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Chapter 1

Introduction

1.1 Data traffic increase and the state of optical
communication research

Driven by the rapid growth of the Internet through broadband fixed and mo-
bile access and with new services such as high definition video streaming and
“big data” [1]- [2], data traffic in backbone networks is ever increasing across
the world. Figure 1.1 shows the recent trend in the total data downloads, as
an indicator for data traffic in backbone networks, in Japan. There has been
an exponential increase in the data traffic over the last decade, with current
annual increase as large as 40%. If this increase continues at this rate over
the next 15 years, the total data traffic would reach 1 Petabit/s by the year
2030.

The above expansion in demand necessitates an immediate and aggressive
steps towards increasing capacity, since the scalability of data transmission
capacity with current wavelength division multiplexing (WDM) technologies
is limited by the bandwidth of erbium-doped fiber amplifier (EDFA), which
is approximately 85 nm (1525-1610 nm) [3]. Fiber fusing is another limiting
factor for capacity increase, since it limits the signal power through optical
fibers to approximately 1 W per single fiber strand [4]. These two factors put
the maximum data capacity through a single strand of fiber at 100 Thit/s,
a value 10 times smaller than the required 1 Petabit/s after 15 years from
Nnow.

To bridge this impending gap in capacity, there have been intensive efforts
being made to come up with high capacity signal generation, transmission
and detection techniques [5]- [6]. Now, with the successful development and
commercialization of digital coherent technologies for 100 Gbit/s system in
optical communication transmission, research is intensively shifting its focus
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Figure 1.1: Total data traffic in Japan

towards expanding capacity to 1 Thit/s and beyond [7]. There are mainly
two approaches currently under research that can scale up the transmis-
sion capacity per single WDM channel. The first approach involves the use
of time division multiplexing (TDM), either electrically through electrical
time division multiplexing (ETDM) or in the optical domain employing op-
tical time division multiplexing (OTDM). Using ETDM, however, the speed
limitation of electronic devices such as DACs makes it difficult to achieve
transmission speeds of beyond 1 Thit/s. On the other hand, with OTDM,
by using ultrashort optical pulses, it is possible to increase the bit rate to 1
Thit/s and beyond. Several epoch making experimental results on OTDM
have been reported. Nakazawa et. al. reported a 1.28 Thit/s transmission
experiment over 70 km in the year 2000, which was the first single channel
Thit/s transmission experiment [8]. In 2005, Weber et. al. reported both
1.28 Thit/s and 2.56 Tbit/s transmission experiments utilizing differential
quadrature phase shift keying (DQPSK) [9]- [10]. In 2010, a demonstration
of a 5.1 Thit/s modulation and demodulation experiment using differential
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quadrature phase shift keying (DQPSK) was reported [11]. In the same year,
a 2.56 Thit/s, DQPSK transmission over 300 km was also reported [12]. De-
spite the fact that transmission speeds obtained using OTDM can be scaled
to over 1 Thit/s, ultrashort pulses used in OTDM require very broad signal
bandwidth that limits the maximum achievable spectral efficiency to below
1 bit/s/Hz.

The other approach under intensive research is the use of multilevel mod-
ulation formats such as quadrature amplitude modulation (QAM). Unlike
conventional modulation formats such as on-off keying (OOK) which trans-
mits 1 bit per symbol, 16-QAM, for example, transmits 4 bits per symbol as
shown in Fig. 1.2. In general, 2¥-QAM enables N bits to be transmitted
for each symbol. This means that the spectral efficiency can be increased by
N-fold compared to OOK when a 2V-QAM modulation format is adopted.
This comes at an expense of having to use advanced electronic devices such
as high quantization-resolution DACs at the transmitter and ADCs at the
receiver, in combination with digital signal processing (DSP) for demodula-
tion. Several higher order QAM transmission experimental results have been
reported. A 54-Gbit/s, 512-QAM coherent optical transmission over 150 km
has been reported [13]. A transmission experiment with 1024 QAM over the
same distance of 150 km has been demonstrated [14]. Furthermore, more
recently, a record 2048 QAM transmission experiment achieving a spectral
efficiency of 15.3 bit/s/Hz has been demonstrated [15]. However, it is difficult
to achieve a transmission speed of 1 Thit/s or beyond with this technique
due to the bandwidth limitation of electronics such as DACs and ADCs.
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Figure 1.2: Constellations and the corresponding Gray coding

1.2 Trends in high speed and high spectrally effi-
cient optical transmission

In order to overcome the spectral efficiency limitation in conventional TDM
transmission, TDM of coherent optical pulses has been recently proposed,
where the pulses are modulated with QAM data and bit interleaved to higher
symbol rate with OTDM.  Fig. 1.3 summarises recent experimental re-
sults on high speed coherent TDM transmission. First, an ETDM-based 110
Gbaud, polarization-division multiplexed (PDM)-QPSK transmission (440
Gbit/s x 20 ch) giving rise to a spectral efficiency of 4 bit/s/Hz has been
demonstrated [16]. In addition, a single-carrier transmission of 107 Gbaud
PDM-16 QAM signal at a bit rate of 856 Gbit/s was also demonstrated at
a spectral efficiency of 5.9 bit/s/Hz [17]. Furthermore, with a high speed
DAC, a demonstration of a 72 Gbaud PDM-64 QAM signal transmission at
a bit rate of 864 Gbit/s leading to a spectral efficiency of 6.4 bit/s/Hz has
also been reported [18]. On the other hand, by using OTDM, a QPSK trans-
mission at bit rate of 640 Gbit/s has been demostrated [19]. Precise phase
locking of the receiver local oscillator to the data signal achieved by use of an
optical phase-locked loop (OPLL) technique made it possible to increase the
QAM multiplicity further to 32 QAM, where both 400 and 800 Gbit/s, 32
QAM transmission experiments over 225 km have been reported [20]- [22].
Furthermore, a single-carrier 5.1 Thit/s, 16-QAM coherent transmission at
10 Gbaud x 64 OTDM over 80 km of fiber has been demonstrated at a
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spectral efficiency of 1.9 bit/s/Hz [23]. In addition, with an OTDM multi-
plicity of 128, a spectral efficiency of 2.5 bit/s/Hz was achieved with a 1.28
Thaud, 16-QAM signal transmission at a 10.2 Thit/s bit rate through 29 km
of fiber using “self” homodyne method [24]. With ETDM for coherent trans-
mission, the bandwidth of DACs and ADCs limits the symbol rates, making
it difficult to achieve transmission bit rates of beyond 1 Thit/s, even when
using higher order modulation formats. On the other hand, as a result of
using very short pulses for coherent OTDM, the spectral efficiency in coher-
ent OTDM transmissions is still limited to below 2.5 bit/s/Hz. Therefore,
developing a system that is of both high speed and high spectral efficiency
is of utmost importance in realizing ultimate transmission capacity with the
available bandwidth resources.
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1.3 Objective and outline of this dissertation

As mentioned in section 1.2, developing a system that is both high speed
and high spectrally efficient is vital in making the best use of the available
bandwidth resources. Due to the fundamental limitation in the bandwidth of
DACs and ADCs, it has been difficult to achieve a single channel bit rate of 1
Thit/s and beyond even with ETDM. To overcome this bottleneck, coherent
optical pulse and its OTDM are expected to realize a bit rate faster than 1
Thit/s. At the same time, however, it should be noted that the inherent broad
spectral width of short optical RZ pulses, such as Gaussian and sech pulses
that are typically employed in OTDM, can reduce the spectral efficiency.

