impact of SPM.
The reason is mainly due to the reduced optical spectral bandwidth of compatible-SSB
modulation. For 11.1 Gb/s data rate, standard offset-SSB modulation requires the
modulation bandwidth of approximately 11.5 GHz because of the required guard-band

between the carrier and the OFDM sideband. Since this guard band is not necessary in
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compatible-SSB format, its optical bandwidth is only half in comparison to the offset-
SSB modulation.

It is well known that SPM-induced optical frequency chirp is proportional to the
time derivative of the signal power [26]. This nonlinear frequency chirp is converted into
an intensity crosstalk through chromatic dispersion in the transmission fiber. The impact
of this extra intensity crosstalk in the system performance is proportional to the optical
bandwidth of the signal. Therefore, part of the SPM tolerance improvement should be
attributed to the signal bandwidth change from 11.5GHz (for offset-SSB modulation) to
5.75GHz (for compatible-SSB modulation). Another reason for the decreased sensitivity
to SPM on compatible-SSB modulated system is the relatively small modulation index
and the high carrier-to-signal ratio.

It is also worth noting that although the system using compatible-SSB modulation
is less sensitive to the effect of SPM, other nonlinear effects, such as cross-phase
modulation and four-wave mixing, may set the upper power limit in WDM optical
systems using this modulation format due to inter-channel crosstalk. This, however, is
beyond the scope of the present investigation.

3.4  Conclusion

This chapter performed a systemic investigation of a compatible-SSB modulated
OFDM system for long-distance optical transmission. The simple system configuration
used direct-detection. With the elimination of the guard-band requirement, this
modulation format is attractive for low-cost implementation. Furthermore, this chapter
experimentally demonstrated a compatible-SSB modulated OFDM system with 11.1 Gb/s

data rate based on a standard dual-drive MZM in the transmitter, as well as an optical
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transmission over 675km uncompensated standard SMF in an optical re-circulating loop.
Various issues in system performance optimization have been investigated, which
included digital pre-compensation of the MZM nonlinearity transfer function, optimum
bias level and modulation index and their dependence on system transmission distance.
The impact of nonlinear SPM in the transmission performance was also measured, which
demonstrated the improved SPM tolerance of compatible-SSB modulated OFDM system
compared to its offset-SSB counterpart at the same data rate. The results of the numerical
simulation based on split-step Fourier method agree reasonably well with the experiments,

which helped to understand the physical mechanisms behind the measured results.
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4. DSCM-based optical OFDM system

High speed bandwidth scalable transmission systems are under consideration as a
means of addressing flexible capacity requirements of next generation optical networks.
Wavelength routed transparent network architectures can reduce the need for electrical
regeneration, and thus, reduce network cost. For optical switching and grooming on
shorter timescales, several approaches have been proposed in recent years, namely,
optical packet switching (OPS) [28], optical virtual concatenation (OVC) [15], and
waveband switching [29]. The enabling technologies such as fast optical switches and
optical buffers are still in gestation. The spectrum-sliced elastic optical path network
(SLICE) 1s a demonstrated alternative network architecture [30] with improved
bandwidth granularity in comparison to present WDM-based and wavelength-routed
optical path networks. As one of the most important enabling technologies, bandwidth-
variable transponders have recently gained considerable attention [31]. OFDM is a
promising candidate, as it provides variable bandwidth allocation by selecting the number
of assigned subcarriers according to traffic volume and granularity requirement, yet
eliminating the requirement for a spectral guard-band between adjacent subcarrier
channels.

Originating from wireless communication, in a FFT-based OFDM system as
previously described in chapter 3, the data stream is first mapped into a 2-D array in the
row-by-row manner. Oppositely, an IFFT is performed such that each column of the data
array becomes a subcarrier channel. In this way, a data symbol is usually partitioned into
different subcarriers [17]. In the corresponding OFDM receiver, an FFT process is used

to convert the 2-D data array back into frequency domain, and the original digital signal
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is reconstructed through parallel to serial conversion. In addition to the extra
computational complexity due to IFFT and FFT, in this process it is not practical to select
a subset of subcarriers without detecting the entire OFDM frame. In addition, the FFT-
based OFDM requires pilot subcarriers and temporal guard interval for carrier recovery
and synchronization [17], which increases the frame overhead. The combined overhead
resulting from the guard interval and pilot subcarriers in FFT-based OFDM is typically
25% of total bits [32]. This reduces the bandwidth efficiency of FFT-based OFDM.

Wavelength-domain OFDM systems as described in [33] and [34] applies the
orthogonality principle to multi-wavelength systems so that the spectral guard band
between WDM channels is not required. A wavelength-domain OFDM system uses
mutually frequency-locked optical subcarriers created by a multicarrier comb generator.
Further, an array of electro-optic modulators is used to encode data signals onto these
optical carriers. In this scheme, channel spacing is determined by the multicarrier
generator, and data rate on each wavelength channel cannot be dynamically changed
without sacrificing optical bandwidth efficiency. This reduces the flexibility in bandwidth
allocation, as well as data rate granularity in the optical network.

In this chapter, an investigation of the performance of a DSCM-based OFDM
system with flexible bandwidth assignment in the transmitter and dynamic channel
selectivity at the receiver is presented. In a DSCM-based OFDM system, subcarrier
channels are digitally generated and linearly up-converted to an optical carrier by an
electro-optic 1Q modulator. This allows a higher degree of flexibility in bandwidth
allocation and scalability in data rate granularity while maintaining high bandwidth

efficiency. The receiver with coherent detection has the flexibility to dynamically select

71



different number of subcarrier channels in the detection without the need to change
system configuration. The bandwidth requirement in the receiver should be reduced if
only a subset of subcarrier channels is to be detected instead of the entire OFDM frame.
Here, an experimental demonstration of a DSCM-based OFDM system with 10 subcarrier
channels using with both ASK modulation and QPSK modulation based on the
commercially available transmitter card originally designed for 10 Gb/s binary optical
transmission with electrical-domain pre-compensation (eDCO) is presented. This is the
same transmitter card as used in the OFDM experiment in Chapter 3, but the dual-drive
intensity modulator is replaced by an IQ modulator for complex optical field modulation.
The impact of inter-channel crosstalk and tolerance to bit misalignment are also discussed.
Numerical simulations are then performed to understand and illustrate various
mechanisms which help to determine system transmission performance.
4.1 Principle of operation

Wavelength-domain OFDM systems have been studied as the bandwidth variable
transponder for SLICE [34]. In that system, mutually frequency-locked optical carriers
were generated through a comb generator [11]. These carriers were optically
demultiplexed so that each could be modulated by an independent electro-optic
modulator before recombined and launched into a transmission fiber. The clock of the
data signal driving each modulator is synchronized to satisfy the orthogonality condition
of OFDM. Practically, 10Gb/s, 40Gb/s and 100Gb/s data rates carried by each optical
carrier have been demonstrated, and the aggregated data rate can reach terabits per
second in such a wavelength-domain OFDM system [10]. However, from a network

application point of view, a finer channel data rate granularity is desired to improve
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network flexibility and reduce blocking probability [31]. Realistically, it is not efficient to
generate optical frequency combs with extremely narrow channel spacing (e.g., 1GHz).
Also, it is not efficient for the use of a large number of electro-optic modulators with
each only operating at a low data rate.

In order to improve data rate granularity and simplify the transmitter
implementation, a DSCM modulation format can be used in which subcarriers are
generated digitally in the electronics domain. Since all subcarrier channels share the same
wideband electro-optic modulator, bandwidth allocation and data rate granularity can be
digitally adjusted without changing transmitter optical configuration. In comparison to
subcarrier generation which uses optical techniques, digital signal processing (DSP) in
the electrical domain can provide better reliability and flexibility. Technological
advances in high-speed digital-to-analog converts (DAC) and modulation formats with
high spectrum efficiency in recent years have made the DSCM transmitter practical. It is
also straightforward to combine DSCM technique with wavelength-domain OFDM [33,

34] to provide both high data rate throughput and flexible data rate granularity.
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Fig. 4.1.1 SLICE transponder using DCSM
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As illustrated in Fig. 4.1.1 (a), the lowest data rate that can be assigned to each
end user is that assigned on each subcarrier. Whereas, multiple subcarriers may also be
dedicated to an end user if higher data rate is required in SLICE (Fig. 4.1.1 (b)). In the
wavelength-domain OFDM system proposed in [34], each subcarrier channel requires a
standard receiver. The implementation may become expensive as the number of
subcarriers increases although the data rate per channel may be low. Further, the structure
is not flexible for dynamic bandwidth allocation. In the DSCM system through the use of
coherent detection, DSP in the receiver allows the flexible selection of any subcarrier
channels within the receiver bandwidth. Thus, these subcarriers do not have to be
adjacent to each other. This will be described in detail in section 4.3.

4.2  Experimental setup

In order to experimentally investigate the DSCM-based OFDM system, a test-bed
was assembled, which is schematically shown in Fig. 4.2.1. Parallel data streams are
digitally modulated onto different subcarriers in a DSP, with the in-phase and quadrature
components converted from a digital to analog format by an arbitrary waveform
generator composed of two 22.2GS/s, 6-bits DACs. The analog voltage waveforms are
amplified to drive an optical IQ modulator. The overall analog bandwidth of the
transmitter is approximately 10GHz. At the output of the modulator, an erbium-doped
fiber amplifier (EDFA) is used to boost the optical signal power to approximately 1dBm
before it is launched into 75km standard single mode fiber for transmission. For these
experiments, the same (100 KHz linewidth) laser was used as both the light source in the
transmitter and the local oscillator in the coherent receiver. Local oscillator tuning with