This work aims at achieving high speed transmission faster than 1 Thit/s
in a single channel while retaining high spectral efficiency in digital coher-
ent optical QAM transmission. This work first demonstrates coherent pulse
transmission of 64 QAM signals using a Gaussian pulse. To further increase
the spectral efficiency, this work proposes a coherent Nyquist pulse transmis-
sion that enables us to realize high-speed transmission with a broad pulse
width, i.e, in a narrow bandwidth, without being affected by intersymbol
interference (ISI). In particular, by taking advantage of time-domain orthog-
onality in coherent Nyquist pulses, it is demonstrated that the spectral effi-
ciency can be considerably increased.

This work is divided into six chapters. Chapter 2 covers the fundamental
configuration of a digital coherent transmission system, describing key com-
ponents such as a coherent pulse source, optical phase-locked loop (OPLL)
for highly precise phase synchronization, OTDM demultiplexer, and digital
signal processor. Particular focus is made on optimization of these compo-
nents for coherent pulse transmission. This chapter also describes a waveform
distortion compensation based on digital signal processing referred to as fre-
quency domain equalization (FDE), which plays a crucial role in realizing
high speed and high spectrally efficient coherent transmission.

In Chapter 3, I describe a digital coherent 64 QAM transmission at 1.92
Thit/s/ch using a Gaussian pulse. Since a mode-locked pulse laser that
can directly emit coherent pulses had not been realized, a 2.4 ps coher-
ent Gaussian pulse generation is demonstrated for the first time by using
a frequency-stabilized CW laser and an ultra-broadband optical comb gen-
erator. In addition, since coherent pulse transmission is largely affected by
S/N degradation due to broad bandwidth compared to conventional digital
coherent QAM with a CW carrier, a novel scheme of RZ-CW conversion is
introduced at the receiver so that the received signal can be confined within
a narrow receiver bandwidth without loss of energy. Furthermore, a precise
frequency domain equalization (FDE) technique is newly developed for com-

6



1.3. Objective and outline of this dissertation

pensation of waveform distortion that result from hardware imperfections.
As a result, 1.92 Thit/s, 64 QAM transmission is demonstrated over 150 km
resulting in a spectral efficiency of 3.8 bit/s/Hz [2].

In chapter 4, I propose a high spectral-efficiency coherent pulse, known
as a Nyquist pulse, that greatly reduces the signal bandwidth requirement,
consequently increasing the spectral efficiency of the coherent pulse trans-
mission [26]. Nyquist pulse has a sinc (or quasi sinc)-function waveform and
a rectangular (or raised-cosine) spectral profile. In this work, a coherent
Nyquist pulse is generated for the first time by combining a coherent pulse
source developed in chapter 3 and a pulse shaper, in which the frequency
comb is converted to the spectral profile of a Nyquist pulse with a proper
control of amplitude and phase of each longitudinal mode. As a demulti-
plexer, an ultrafast optical sampling circuit comprising NOLM (Nonlinear
Optical Loop Mirror) is newly employed so that only a portion of the signal
at each symbol interval can be extracted without affected by ISI. By using
coherent Nyquist pulses, it is demonstrated that the spectral efficiency of
the 1.92 Thit/s, 64 QAM transmission is increased to 7.5 bit/s/Hz, which is
almost twice of that with a Gaussian pulse [27].

In Chapter 5, I propose a novel scheme for coherent Nyquist pulse trans-
mission utilizing the time-domain orthogonality. Specifically, a new OTDM
demultiplexing scheme exploiting the orthogonal property of the OTDM
Nyquist pulse is demonstrated. This can be realized by using a Nyquist
pulse both as a transmission signal and a local oscillator whose phase and
timing are synchronized. This enables the coherent Nyquist pulse to be de-
multiplexed and homodyne-detected simultaneously in a coherent receiver,
resulting in a high performance demultiplexing and much simpler receiver
configuration compared to the ultrafast sampling scheme. With this scheme,
I was able to increase the spectral efficiency further up to 10.6 bit/s/Hz, due
to the ability to utilize a Nyquist pulse of the minimum spectral width [28].
Also in Chapter 5, I describe the increase in transmission speed from 1.92
Thit /s to 3.84 Thit/s by doubling the symbol rate. This is realized by newly
employing a HCN frequency-stabilized mode-locked fiber laser (MLFL), that
can directly emit a high OSNR coherent optical pulse.

In Chapter 6 , I summarize this work, and I also describe how this work
compares with the theoretical Shannon limit. I also elaborate future chal-
lenges toward further increase in both the transmission speed and the spectral
efficiency.
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Chapter 2

Principle of digital coherent pulse
transmission

In this chapter, I first, describe the basic configuration of a coherent pulse
transmission system. After describing the basic configuration, which is shown
in Fig. 2.1, I go on to describe the principle of operation of the individual
key components and devices at the transmitter and receiver. In particular, I
focus on how these components are improved or optimized for coherent pulse
transmission. This includes a coherent pulse source, optical phase-locked loop
(OPLL) for highly precise phase synchronization, OTDM demultiplexer, and
digital signal processor. Regarding a coherent pulse source, since a mode-
locked pulse laser that can directly emit a coherent pulse has not been real-
ized, I developed an optical comb generation scheme. Specifically, a coherent
pulse is generated with a frequency-stabilized CW laser followed by an opti-
cal comb generator and chirp compensation. Unlike a pulse generation using
fiber nonlinearities such as supercontinuum generation, this scheme is ad-
vantageous in terms of maintaining high coherence. As regards the OPLL,
I improved the OPLL configuration to realize the phase synchronization be-
tween CW-LO and transmitted coherent pulses by newly introducing comb
generation with an LN phase modulator inside the feedback loop. The fun-
damental components described in this chapter are used in the transmission
experiments | carried out in chapters 3, 4 and 5.

12
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Principle of digital coherent pulse transmission

2.1 Coherent pulse generation

The coherent pulse generation circuit consists of a coherent CW laser [1], an
ultrabroad comb generator [2] and a pulse shaper [3]. As a coherent CW
laser, a fiber laser whose frequency is stabilized to the absorption lines of
(3CyHy,) at 1538.8 nm is described in detail in section 2.1.1.

The output from the CW fiber laser is fed into an ultrabroad comb gen-
erator giving rise to a broad comb. As an ultrabroad comb generator, a
dual drive Mach-Zehnder (MZ) modulator which is driven by an RF signal
of different phase and amplitude is described in detail in section 2.1.2.

From the broad comb a pulse was carved off using a pulse shaper. As a
pulse shaper, a programmable optical filter consisting of a spatial amplitude
and phase modulator based on liquid crystal on silicon (LCoS) is presented
in detail in subsection 2.1.3. The filter is programmed so that the envelope
of the longitudinal modes of the frequency comb is converted to a Gaussian
or Nyquist spectral profile.

2.1.1 Acetylene frequency-stabilized fiber laser

In this subsection, the structure and operation of the frequency-stabilized
fiber laser is described.