respect to the transmitted frequency was accomplished with a sinusoid modulation of a
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Mach-Zehnder intensity modulator biased at the minimum transmission point. In this way,
the optical carrier was suppressed and two narrow sidebands were generated in the
optical spectrum at the modulation frequency as shown in inset (b) of Fig. 4.2.1. An FBG
optical filter with a 3dB bandwidth of 0.08nm was used to reject one of the two sidebands
(insertion (c) in Fig. 4.2.1). In the coherent intradyne receiver, the local oscillator is
combined with the received optical signal in a 2x2 fiber-optic 90 degree hybrid so that
the in-phase and the quadrature components from the received optical signal can be
independently recovered after photodetection. The RF bandwidths are 32GHz for the
photodiodes and 37GHz for the RF pre-amplifiers. The electrical signals are then
sampled and recorded by a real-time oscilloscope (LeCroy 8600A), which has a 20GS/s
ADC sampling rate and approximately 6 GHz of analog bandwidth. Receiver signal
processing functions, including synchronization, subcarrier separation and carrier

recovery, are then performed offline in a MATLAB program.
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Fig. 4.2.1 System setup block diagram.

To measure the system transmission performance, an adjustable amount of ASE
noise is added to the optical signal before the coherent receiver and the required optical
signal to noise ratio (R-OSNR) to achieve the target bit error rate (BER) is evaluated. In
fact, in an optical system with multiple subcarriers, the signal optical power is divided
into subcarrier channels, and therefore the performance is determined primarily by the
required optical carrier to noise ratio (R-OCNR). R-OCNR is defined as the power ratio
between signal power of each subcarrier and the optical noise within 0.1nm resolution
bandwidth.

For the data mapping in DSP, the first step is to generate ten parallel data streams,
with each consisting of digitally modulated symbols. Each data stream is directly
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uploaded onto a subcarrier frequency and multiplexed with other subcarriers to form a
composite OFDM signal. The two parallel voltage waveforms used to drive the two arms

of the IQ modulator can be derived based on [33]:

Sl(t):i{QkL(t)_QkU(t)}cos(zﬂ- o kj i kU(t) IkL(t)}Sln[Zﬂ - kj (421)

k=1

SQ(t)=i{]u(1)+lkv(t)}cos( Afz.kj > {QkU(Z)+QIrL(t)}Sln(27Z - kj (4'2-2)

Here, Ixy and Qky are in-phase and quadrature components of the kg, subcarrier in the
upper side frequency band of the optical carrier (e.g. C6, C7, C8, C9 and C10 in inset (a)
of Fig. 4.2.1). Similarly, Ix; and Qk; are in-phase and quadrature components of the ks
subcarrier in the lower side frequency band of the optical carrier (e.g. C1, C2, C3, C4 and
CS5 in inset (a) of Fig. 4.2.1). Further, Af represents the bandwidth of each subcarrier. In
the experiment, QPSK modulation was applied with 2.22Gb/s data rate and ASK
modulation with 1.11Gb/s data rate on each subcarrier. A total of 10 subcarrier channels
were used, with 5 on each side of the optical carrier and the subcarrier channel spacing
was 1.11GHz. The optical bandwidth efficiency was approximately 2bits/s/Hz for QPSK
and 1bit/s/Hz for ASK.

In the receiver, the off-line signal processing included inter-channel crosstalk
rejection, carrier recovery and time synchronization. To prepare the data for signal
recovery, data of both the / and the Q channels downloaded from the oscilloscope were
re-sampled to 20 samples per bit by interpolation, DC component was removed and the
amplitude was re-normalized. The inter-channel crosstalk rejection was done by digital
integration through a finite-impulse-response (FIR) filter with 19 taps with 50 picosecond
delay time for each tap. Time synchronization was performed by pilot bits. After
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synchronization, data was sliced to one sample per bit. Carrier recovery was
accomplished with Viterbi-and-Viterbi phase estimation (VVPE) [35], in which samples
went through an M™ power operation (M is the modulation level, with M = 4 for the
QPSK system) to remove the modulation. The average phase estimation was obtained
from an 11-tap FIR filter, and finally the phase of the samples was corrected according to
the unwrapped phase estimation.

4.3  Results and discussion

a. DSCM-based OFDM optical spectra
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Fig. 4.3.1 Optical spectra of QPSK modulation systems measured by an optical spectrum

analyzer. The insets are corresponding spectra measured by coherent detection.
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One of the advantages of coherent detection is the better utilization of optical
bandwidth in comparison to direct detection. In the optical transmitter, an IQ modulator
allows independent data signals to be loaded onto the upper and the lower optical
sidebands without interaction. The IQ modulator consists of a Mach-Zehnder
interferometer with an intensity modulator in each arm, and a phase shifter between the
two arms. In order to suppress the optical carrier, both of the intensity modulators should
be biased at the minimum power transmission point. The phase shifter has to be biased at
the quadrature point to allow the in-phase and the quadrature components to be mapped
into the upper and the lower optical sidebands. Fig. 4.3.1 shows the measured optical
spectra using an optical spectrum analyzer with a 0.0Ilnm resolution bandwidth. The
insets in Fig. 4.3.1 show the corresponding electrical spectra measured by a coherent
heterodyne detection and an RF spectrum analyzer to provide a better spectral resolution.
Fig. 4.3.1 indicates that when data is loaded onto subcarrier channels on one side of the
optical carrier, the power leaked into the opposite sideband of the carrier ranges
approximately from -15dB to -20dB. This single sideband (SSB) power suppression ratio
determines the level of crosstalk between the two optical sidebands when both are loaded
with data. Note that crosstalk between channels on the opposite sides of the optical
carrier due to the non-ideal SSB power suppression has different nature compared to that
between mutually orthogonal subcarrier channels. The impact of this crosstalk as
illustrated in insets (a) and (b) in Fig. 4.3.1 cannot be removed by integration over 1-
symbol period because the power leaked from the opposite sideband has the same
spectral component as the signal channel. Precise bias control is essential both for optical

carrier suppression and for minimizing of the crosstalk between two optical sidebands.