Figure 2.2 shows the structure of the frequency-stabilized laser. The laser
is composed of a fiber-ring laser cavity, in which an erbium-doped fiber (EDF)
is pumped by an InGaAsP laser diode (LD) operating at 1.48 pm through
a WDM coupler. The EDF is wound on a piezo-electric transducer (PZT)
for tuning the laser cavity length. The cavity includes a very narrow filter
made of fiber-bragg grating (FBG) which was stuck on a multi-layer PZT
(MLP). The MLP is controlled by a voltage output from a phase sensitive
circuit. The control voltage to the MLP changes the length of the MLP, and
in effect the period of the FBG thereby shifting the FBG center frequency.
In order to carry out single mode operation, the FBG had to be very narrow
and in this case the it had a bandwidth of 1.3 GHz and a suppression ratio
of 20 dB on the side modes. This enabled single mode operation of the laser.
The circulator acted as an isolator allowing only single-directional optical
flow limiting the hole-burning effect. So as to stabilize the polarization state,
the entire ring-cavity was made of polarization maintaining (PM) fiber. The
laser output is obtained through a 80 : 20 output coupler.

In order to stabilize the frequency to the CyH, absorption line, part of
the of the optical output was fed into a frequency stabilization circuit, in
which a frequency deviation from the CyH, absorption line is detected and
fed back to the PZT to control the laser frequency. The acetylene absorption
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2.1. Coherent pulse generation

line used was P(10) at 1538.80 nm whose linewidth is 500 MHz. The output
power from the laser was 20 mW, with the linewidth of 4 kHz.

S N 1.8 GHz

1.48 um LD Feedback Low-pass
circuit filter

\ MLP: Multi-layer

Wil & PzT
e \PM-FBG
MLP

0 4 8 12 |‘

Optical frequency [GHz]

WDM

Reflectance [dB]

Length ~4 m
(FSR =49.0 MHz)

Circulator

80/20 coupler
|

Phase-Sensitive circuif

[

Laser output 1538.8 nm modulator

DBM: Double balanced mixer

Erbium-doped Fiber Laser Frequency stabilization
circuit

Figure 2.2: Frequency stabilized fiber laser

2.1.2 Ultrabroad comb generation

The structure and operation of the optical comb generator is described in
this subsection. Figure 2.3 shows the configuration of a comb generator [2].
The two arms of the MZM modulator are driven by RF signals with the
same frequency but with different amplitude and phase. The RF signals to
the upper arm and the lower arm are given a phase difference of A¢ as shown
in Fig. 2.3. To illustrate the principle of operation of the comb generator,
the figure in Fig. 2.3 can be schematically represented by the figure shown
in Fig. 2.4. The CW optical output from the frequency-stabilized fiber
laser represented by E;,. The monochromatic optical signal is fed into the
MZM where it is split into the two arms. The two arms were modulated
independently by the signal A;sin(w,,t) and Assin(w,,t), respectively. The
phase of the two signals is defined as 6; and 6. The output from the two
arms, F; and Ey can be defined as
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RF signalb
At ]

i modulator

i Comb generator

cw i | ¥ :
IJ » —+— ouput

L0 JAN Zlf_Bias

RF signala

E, = f?/igexp(j(Al sin(wmt) + 61)) (2.1)
By — \E/igeajp(j(Ag sin(wnt) + 05))

The two signals F; and Es are coupled, whose output F,,;, can be ex-
pressed as

Eoyw = E1 + E5 (2.2)
= Ezm(eafp(j(Al sin(wpt) + 61)) + exp(j(Ag sin(wpt) + 62)))
- EQ”L i Ji(ADexp(j(kwmt + 01)) + Ju(Az)exp(j(kwmt + 63))

k=—o00

where Ji() is Bessel function of the first kind. The CW source E;, can be
expressed as Ej, = |E;,|exp(jw.t), therefore the result in equation (2.2) can
then be expressed as

[e.o]
_ |Em|

Eou = NG Z Je(Ay)exp(j(wetkwmt+61))+Jk(A2)exp(j(wetkwmt+02))
k=—o00
(2.3)
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A;sin(e,?) 8, | | | | | | | |

f

R
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L L

f

Figure 2.4: The configuration of a comb generator

The Fourier transform for equation (2.3) is given by

|Em| .

FlBou] = 5% 30 [r(Aeap(j(0) + Ji(Aa)eap(j(62)] (2.4)
x [ cnlilen + o — wpt)ie
= S LA )eap(G(00)) + (An)ern(i8)] (o — e~ ko)

From equation (2.4), the k' power spectral density P, can be expressed
as

’Ein‘z
)
’Ein‘z
)
|Ein|2
)
|Ein|2
)
|Ein|2
)

By, [ Ti(Av)exp(j61) + Ji(Az)eap(jde)|* (2.5)

(Jk(Ar)exp(61) + Ju(As)exp(j02)) (Ju(Ar)exp(j6r) + Ji(Az)exp(762))°

(Ji(Ar)exp(j61) + Je(Az)exp(02)) (Ji(—Ar)exp(—jor) + Je(—Az)exp(—jb2))

(JR (A1) + JF(As) + Je(Ar) Ji(Asz) (exp(j (61 — 62)) + exp(—j(61 — 62))))

(JE(ALD) + JHAg) + 2J,(A1) Ji(Ag) cos(0y — 6))
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Principle of digital coherent pulse transmission

When A;, i = 1,2 is large enough, the Bessel function Ji(A4;) can be approx-
imated to

2 2k +1
J(A;) =~ — cos(A; — 1

) (2.6)

Taking this approximation into account, the equation (2.5) can be approxi-
mated to

Enl? [ 1 2%k + 1 1 2k + 1
P, ~ | - | L‘h cos?(A; — 2_ ) + T cos?(Ag — + ) (2.7)
2 2k+1 2k+1
—i—m cos(A; — 2—71') cos(Ag — i ) cos(y — 0s)

Taking A = (A; + Ay)/2, AA = (A} — A3)/2 and AG = (6, —6,)/2, 2AA and
2A0 are the amplitude and phase differences on the two arms respectively. If
AA is too small, the approximation A; ~ A, ~ A can be made. Therefore,
the equation (2.7) can be further approximated to

|Em‘2

2k +1 2k +1

P, ~ cos?(A; — ) + cos?(Ay — ) (2.8)
s 4 4
2k +1 2k +1
+2cos(A; — i m) cos(Ay — i ) cos(QAQ))]
B 1 2k + 1 1 2k 41
=— 1+ 5 cos(24, 5 )+ 5 cos(2A; )

2k +1
+[COS(A1 + A2 — +

7) 4 cos(A; — Ag)] COS(ZAQ)l

2
= ‘Emj ll + cos(A; + Ag — 2k + 17T) cos(A; — Ay)

s

-2 1
+[cos(2A — bt )] cos(2A0)
2
. ~ 1

— |E’Z~J [1 + (cos(2AA) + cos(2A0)) cos(2A — Qk; )

77
+ cos(2AA) cos(2A6)]

If P, = |Em|2, the conversion efficiency for the k*" harmonic can be expressed
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as
P 1 -2 1
Ne = L (cos(2AA) + cos(2A8)) cos(2A — kot ) (2.9)
P, TA
+ cos(2AA) cos(2A6)]

As it can be seen in equation (2.9), the conversion efficiency for the k"
harmonic is dependent on k. In order to obtain an ultra-flat comb, this k-
dependence ought to be eliminated. This can be achieved by equating the
following term to zero

(cos(2AA) + cos(2A0)) =0 (2.10)
2cos(AA+ Af) cos(AA—AO) =0

This satisfied when
AAiAQZg (2.11)

The condition in equation (2.11), leads to the conversion efficiency 7 to be
independent of k, and hence

1 — cos(4A0)
=" 2.12
Tk o A ( )
The conversion efficiency 7 attains a maximum value of
1
mar — ~ 2.13
T 2m A ( )
which is achieved when
AA:A&:% (2.14)

is satisfied. Therefore, an ultra-flat comb can be generated when the condi-
tion represented in equation (2.14) is satisfied.

Assuming that V; = 1.75 V, and the phase difference between the two
arms 2A0 = 7 /2, if the amplitude difference between the two arms 2AA =
7/2 as well, the comb shown in Fig. 2.5 is obtained. The external and internal
view of the comb generator used in this work is shown in Figs. 2.6(a) and
(b) respectively.
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Figure 2.5: A simulated comb spectrum

(a) External view (b) View of the MZ modulator

Figure 2.6: The comb generator

2.1.3 Pulse shaping

This section

covers the pulse shaping process employed in this work. As

mentioned earlier, a programmable pulse shaper [3] was employed to carve off
a desired pulse profile from the broad comb that was generated as described
in subsection 2.1.2.

Figure 2.7 shows the configuration of the pulse shaper. First, the input

signal passes

through a set of wave plates, optimizing the polarization of the

beam. The beam is then reflected by a cylindrical mirror to a diffraction
grating, where the light is angularly dispersed. The different spectral com-
ponents of the dispersed beam are then reflected again on the cylindrical
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2.1. Coherent pulse generation

mirror to a liquid crystal on silicon (LCoS) surface. By programming the at-
tenuation and phase of each pixel of the LCoS, different spectral components
can be manipulated as desired and thus a filter profile can be programmed.
The spectral components are reflected back to the cylindrical mirror and the
output is obtained through a diffraction grating.

LCoS: Liquid crystal

on silicon PUlSaEh -
express input / it i
LCOS optica

conventional FRORRees
grating
/ compensating f

optics i i

P imaging imaging )
optics o optics
polarisation = cylindrical
diversity mirror

optics

Figure 2.7: The structure of a pulse shaper

For example, if the LCoS pixels are programmed with an attenuation
profile shown in Fig. 2.8(b), when the signal possessing a spectrum shown
in Fig. 2.8(a) is fed into the pulse shaper, the spectrum of the signal out of
the pulse shaper takes the profile shown in Fig. 2.8(c).
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Figure 2.8: The pulse shaper filtering process

2.2 Modulation, transmission and detection of co-
herent pulse

This section covers key devices and components used for data modulation,
multiplexing, transmission and coherent detection. The optical signal from
the pulse generator is passed through an IQ modulator, where two quadra-
ture optical beams are amplitude modulated independently. This process is
explained in detail in subsection 2.2.1. The modulated data signal is then
OTDM multiplexed using a PLC type OTDM multiplexer, which is described
in 2.2.2. After OTDM multiplexing, the signal undergoes polarization multi-
plexing, which is explained in subsection 2.2.3. The multiplexed data signal
is transmitted through a dispersion-managed fiber link whose details are
covered in subsection 2.2.4. At the receiver, clock recovery and OTDM de-
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multiplexing are carried out, which is elaborated further in subsection 2.2.5.
Finally, the process of coherent detection is explained in subsection 2.2.6.

2.2.1 IQ modulator

The IQ modulation process is described here in detail. Fig. 2.9 shows the
configuration of the IQ modulation used. It is an SSB modulator made of
Ti-diffused LiNbO5 (LN) waveguides indicated by the black lines in Fig.
2.9 [4].

The modulator consists of the main interferometer M Z. with two sub
interferometers M Z 4 and M Zg placed on each arm. Furthermore, there are
electrodes placed on each interferometer which adjust the refractive index
of the respective waveguides in proportion to the voltage applied to them.
Threfore, as illustrated in Fig. 2.9, the refractive index change on one arm
of the sub interferometers can lead to a corresponding variation in the de-
gree of interference of the optical signal through the each arm of the main
interferometer M Zc.

Electric vector
amplitude

| data: V,(t)}+DC,

- Optical output
Electyic vector
. amplitude

Optical input

MZ: Mach-Zehnder

: LAY
interferometer Q data: Vq(t)+DCq DCe VAVAVA .f ,’ H '| time

Figure 2.9: The configuration of an IQ modulator

The voltage applied to the two sub interferometers result in an optical
transmittance that takes the sin-curve as shown in Fig. 2.10. By setting
the DC voltage to the electrodes such that the transmittance is zero (null-
point), amplitude modulated electrical data can be applied to the electrodes
on two arms independently such that the optical transmittance through the
two arms follows the sin-curve distribution shown in Fig. 2.10. Ideally, when
the DC voltage (DC-bias) Vj is applied, the transmittance is zero, however
when random I- and ()-data are fed to the upper and lower Vj-biased sub
interferometers respectively, having an allowable range of of =V, ~ +V,
their optical transmittances change following a sin-curve.
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Furthermore, a DC-voltage can be applied to one of the arms on the main
interferometer M Z¢ such that the phase difference between the arms results
in the two independently amplitude modulated beams to be quadrature or
orthogonal to other, hence quadrature amplitude modulated (QAM) data.

In the course of this work, IQ modulators of V, around 2.5 V was used.
The exact values of the driving voltage will be provided in successive chapters
and when the respective experiments is described.

The loss on the optical signal through the IQ-modulator can be broken
down into the following:

1 The intrinsic insertion loss of the modulator, which was about 5 dB for
this case.

2 Loss due to the level of modulation depth used, i.e, the peak to peak
voltage value of the I- and Q- data used.

N B |

I 1Q

V-V, v, Jo+Vx Electrical signal to the electrodes

Optical transmittance

Figure 2.10: The principle of IQ modulation

2.2.2 OTDM multiplexer

The configuration of optical time division multiplexing (OTDM) circuit is
shown in Fig. 2.12. For simplicity, a single data channel is multiplexed
through several stages eventually increasing the baud rates. First, a pulse
train of base repetition rate, for example 10 GHz in Fig. 2.12, is modulated
and fed into the OTDM multiplexer. The multiplexer contains several multi-
plexing steps where on each step the signal is divided into two arms, with one
arm given a delay relative to the other. In the particular example shown in
Fig. 2.12, a 10 Gbaud data train is split into two arms. One arm is delayed
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2.2. Modulation, transmission and detection of coherent pulse

by 150 ps relative to the second arm and then combined giving rise to a 20
Gbaud data train. The reason for setting the delay to be 150 ps instead of
50 ps is to reduce the correlation between neighboring pulses after OTDM.
The 20 Gbaud pulse data train is then divided into two branches with arm
given a 75 ps delay relative to the other, giving rise to a 40 Gbaud data train.
The third step involves splitting the 40 Gbaud into two, and one arm delayed
by 37.5 ps, giving rise to an 80 Gbaud data train when finally recombined.
The last stage involves giving one arm a delay of 18.75 ps, resulting in a 160
Gbaud data signal when the two arms are combined again. Generally, the
aggregate baud rate is given by the baseline (initial) baud rate multiplied by
2 raised to the number of multiplexing steps n, i.e., (2"). In this work, the
bit-delay line interleaver is implemented on a planar lightwave circuit (PLC).