79



b. ASK modulation
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Fig. 4.3.2 (a): Measured and calculated BER as a function of OCNR in an ASK system
over 75km SMF. (b): optical spectrum of the system with 10 subcarrier channels, and (c):

calculated BER of all 10 channels.

ASK is the simplest modulation format in which optical phase information is not
utilized. Fig. 4.3.2 (a) shows the measured BER of the 4.44GHz subcarrier channel as a
function of OCNR for the systems with a single subcarrier channel (C9 in inset (a) of Fig.
4.2.1), five subcarrier channels on the upper side of the optical carrier (C6, C7, C8, C9
and CI10 in inset (a) of Fig. 4.2.1), and nine subcarrier channels. If only one subcarrier
channel exists at 4.44GHz, the required OCNR to achieve the BER of 107 is
approximately 4.7dB. When the number of subcarrier channels increase, the integration
over a bit period does not completely remove the inter-channel crosstalk, introducing

degradation of the R-OCNR. In general, major contributions of crosstalk come from
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adjacent subcarrier channels. As shown in Fig. 4.3.2 (a), a 5-channel system introduces
approximately 2dB OCNR degradation in comparison to the single channel system. Yet,
further increasing the number of channels from five to nine does not create additional R-
OCNR degradation. Results of numerical simulation are also shown in Fig. 4.3.2 (a).
Here, a single channel system agrees reasonably well with the measured results.
Numerical simulations indicate that when all the transfer functions are ideal, inter-
channel crosstalk can be made negligible through post signal processing. The 2dB extra
OCNR degradation in multi-channel experimental is attributed to optical reflections and
un-equalized non-uniformity transfer function within the passband. Fig. 4.3.2 (b) shows
the measured heterodyne spectrum of optical signal with ten subcarrier channels. The
BER for all subcarrier channels at -3dB OCNR was also calculated, with the results
presented in Fig. 4.3.2 (¢). These results indicate that there is no significant performance
fluctuation among subcarrier channels.

Frequency spacing between adjacent subcarrier channels is an important
parameter in DSCM system. Theoretical orthogonality requires the channel spacing to be
equal to the symbol rate on each subcarrier channel. Fig. 4.3.3 shows the measured BER
as a function of channel spacing normalized by the data rate in a system with five
subcarrier channels, where the OCNR was -4.5dB. The results indicate that local minima
of BER happen when the normalized channel spacing is an integer. The residual crosstalk
still exists in the present experiment, even at a normalized channel spacing of one (when
compared to the case of very large channel spacing). This crosstalk is attributed to the
existence of noise and the limited sampling points per period, which may have impacted

the accuracy of integration to minimize the crosstalk.
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Fig. 4.3.3 Measured BER vs. normalized channel spacing in a ASK system.
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¢. QPSK modulation
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Fig. 4.3.4 Measured BER vs. OCNR in QPSK system: (a) back-to-back; (b) after 75km

SMF.

The major advantage of ASK modulation discussed in the last section is its
simplicity. However, the bandwidth efficiency for binary ASK modulation cannot exceed

1 bit/s/Hz. Thanks to the flexibility of DSP and IQ modulation in the transmitter, as well
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as digital phase recovery in the coherent receiver, multi-level modulation can be used.
This utilizes both amplitude and phase information of the optical signal. In this section, a
discussion of a DSCM-based OFDM system with QPSK modulation in each subcarrier is
presented. For this experiment, each subcarrier channel has 1.11GHz spectral bandwidth,
but carries a 2.22Gb/s data rate, resulting in a 2 bits/s/Hz spectral efficiency.

Fig. 4.3.4 shows the measured BER vs. OCNR with different number of channels.
There is a negligible increase in OCNR penalty when the number of subcarrier channels
increases from one to five. Note that in these measurements, all the five subcarrier
channels are located on the upper sideband with respect to the center optical carrier.
When the other five subcarrier channels on the lower sideband of the spectrum are added
to make the total channel count 10, there is an approximately 1 dB OCNR penalty
introduced. This can be partly attributed to the imperfect sideband suppression in the
single-sideband modulation process. Compare Fig. 4.3.4 (b) with Fig. 4.3.4 (a), there is
negligible OCNR degradation introduced by a 75km transmission fiber. Results of
numerical simulation are also shown in Fig. 4.3.4. Here, a single channel system
predicted an approximately 1.5dB lower R-OCNR compared to the experiment for the
BER of 107°. This discrepancy is attributed to the phase recovery algorithm used in the
post processing. In the simulation the linewidth of the laser was 100 kHz, the fiber