Delay line Delay line

Optical
Input
100 ps
10 Gbaud t 20 Gbaud t 40 Gbaud t
Delay line Delay line
/‘\ﬁf“\ Amf-\ Optical
—— S S e Ouput
25 ps 12.5ps 6.25ps

t t
40 Gbaud 80 Gbaud 160 Gbaud

Figure 2.11: The configuration of an OTDM multiplexer

In practical implementations, unlike with the laboratory experiments
where all the OTDM tributaries consist of the same modulated data, practi-
cal systems would entail different tributaries carrying different data or serving
different clients. The main advantage of OTDM is that it makes it possible
for generation of serial data rates that exceed limits set by data generation
by electronics.
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2.2.3 Polarization multiplexing

While OTDM multiplexing increases the serial baud rate greatly, it is also
possible to further take advantage of ability of both TE and TM modes
to coexist in a single fiber and hence double the bit rates that can be
transmitted through the fiber.

For polarization multiplexing to be achieved, first the signal is split into
two arms using a 50 : 50 optical coupler. The signal on one arm is given a
delay, while the polarization state of the signal on the arm is rotated using a
polarization controller (PC) such that it is perpendicular to that of the other
arm. The two beams are then combined using a polarization beam combiner
(PBC), with the resultant signal having a bit rate twice that at the input.
In order to decorrelate the two polarization channels, a delay of about 1 ns
is introduced between the two arms.

O ptical PBC
50:50 Coupler Delay i 1
= —
t t

Optical Input Optical Output

Figure 2.12: The principle of polarization multiplexing

2.2.4 Dispersion-managed fiber link

In this subsection details on the dispersion-managed fiber (DMF) used in
this work is explained. When narrow pulses propagate through fiber of large
dispersion and dispersion slope, they broaden and that leads to signal degra-
dation during detection. Furthermore, for proper clock extraction at the
receiver, the pulse broadening must be compensated for precisely. Therefore,
dispersion compensation is indispensable.

A fiber whose dispersion is close to zero such as dispersion-shifted fiber
(DSF) are not ideal for optical coherent transmission due to the enhanced
nonlinear phase rotation during data signal propagation. Here, a fiber of
large core effective area known as super large area (SLA) fiber is adopted.
The SLA used in this work was of length 50 km/span, core effective area
Aepy of 106 pm?, dispersion of 19.5 ps/nm/km and a dispersion slope of 0.06
ps/nm?/km. To compensate for the anomalous dispersion in the SLA, a
fiber with the dispersion and dispersion slope having the opposite sign was
used. The fiber used was inverse dispersion fiber (IDF), whose length was 25
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2.2. Modulation, transmission and detection of coherent pulse

km /span, core effective area of 31 ym?, dispersion of —40 ps/nm/km and the
dispersion slope of — 0.12 ps/nm?/km. IDF enables simultaenous compen-
sation of dispersion and dispersion slope. The detailed fiber configuration
and property are illustrated in Fig. 2.13. The residual uncompensated dis-
persion was compensated for using small lengths of single mode fiber (SMF)
or dispersion compensating fiber (DCF) of dispersion < 0.1 ps/nm.

EDFA

OTDM > Output
signal O O O O
IDF IDF

SLA SLA
(a) 150 km Dispersion-managed fiber (DMF) configuration

L Ad=i AL

(b) Pulse evolution along the dlspersmn—managed flber (DMF)

A
SLA

>

Resultant

\

IDF

Wavelength inm]

Dispersion

(c) Dispersion of the DMF

Figure 2.13: Dispersion-managed fiber (DMF) link

2.2.5 OTDM demultiplexing

OTDM demultiplexing is described in this subsection. In this work, I used
a nonlinear optical loop mirror (NOLM) [5] for the OTDM demultiplexing
process. Here, the focus is on the operation principle of NOLM, its structure,
and characteristics. In order to carry out optical switching, a control pulse
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that is synchronized to the data signal has to be generated. Therefore a
reference clock that contains the repetition rate has to be either transmitted
with the data or extracted from the data signal itself. In this work a mech-
anism that involved clock extraction from the data signal was adopted and
the principle of this process is also discussed in this subsection.

(a) Optical switching by Nonlinear optical loop mirror (NOLM)

NOLM is an optical interferometer whose principle of operation is based on
Sagnac interferometry [6]. The configuration of a NOLM is shown in Fig.
2.14, where the OTDM signal Eorpas is coupled to a loop of highly non-linear
fiber (HNLF) via a 50 : 50 coupler. There is also a separate signal called
the control signal F.,;; that is fed into the counter-clockwise direction via a
coupler. With no control signal fed into the loop, the OTDM signal is divided
into two counter-propagating beams which end up back at the coupler, where
they interfere constructively and the signal is coupled to the input port.In this
case, the entire OTDM signal is reflected back through the input port with
no signal out of the output port, hence the name “mirror.” To compensate
for fiber birefringence, a polarization controller is sometimes placed in the
middle of the NOLM loop. NOLM acts as a switch in such a way that
when a control pulse train is fed into the loop, the phase of the data signal
propagating in the counter-clockwise direction gets modulated by cross phase
modulation (XPM), and induces a phase change A® to the co-propagating
beam relative to the beam travelling in the opposite direction. When this
phase change is equal to 7, instead of being reflected back through the input
port, the signals aligned to the control pulse get transmitted through the
output port. Hence, the control pulse train switches the tributary of interest
through the output port.

E JJ 50:50
J y Isolator Coupler
OTDM p
=1 Y »E —L
Ecnm’ 2 !

HNLF: Highly nonlinear
fiber

HNLF
Length:L

Figure 2.14: NOLM operation and OTDM demultiplexing

Next, the analytical description of the NOLM operation is presented.
First, when we consider the case when the control pulse train is fed into the
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NOLM, the clockwise beam E.,, and the counter-clockwise beam FE,.,, after a
3-dB coupler can expressed as a function of the input OTDM signal Eorpar
as follows:

E

By (0) = z% (2.15)
E

Eccw(O) OTDM

When the control pulse is co-propagating with F.., then the XPM-
induced phase change A® = 2vL P, is given to E..,, through the propa-
gation in HNLF over a length of L. As a result, the pulse envelope of the two
beams become

ew(L) = Eey(0) (2.16)
Erews(L) = Eoey(0) exp(iAD)

The two counter-propagating beams arriving at the 3-dB coupler are cou-
pled out in the following manner

Eew(L Eeew(L

Ereflected = (2 ) +1 \/é )

Ecw<L) i Eccw(L)
2 V2

(2.17)

Eout =1

When equations (2.15) and (2.16) are substituted into equation (2.17),
the expression reflected E,fiecreq and transmitted E,,; beams take the form

E .
Ereflocted = i OgDM(1+eXp(ZA<I>)) (2.18)
E
Eout = OZDM (1 - eXp(ZA(I)))
The reflectance R = “‘515”78”5 and transmittance T = % of the
orpMm| |[Eorpm|

NOLM can now be derived from equation (2.18) to be:
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T = ;(1 — cos(AQD)) = sz(A;D) (2.19)
1 o AD
R = 5(1 + cos(AD)) = cos (7)

from which we can deduce that when the phase difference between the two
counter-propagating beams is m, the transmittance is 1, while when there
is no control pulse and the phase difference between the two beams is zero,
then the transmittance becomes zero while all the optical signal is reflected
as shown in Fig. 2.15. Therefore, by carefully adjusting the control pulse
power into the NOLM such that it induces a phase difference of 7 to the two
counter-propagating arms, i.e., A® = 2vLP,.,;, = m, the tributaries that
overlap with the control pulse can be switched through the output, while the
remaining tributaries reflected back through the input port.

Here, one important assumption is that is the control pulse travels with
the same group velocity as the OTDM signal in the counter-clockwise di-
rection. However, in real case since the wavelength of the control pulse is
usually different from that of the OTDM signal, there is a “walk-off” between
the control pulse and the OTDM signal, which originates from the group ve-
locity dispersion of the HNLF. The “walk-oft” problem is a very important
issue especially when very narrow pulses have to be switched through the
output. There is also performance degradation attributed to time jitter on
both the OTDM data signal and the control pulse train that can limit the
performance of the NOLM.

(b) The clock recovery process

In order to carry out OTDM demultiplexing, a control pulse must be synchro-
nized precisely with the transmitted OTDM tributaries. In this work, a clock
recovery unit that uses a bidirectional electro-absorption (EA) modulator in
combination with opto-electrical PLL is employed [7].

Figure 2.16 shows the structure of the clock recovery unit. The OTDM
data signal is first fed through a 50 : 50 coupler. The optical signal from
the two arms of the coupler are given a differential delay A7 and then each
passed through a circulator. There is also a polarization controller placed
on one arm of the coupler output. The signals from the coupler outputs are
then fed to the electro-absorption modulator (EAM). The other circulator
outputs are then fed to a low-speed PD. The photocurrents U; and U, are
then given a differential amplification using an op-AMP. The electrical signal
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Figure 2.15: Transmittance and reflectance through a NOLM

after amplification is the passed through a low-pass filter (LPF). The signal
after filtering is fed to a voltage controlled oscillator (VCO) with a 10 GHz
clock signal generated at the VCO output. The clock generator does also
have a 40 GHz clock output.

n . EAM gate 40 GHz clock signal

-
-

Sl A
) i 10 GHz clock signal
-— :
AT -1‘* “x Ut
OTDM : ;
Signal " X4 [ @" \<
50:50
Coupler VCO LFF
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peration
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At
A Uc = p
u:ﬂu« m m UM

Figure 2.16: The structure of the clock recovery unit

31



Principle of digital coherent pulse transmission

2.2.6 Coherent detection

Intensity-Modulation /Direct-Detection (IM/DD) is widespread in commu-
nication systems today due to its simplicity and the fact that the receiver
sensitivity is independent of the received signal phase and state of polariza-
tion (SOP) [8]. However, there exists a fundamental limitation to this form
of detection where only the intensity is detected. On the other hand, coher-
ent detection enables the in-phase and quadrature-phase component of the
transmitted data to be detected, which makes it possible to reconstruct the
optical field. This leads to an enormous advantage of being able to apply
DSP for dispersion compensation and other forms of equalization by treating
the received data as a complex field. This comes with great complexity in
terms of having a separate optical source at the receiver known as a local
oscillator (LO), whose phase must be synchronized to the data. There is
also a need to precisely control the polarization signal received so that it is
properly aligned to the LO signal.

Figure 2.17 shows the fundamental configuration of a simplified coherent
detector. The received coherent signal F; is combined with the optical beam
from the LO, EL0, into an optical coupler. The two outputs Fi(t) and Es(t)
from the optical mixer can be represented as

Py o

Ea(t) = jﬁ [, + Epoexp(jn)] = ¢1§ (. — Eyo)

ey
S
—
~
N—

|

If the received coherent signal has a modulated envelope A,(t) and a fre-

Balanced photo-dector

(BPD)

rC E1)

Received . L)
coherent signal E
> Lowl?
. A ®
Local oscillator (LO) Ey 2
signal E;

Figure 2.17: The configuration of a coherent detector

quency fs, then can formulated as Fy = Ag(t) exp(j2m ft), while if the cor-
responding LO envelope is App with the frequency being fro, it can be ex-

32



2.2. Modulation, transmission and detection of coherent pulse

pressed as Ero = Aroexp(j2mfrot). The data signal and LO signal power
can be expressed as P, = |A4]?/2 and Pro = |Aro|?/2, respectively.

From the above expressions, the photo-current I1(¢) and I(t) from the
balanced photo-detector (BPD) becomes
(t) exp(y2m fst) + Aro exp(j27 frot) 2

V2
= Ro|/2P,(t) exp(j27 fit + ¢s(t)) + \/2Pro exp(j27 frot + ¢ro(t))]?

= Ro|exp(j2 fLot) [\/QPLO + \/QPs(t) exp(j27(fs — fro)t + (¢s(t) — dro(t)))| I”

L(t) = RoyAs (2.21)

— ];0|\/2PL0 +/2P(t) exp(j27(fro — fro)t + (6:(t) — dro(1)))]?

_ };(](PLO + Py(t) + 2m005(2ﬂfmt + ¢rr(t)))

Similarly,

L) = IEO(PLO + Py(t) — 2/ PLoPy(t) cos(2n et + drp(t))  (2.22)

where frr = fs — fro, while ¢;p(t) = ¢5(t) — ¢ro(t); the phase difference
between the received data signal and the local oscillator. Ry is the respon-
sivity of the PDs !. The current out of the BPD [,,(¢) being the difference
between the above currents is

]out(t) - ]l(t) - 12<t) (223)

— QJTPS@Cos(QWf[Ft + ¢IF(t>)

The photocurrent out of the BPD is proportional to both the data signal
power, and the LO signal power. Coherent detection offers an advantage
where by increasing the power of the LO signal, a low power data signal can
be detected at an increased sensitivity.

Coherent detection mainly takes two forms, namely heterodyne detection
where the detected signal has finite intermediate frequency f;r. The other
form of coherent detection is a special case of heterodyne detection where the
intermediate frequency is zero i.e., frr = 0, popularly known as “homodyne”
detection.

'Ry = en/2m fsh with e being the electron charge, n the quantum efficiency and A being
Planck’s constant.
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(a) Heterodyne detection

As mentioned previously, heterodyne detection is when the intermediate fre-
quency is finite, i.e.,frp # 0. The other implied condition is that the IF
frequency is greater than the data bandwidth, otherwise the form of detec-
tion would be what is known as “intradyne” detection.

Fig. 2.18(a) shows the optical spectra for both the data signal and LO
signal. As illustrated in the figure, the two frequency do not coincide. Fig.
2.18(b) shows the IF spectrum of the signal after heterodyne detection rep-
resented by the expression in equation (2.23). The main advantage of this
type of detection is that linear detection is possible, where after detection the
signal can be taken through a series of distortion compensation. The other
merit worth mentioning is that it makes it possible for phase restoration af-
ter detection. The big limitation with this method for detection is that the
IF frequency has to be greater than the data bandwidth and that puts a
limitation to the bit rate taking account of the available bandwidth that can
be utilized especially when using low speed electronics such as ADCs.