dispersion was D = 16X 10° s/mz, nonlinear index was n, = 2.6 X 102" m? /W, and the

attenuation was « = 0.2dB/km. The sampling rate of DAC and ADC were both 22.2GS/s,
and other components were considered ideal with infinite bandwidths. A Inm optical
filter was used in front of the photodetector and a 6GHz electrical filter after the
photodetector to simulate the bandwidth limit of the oscilloscope in the experiment. For a
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single channel system, simulation predicted an approximately 1.5dB lower R-OCNR
compared to the experiment for the BER of 10~. We attribute this discrepancy to the
distortion introduced by pass band ripple in RF amplifiers, multiple reflections in the RF
and optical paths, as well as time jitter in the ADC process. For an ideal system only
considering local oscillator-ASE beat noise in the coherent detection, an oversimplified
analytical solution can be obtained as OSNR = QZBE/(2BO) which provides the ultimate
OSNR requirement for the QPSK system. For the optical bandwidth By = 12.5GHz
(0.1nm) used to measure OSNR and electrical bandwidth B, = 1.11GHz (for 2.22GHz
QPSK data rate), the required OSNR for O = 3.08 (BER =~ 107) should be -3.75dB.

In a multi-carrier system, channel orthogonality is determined by the ratio
between the symbol rate and the channel spacing. Ideally in an OFDM system with
rectangular data pulses, digital integration over one symbol period is able to remove the
inter-channel crosstalk. However, if the bandwidth of the system is not much wider than
that of a subcarrier, crosstalk cancelation may not be complete, depending on the actual
shape of the pulses. Practically in high data rate wavelength-domain OFDM, the
component bandwidth may only be comparable to the symbol rate per subcarrier, and the

residual inter-channel crosstalk may be significant.
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Fig. 4.3.5 Measured BER vs. normalized channel spacing in QPSK system.

To demonstrate the orthogonality between adjacent subcarrier channels and the
cancellation of inter-channel crosstalk through signal processing, Fig. 4.3.5 shows the
measured BER as a function of normalized channel spacing between adjacent subcarrier
channels. In this experiment, two subcarrier channels were transmitted over 75km
standard single-mode fiber (SMF), and the BER was measured with 1dB OCNR at the
receiver. In this DSCM system, the receiver bandwidth is approximately 6GHz, which is
much wider than that of each subcarrier channel, and therefore BER degradation can be

eliminated through digital integration when the channel spacing is integer multiple of the
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symbol rate. On the other hand, if a simple 5™ order Bessel filter is used with 1.1GHz
(3dB) electrical bandwidth, the crosstalk monotonically increases with the decrease of the
channel spacing, and the crosstalk can be significant when the normalized channel
spacing is lower than 2.5. This is similar to the performance observed in an analog SCM

optical system [25].

BER
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Fig. 4.3.6 Measured BER vs. time mismatch.

It is important to note that crosstalk cancellation based on orthogonality and
digital integration in the receiver requires time synchronization between digital symbols
carried by adjacent SCM channels. Although phase synchronization between subcarriers
may not affect system performance, misalignment between symbols carried by these

channels may result in incomplete cancellation of the crosstalk. Time mismatch tolerance
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is an important performance measure of DSCM-OFDM systems, especially if adjacent
subcarrier channels originate from different optical transmitters in a distributed optical
network. Fig. 4.3.6 shows the measured BER as the function of the normalized time
misalignment, where T stands for the symbol period. Since the largest crosstalk comes
from adjacent channels, ch-8 and ch-9 (as indicated in inset (a) of Fig. 4.2.1) were used in
this measurement, in which signal was transmitted over 75km SMF and the receiver
OCNR was 1dB. Fig. 4.3.6 indicates that the DSCM-QPSK system can tolerate the time
mismatch of up to £20% of symbol period without significant BER degradation. In a
dynamic optical network, bit walk-off between adjacent subcarrier channels caused by
fiber chromatic dispersion may change with the fiber length between the transmitter and
the receiver. In our experiment with 1.11 Gbaud/s symbol rate on each subcarrier, the
corresponding time misalignment tolerance is about +£200ps, equivalent to the differential
delay of approximately 1500km of standard single mode fiber when the subcarrier
channel spacing is 1.11GHz. For systems with longer fibers, digital compensation in the

receiver can be applied to minimize the differential delay between channels.
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d. Flexible data rate
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Fig. 4.3.7 BER measured as a function of the channel index for (a) when the local
oscillator was tuned to channel 9, and (b) when the local oscillator was tuned to the

center optical carrier.

As discussed in section 4.1, when a higher data rate is required by an end user,
multiple subcarriers can be delivered to the same end user without changing the network
architecture. The end user then tunes the local oscillator to one of the subcarrier
frequencies in the OFDM spectrum, and coherent IQ detection translates the optical

spectrum to the electrical domain with the selected subcarrier channel in the center. Next,
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a selected number of neighboring subcarrier channels within the receiver bandwidth can
be detected and recovered by digital heterodyne detection in the receiver DSP. In order to
test this scheme, the BER of selected channels in a ten channel QPSK system at 1.5 dB
OCNR was measured. In Fig. 4.3.7 (a), the wavelength of the local oscillator is set at
subcarrier channel C9, and the BERs of five adjacent channels are measured, indicating
no significant performance variation among channels. The local oscillator wavelength
was also set to the center of the signal optical carrier, as shown in Fig. 4.3.7 (b), in an
attempt to detect all the ten subcarrier channels. The results show reasonably uniform
BER performance except for the two outmost channels C1 and C10. The increased BER
in these two channels is due to the bandwidth limit of the real-time oscilloscope, which is
6GHz. Additionally, potions of the spectra of these two channels are already outside of
this receiver bandwidth.

e. Fiber nonlinearity

In addition to linear degradation effects discussed above, OCNR penalty caused by fiber
nonlinearity is another important parameter to be investigated in optical transport systems.
Fig.7 shows the calculated OCNR penalty as the function of the optical power launched
to the fiber. The simulation parameters are the same as those used to obtain Fig. 4. The
simulation exams a QPSK modulated DSCM system with a fixed 20Gb/s total data rate,
but partitioned into different number of subcarrier channels. The total length of standard
single mode fiber was 450km divided into 6 amplified spans. If the system only has two
subcarrier channels (10Gb/s per channel), there is minimum impact due to four wave
mixing (FWM) and therefore OCNR penalty is relatively small. Increasing the number of

subcarrier channels moderately increases the penalty due to fiber nonlinearity. But this
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degradation ceases to increase when the number of channels is high enough (at the same
time the data rate per channel becomes low). There is no significant increase from 6 to 10
subcarrier channels as shown in Fig.7. Therefore, from nonlinearity point of view, there

is no limitation on the number of subcarrier channels that can be used in the DCSM

implementation.
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Fig. 4.3.8 OCNR penalty as a function of average fiber input power

4.4 Conclusion

In this chapter presented a DSCM-based OFDM optical system, which provides
scalable bandwidth allocation. In a DSCM-based OFDM, because subcarrier channels are

digitally generated in electrical domain, high degree flexibility in data rate granularity
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and dynamic provisioning of subcarrier channels in both data rate and power levels are
allowed. Transmission performance with both ASK modulation and QPSK modulation
using coherent detection were investigated in detail. One or multiple subcarrier channels
from the optical spectrum can be recovered either individually or as a group as desired on
the sub-wavelength level. Orthogonality and cancelation of crosstalk rely on the precise
setting of channel spacing and the temporal synchronization of data bits between
subcarrier channels. Furthermore, clock synchronization has to be within +20% of the

symbol period to avoid significant crosstalk between subcarrier channels.
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5. Nyquist-WDM system

In chapter 3 and chapter 4, two OFDM systems were discussed: an FFT-based
OFDM system, and a DCSM-based OFDM system. In these two systems, not only were
the modulation formats different, but they also utilized different detection methods.
However, both of these two systems require bit time synchronization between adjacent
subcarrier channels. This requirement is essential for the elimination of crosstalk between
subcarrier channels, but it imposes a restriction in many optical network applications
where symbol bits of subcarrier channels may not be mutually synchronized. Nyquist-
WDM discussed in this chapter can potentially solve this problem.

From application point of view, the benefit of coherent detection was obvious
because a coherent receiver is much more flexible in channel selecting and dynamic
bandwidth allocation. Also considering its compatibility with advanced multilevel and
phase modulation formats, coherent detection has showed its importance in the next
generation fiber-optic transmission. Therefore in this chapter, coherent detection will be
used with Nyquist-WDM system.

5.1 Principle of operation

OFDM has been extensively studied in the last few years [10, 36]. In this research,
the frequency spacing between adjacent subcarrier channels is equal to the data symbol
rate and therefore, no spectral guard-band between them is required. This research is in
line with the discussion of two OFDM systems in chapters 3 and 4. If the electrical
bandwidth in the receiver is much wider than the symbol rate on each subcarrier, the
crosstalk between the two can be removed by digital integration over a symbol period.

Since the channel orthogonality of OFDM relies on the ideally rectangular signal
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waveforms, crosstalk may become significant if the receiver bandwidth is not wide
enough. OFDM systems also require time synchronization between data symbols carried
by adjacent subcarrier channels. Another high spectral efficiency multicarrier system,
known as Nyquist-WDM [37], uses Nyquist spectral shaping to eliminate spectral
overlap between adjacent channels without introducing ISI within each channel. Unlike
OFDM, Nyquist-WDM does not rely on orthogonality between channels and therefore,
symbol synchronization is not required. Furthermore, data rates of subcarrier channels do
not have to be uniform; this flexibility may be beneficial in optical networks with mixed
data rates. Performance comparisons between OFDM and Nyquist-WDM have been
reported primarily through numerical simulations [37, 38]. Experimental comparisons
require fairly precise control of filter transfer functions for spectral shaping, which is not
easily realizable in the optical domain. This chapter will describe an experimental
comparison between the performances of OFDM and Nyquist-WDM. In this work,
optical subcarrier channels were generated using digital electronics, allowing strong

control over the implemented spectral shaping filters.
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5.2 Experimental setup
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Fig. 5.2.1 shows the block diagram of the experimental test-bed. Parallel data
streams are digitally modulated onto different subcarriers in a DSP. It is then possible for
the in-phase and quadrature components to be converted from digital to analog format by
an arbitrary waveform generator composed of two 22.2GS/s, 6-bits DACs. Both OFDM
and Nyquist-WDM multiplexing formats can be realized through the arbitrary waveform
generator. Frequency spacing between subcarrier channels, as well as the spectral shapes,
can be easily defined and modified. The analog voltage waveforms are amplified to drive
an optical 1Q modulator. The overall analog bandwidth of the transmitter is
approximately 10GHz. At the output of the modulator, an erbium-doped fiber amplifier

(EDFA) is used to boost the optical signal power to approximately 1dBm before it is

Optical

N
coupler

EDFA

—»

Optical
Hybrid

97

Fig. 5.2.1 Block diagram of experimental system

ADC
SYNC
Subcarrier
Seperation
Carrier
Recovery

Demodulation




launched into 75km standard single mode fiber (SMF) for transmission. For these
experiments the same (100 KHz linewidth) laser was used as both the light source in the
transmitter and the local oscillator in the coherent receiver. Local oscillator tuning with
respect to the transmitted frequency was accomplished with a sinusoid modulation of a
Mach-Zehnder intensity modulator biased at the minimum transmission point. In this
way, the optical carrier was suppressed and two narrow sidebands were generated in the
optical spectrum at the modulation frequency as shown in inset (b) of Fig. 5.2.1.

An FBG optical filter with a 3dB bandwidth of 0.08nm was used to reject one of
the two sidebands (insertion (c) in Fig. 5.2.1) [12]. In the coherent intradyne receiver, the
local oscillator is combined with the received optical signal in a 2x2 fiber-optic 90°
hybrid so that the in-phase and the quadrature components from the received optical
signal can be independently recovered after photodetection. In the receiver, the
photodiodes have 32GHz RF bandwidth and the following RF pre-amplifiers have
37GHz bandwidth. The electrical signals are then sampled and recorded by a real-time
oscilloscope (LeCroy 8600A), which has a 20GS/s ADC sampling rate and an
approximate 6 GHz analog bandwidth. Receiver signal processing functions, including
synchronization, subcarrier separation and carrier recovery, are performed offline in a
MATLAB program. In order to evaluate transmission performance in terms of the BER
and the required OSNR, optical noise loading is used at the receiver with an adjustable
optical noise source.

5.3 Results and discussion
Fig. 5.3.1 shows the measured BER versus optical carrier to noise ratio (OCNR)

for the system using Nyquist-WDM multiplexing format. In this system, each subcarrier
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channel carries 2.22Gb/s QPSK data. The spectrum was pre-shaped by a Nyquist filter
with the -6dB bandwidth of 1GHz and a roll-off rate of 0.1. An ideal brick-wall filter
with 1GHz bandwidth is used after photodetector at the receiver for channel selection.
The frequency spacing between adjacent subcarrier channels is 1.11GHz, so that the
bandwidth efficiency is 2bits/Hz. There is also approximately 10% spectral overlap
between adjacent subcarrier channels, which introduces noticeable crosstalk when
multiple subcarrier channels are used. This crosstalk can be removed if frequency spacing
between subcarrier channels is increased to 1.22 GHz so that there are no spectral
overlaps, but only with 10% reduced bandwidth efficiency. In this system, because
multiple subcarrier channels are generated through the same electro-optic modulator,
intermodulation may be introduced through the nonlinear transfer function of the
modulator, especially when the modulation index is high. Therefore, moderate OCNR

degradation is observed when the number of subcarrier channel is high.
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Fig. 5.3.1 Measured BER vs. OCNR for Nyquist-WDM
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Fig. 5.3.2 Measured BER vs. OCNR for CO-OFDM

The same experimental setup can also be configured to OFDM format. Fig. 5.3.2
shows the measured BER versus OCNR characteristics of the coherent OFDM similar to
that discussed in Chapter 4, also with 2.22 Gb/s QPSK data on each subcarrier channel
with 1.11 GHz channel spacing. In this case, the receiver electrical bandwidth is 6GHz,
and a digital integration is performed over a symbol period to minimize inter-channel
crosstalk. Fig. 5.3.1 and Fig. 5.3.2 show comparable system performances of the two

multiplexing formats for the same data rate and subcarrier channel spacing.
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Fig. 5.3.3 Measured BER vs. normalized channel spacing

For multi-carrier systems, frequency spacing between adjacent carriers is an
important parameter determining bandwidth efficiency and the level of crosstalk. Fig.
5.3.3 shows the measured BER as a function of normalized channel spacing between
adjacent subcarriers. In this experiment, two subcarrier channels each carrying 2.22 Gb/s
QPSK data were transmitted over 75km SMF. The BER was then measured with 1dB
OCNR at the receiver. For the OFDM system, the crosstalk can be minimized through
digital integration over one symbol period, only when the channel spacing is an integer

multiple of the symbol rat. Whereas for the Nyquist-WDM system using an ideal Nyquist
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filter with 1.11 GHz bandwidth and 0.1 roll-off rate, the crosstalk can be eliminated when
the normalized channel spacing is larger than 1.1 since there is no spectral overlap.

While an OFDM system requires symbol time synchronization between data
carried by adjacent channels, Nyquist-WDM does not require this synchronization. Fig.
5.3.4 shows the measured BER versus symbol time mismatch between two adjacent
subcarrier channels using the same parameters as in Fig. 5.3.4, except for fixed channel
spacing at the symbol rate. For OFDM, BER degradation becomes significant when the
time mismatch is beyond +20% of symbol period, while for Nyquist-WDM, BER is
independent of the relative symbol phase between channels. This could be a distinct
advantage for the application in distributed optical networks where channel

synchronization may not be maintained.
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Fig. 5.3.4 Measured BER vs. normalized symbol time mismatch
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5.4  Conclusion

This chapter experimentally compared the performances of Nyquist-WDM and
DSCM-based OFDM. Results indicate that these two multiplexing schemes have
comparable required-OCNR, as well as the ability to cancel crosstalk. However, the
Nyquist-WDM system requires less electrical bandwidth at the receiver. Further, it does
not require symbol time synchronization between adjacent channels. This property is
useful in dynamic multi-carrier optical networks and supports subcarrier channels with

mixed data rates.
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6. Conclusion and future work

Since the advent of the “Information Age” the capacity of communication
systems has been boosted dramatically. High capacity inevitably requires wide bandwidth,
and therefore, the previously unlimited bandwidth in optical fiber is challenged. One of
the requirements for the next generation optical transmission system is high spectral
efficiency. Specifically, spectral efficiency of 1 baud/s/Hz will be a key feature of the
next generation fiber-optic transmission systems.

The goal of this dissertation is to systemically investigate the performance of
optical multicarrier systems and develop practical design guidelines according to the
required system functions. In order to compare different designs, a theoretical and
experimental investigation was performed of the following systems: an FFT-based
OFDM system with direct detection, a DSCM-based OFDM system with coherent
detection and a Nyquist-WDM system with coherent detection. From the three optical
multicarrier systems demonstrated in this dissertation, results indicated the following

conclusions:

e FFT-based OFDM scheme is suitable for long distance, point-to-point and
relatively stable transmission. It has extremely low data rate on each subcarrier
channel, which can be highly tolerable to fiber transmission impairments. But as
for dynamic networks with frequent channel add/drop, the frame based

multiplexing scheme may not be the best choice.

e In DSCM-based OFDM, relatively small number of subcarrier channels are
modulated separately and multiplexed in digital domain. The receiver has the

flexibility to dynamically select different number of subcarrier channels in the
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detection without the need to change system configuration. The bandwidth
requirement in the receiver can be reduced if only a subset of subcarrier channels
is to be detected instead of the entire OFDM frame. Since the data rate on each
subcarrier is higher than FFT-based OFDM, digital compensation will be needed
when the transmission distance is long. And channels still need to be time

synchronized for the crosstalk cancellation in DSCM-based OFDM.

Nyquist-WDM system uses pulse shaping filter to limit the spectrum of the
modulated signal to achieving high spectral efficiency, so there is no spectral
overlap between adjacent channels, thus time synchronization is not required. The
impact of pulse shaping filters on multilevel modulation formats still needs future

investigation.

Both MZM and IQ modulator can be used in optical multicarrier systems. While
an IQ modulator is able to provide access to all 4 quadrants of the I-Q plane and
flexible control of signal optical phase, a MZM only provides access to two
quadrants in the I-Q plane (real part of the symbol has to be positive). 1Q
modulator is more appropriate for applications in the modern optical systems
involving complex modulation. However, it is structurally more complex, high

cost, and requiring more complicated bias controls and stabilization procedure.

Coherent detection is compatible for multilevel modulation formats. With
coherent detection, the receiver can easily select different number of subcarrier
channels in the detection. As the price of tunable laser goes down, the phase noise
reduces, and the improvements on carrier recovery algorithm, coherent detection

will be widely adopted in the next generation fiber-optic transmission.
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We have systematically investigated optical multicarrier systems for next

generation fiber-optic transmission systems. However, there is still plenty of room for

improvements. Several possible future improvement ideas are listed as follows:

The compatibility between high spectral efficiency multicarrier system and
multilevel modulation formats still need to be investigated. Some work has been
done in OFDM systems, but for Nyquist-WDM system, modulation formats with

more than 2bits per symbol has not been sufficiently studied.

The performance of optical multicarrier system in long-haul transmission still

needs to be tested.

The work in this dissertation is concentrated in the point-to-point transmission.
The application of optical multicarrier systems in network environment will need
more research on switches and routers, the closely spaced subcarriers will place

more requirements on the cross connect functionalities.
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