W]

Figure 2.18: (a)optical spectrum of the data signal and LO, (b) the IF spec-
trum the heterodyne detected data (fir = fs — fro # 0)

(b) Homodyne detection

Homodyne detection is a special form of heterodyne detection where the IF
frequency is zero (frp = 0) as shown by the spectral relationship between
the data signal and the LO in Fig. 2.19(a), and the baseband signal in Fig.
2.19(b). This means that the expression in equation (2.23) takes the form

Lot = 24/ PLoPy(t) cos(¢(t) — dro(t)) (2.24)

In coherent transmission, the phase component ¢4(t) of the incoming signal
can be used as an important carrier of information. Therefore if the laser
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E ///// Data signal E 7
%
i 7 0 %//ﬁ 7

Figure 2.19: (a)optical spectrum of the data signal and LO, (b) the IF spec-
trum the homodyne detected data (baseband signal) (f;r = fs — fro = 0)

at the transmitter has an extra phase noise ¢, (t) added to the modulated
phase, then the actual phase of the signal can be represented as

Os(t) = ¢s(t) + bn(t) (2.25)

where, ¢g(t) is the information carrying phase component. In order for
this phase component to be properly extracted from equation (2.24) at the
receiver, the local oscillator has to keep track of this time dependent phase
noise or deviation. This is achieved by the adoption of an optical phase-
locked loop (OPLL) which is discussed in details in section 2.3. As mentioned
previously, the phase component of the current in equation (2.24) can utilized
to carry information in what are called phase diversity coherent detection
schemes. QAM data, consisting of two quadrature modulated signals require
a phase-diversity coherent detection scheme. A description of how phase
diverse “homodyne” coherent detection will be treated next.

(c) Phase diversity homodyne coherent detection scheme

This form of “homodyne” detection is very suitable for QAM transmission in
that, both the In-phase data (I data) and the quadrature data (Q data) can
be simultaneously detected. This is achieved by an extension of the coherent
detector shown in Fig. 2.17 to one that is shown in Fig. 2.20. Here, both
the received data signal and LO signal are each first divided into two arms,
with one arm of the LO signal given a 7/2 phase shift and then used for
coherent detection of the second arm of the data signal. The optical outputs
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Balanced photo-dector
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A 0
— IQ(I)
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Figure 2.20: The configuration of a phase diversity coherent detector

Ey(t) ~ E4(t) can be expressed as follows:

En(t) = ;(Es + Ero) (2.26)
E2(t) = ;(Es - ELO)

1 .
E3(t) = i(ES + jELo)

Bi(t) = 3 (B, — jFro)

After the optical signals in equation (2.26) are detected with a set of balanced
photodetectors as shown in Fig. 2.20, a set of quadrature photocurrent is
obtained. The orthogonal photocurrent can be represented as:

I;(t) = Ry/P,Pro cos(¢s(t) — dro(t)) (2.27)
IQ(t) = R\/PSPLO sin((bs(t) — ¢L0(t))

The two photocurrents in equation (2.27) are 7/2 out of phase with one
another, implying that on condition that the local oscillator tracks the phase
noise of the laser at the transmitter, QAM data can be "homodyne” detected,
with the two quadrature data signals recovered.

The optical arrangement shown in Fig. 2.20 is known as a 90° optical
hybrid. There are several types of optical hybrids, ranging from the simple
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single polarization 90° optical hybrids with 2 inputs (data signal and LO
signal) and 4 outputs (E(t) ~ E4(t)) 2 x 4-port 90° optical hybrids to the
complex polarization diverse 2 x 8 hybrids.

2.2.7 2 x 4-port 90° optical hybrid circuit

A 2x4-port 90° optical hybrid consists of two 2 inputs (received optical signal
and that from an LO) and 4 outputs (two optical signals for both I and Q
data). The schematic representation of a 2 x 4 optical hybrid is shown in Fig.
2.21. In order to carry out coherent detection for both I and Q-data signals,
the LO signal has to be divided into two branches with the one arm of the LO
used to detect the I-data. The other branch is given a 90°-phase shift and used
for “homodyne” detection of the Q-data signal. Without loss of generality,
we first focus on coherent detection of the I-data, if we consider the electrical
field of the QAM data to be E,(t) = E;(t)+ jEq(t), the first coupler divides
the signal into branches of %Es(t) and &—%Es(t). The %Es(t) branch is used
for I-data homodyne detection. Meanwhile the LO signal is divided into two

\’/—%ELO branches. The I-data signal after homodyne mixing results into two

optical outputs By = L(E(t) — Ero) and E» = ZL(E,(t) + Ero). After the
two optical beams are detected using a balanced photodetector, the current
I;(t) can be expressed as:

Optical QAM
signal 5 E(0) E, = YNE(—E,,)

! ( ' | data
Es(=E,(+JEe(") _T;Em E, :%j(Es(t]"'Em) I, <E,(1)E,,

LO
Q data
I, <Ey(HE,

E
B-PD

Lo

90°Optical hybrid

Figure 2.21: The configuration of a 2 x 4 90° optical hybrid
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I(t) = |Ex(t)* — | Ea(1)? (2.28)
1
= 7{BOF + [Erol’ + Ero(Es(t) + B (1))}
sel fbeat baseband
1 *
— J{UEOF + |Erol® = Ero(Es(t) + ES(1)}
sel fbeat baseband
= FE;(t)Ero

The current from the Q-side of the hybrid can be expressed as:

Io(t) = |Eu(t)]” — | Bs(t)? (2.29)
1 . ¥
= J{BOF — |Brol” = jEro(Es(t) — E{(1)}
sel fbeat baseband
1 . %
— JUE@F — |Erol® + jEro(Bs(t) — B (1))}
sel fbeat baseband
= Eq(t)Ero

2.2.8 2 x 8-port 90° optical hybrid circuit

If the coherent receiver can be implemented in a polarization-diversity config-
uration, it is possible to receive the two polarization channels simultaneously
in a polarization multiplexed transmission. This allows us to demultiplex
the two polarization channels using DSP. In addition, it can be applied to
compensation of nonlinear interaction between two polarizations. To com-
pensate for the nonlinear phase rotation arising from the presence of two
polarizations in the fiber, which is a phenomenon known as cross phase mod-
ulation (XPM), digital back propagation [10] can be adopted. This requires
that both polarizations are simultaneously received. Unlike with the single
polarization receivers which employ the 2 x 4 90° optical hybrid, a polar-
ization diversity receiver system would require a 90° optical hybrid that can
receive both polarizations. Fig. 2.22 shows the configuration of the polar-
ization diversity 90° optical hybrid employed in this work. As with the 2 x 4
90° optical hybrid, there are two input ports to the 2 x 8 hybrid: one for
the data signal and the other for the LLO signal. There is a polarizing beam
splitter (PBS) on the signal input port that separates the incoming orthog-
onal polarizations into the constituent principle polarization states. There
is also a 50/50 beam splitter on the port for the LO signal, that divides the
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signal into two equal components. There are also half waveplates (A/2 wave
plates), and quarter waveplates (A/4 wave plates) placed on the LO and data
signal paths, respectively. In Fig. 2.22, the main orthogonal components are
expressed as:

S1 = Siexp(j(wst + ¢(1))) (2.30)
Sy = S exp(j(wst + ¢(1)))

On the other hand, the LO signal is expressed as:
LO = LO exp(j(wrot)) (2.31)

After a series of half waveplates, quarter waveplates, polarization beam split-
ters and 50/50 beam splitters, the X-polarization set of optical outputs from
port 5 ~ 8, while those for Y-polarization data from port 1 ~ 4. If the optical
outputs corresponding to ports 1 ~ 8 are £} ~ Ejg, they can expressed as:

b
2v2

By = JIS:f + {ILOP ~ =Sy Ocos{(w. ~ wio)t + o(0)

1 1 1 — ~ati
3= 4152 + GILOP + S==ShLO cosl(w, — wpo)t +o(t) — ] (7~ Pelerzation

e 2]

1 1
k= Z|S2|2 + §|LO’2 + S2LO cos|(ws — wro)t + ¢(t)]

=

_liep 1 2 1 _ _r
E,= 4|Sg| + 8|LO| + 2\/§SQLO cos[(ws — wro)t + ¢(t) 2]
(2.32)
By = 1S + S|LOP + —— 81 LO cos|(ws — wio)t + (1) — 7]
L5 =711 3 ol 1 s LO 5
_ligp 1 2 1 _ _r
Eg = 4|Sl\ + 8\LO[ 2\/§51LO cos|(ws —wro)t + (1) 2]
E: = 1|S1|2 + l|LO[2 + L5’1LO cos|(ws —wro)t + ¢(t)] X — polarization
= 4 8 2/2
B = 411|51|2 + ;|LO|2 _ 2\1/531LOCOS[(WS — o)t + (1)
(2.33)
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After the optical signals in equation (2.32) ~ (2.33) are detected using set
of four balanced detectors, the photo currents for both polarizations are:

1
Iogx = PD, = E&LO sinf(ws — wro)t + o (t)]
1231LO cos[(ws — wro)t + ¢(t)] X — polarization

It x = PDy = NG

(2.34)

1
Igy = PDy = WSQLO sin[(ws — wro)t + o(t)]

1 o
Ity =PDy = ESQLO cos[(ws — wro)t + ¢(t)] Y — polarization

(2.35)

Therefore, both polarizations can be effectively received and digital back
propagation used to compensate for the nonlinear phase distortion that oc-
curs during transmission in form of SPM and XPM.
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2.3 Optical phase-locked loop (OPLL) circuit

In order to obtain stable and accurate demodulation, the local oscillator has
to keep track of phase fluctuation of the incoming data signal. An OPLL
circuit is a well-established technology that can be used for data-LO phase
synchronization and it has so far been mainly used in CW-based optical com-
munication. We have extended that to a coherent pulse system as illustrated
in Fig. 2.23. The principle involves creating a non-modulated tone signal
at the transmitter. The pilot tone signal is transmitted with the data and
undergoes the same phase fluctuation as the data signal. In the receiver,
a local comb is generated from a CW-LO. This is because the pilot tone is
widely separated from the carrier frequency associated with the high-speed
pulse transmission. As a result, higher-order harmonics of the CW-LO must
be generated, whose phase is compared with that of the pilot tone. The pilot
and locally generated comb signals are fed into a phase sensitive circuit where
their phase difference is kept at finite difference by the reference signal from
a synthesizer. Any deviation from this difference is fed back as a voltage
error signal via a loop filter to the pulse generation circuit which changes
the phase of the LO pulse train accordingly. The performance of an OPLL
circuit is mainly measured by the amount of phase noise of the intermediate
frequency signal that is coming out of the PD when the beat signal of the
pilot and LO is generated. By assuming that the pilot tone signal is the nth
harmonic of the comb generated at the transmitter whose repetition rate is
fr, the comb at the receiver is generated such that the repetition frequency
is forrr, and the frequency difference A f between the pilot tone signal nfr
and the closest locally generated harmonic mfopr, is kept constant. As a
result, the phase of the CW-LO can be synchronized to the phase of the data
signal.
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Figure 2.23: The optical phase-locked loop circuit

2.4 Waveform distortion compensation by digital
signal processing

After the received QAM data signal is coherently detected, the photocurrents
from the BPDs are then fed to a digital sample oscilloscope, where the analog
data is converted to digital data before demodulation is carried out in an
offline condition with the aid of software.

The digital sample oscilloscope used for most of this work was made by
Agilent Technologies, whose vector spectrum analyzer (VSA) software was
also used for the demodulation process. Fig. 2.24 outlines the individual
steps that the QAM signal goes through before modulation. As shown in
the figure, the I and Q-data are first converted into digital data by a set
of ADCs at a fixed sampling rate. In this work at different stages we used
digital oscilloscopes with sampling rates of first 40 and then 80 GSample/s
at later stages.

For waveform distortion compensation, a finite impulse response (FIR)
filter is widely used. An FIR filter suppresses waveform distortion, by chang-
ing the tap constants of the filter in an adaptive manner. The tap constants
are sequentially updated in such as a way as to minimize the EVM of the
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Figure 2.24: The schematic diagram of the digital processing unit

demodulated data signal.
The process of waveform distortion using an FIR filter is illustrated in

Fig. 2.25. The incoming data signal x(t) is branched and given incremental
delays of T" and weighted appropriately at each delay branch. The output
output of the FIR signal can be represented as:

y(n) = Zn: hy - x(t — kT) (2.36)

k=—n

The tap constants are updated using algorithms such as the least mean
square (LMS) algorithm with decision directed motion towards smaller EVM.
Specifically, if the error between the output y(n) and the ideal signal d(t) is
expressed as e(t) = |d(t) — y(t)], the algorithm updates the tap constants
in order to realize a minimum e(t). By doing so, linear waveform distortion
compensation is achieved.

The error vector magnitude (EVM) is a metric for measurement of de-
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X(t}:! Received signal
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> }'(t): Real response
dity - 1dealresponse
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_ Parameter renew algorithm |

Figure 2.25: The schematic view of an FIR filter used for waveform compen-
sation

modulation performance. EVM is a percentage representation of the total
deviation of the symbols from their ideal position on the constellation map.
Figure 2.26 illustrates the definition of EVM, where if we consider the mea-
sured signal to be y(t), while the ideal signal is supposed to be d(t), the
deviation expressed as EVM is given by:

ly(t) — dt)|

BVYM="a0)

x 100(%) (2.37)

_ $ N ly(t) — d(t)?
SN ld()?

where y(t) and d(t) are vector quantities and the value in equation (2.37)
is expressed as the root mean square of the relative deviation over N sam-
ples. This value is a very important metric in evaluation of transmission
performance.

The algorithm for FIR filter equalization is shown in Fig. 2.27, where the
QAM signal is received and the EVM value is estimated. If the difference
between the obtained EVM and the target value is less than some value e,
then no further tap updates are carried out, but if the test fails, the FIR
filter continues to update the filter tap weights. This process continues in a
loop until the EVM value is less than a certain target value e.
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Figure 2.26: The error vector magnitude (EVM)
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Figure 2.27: The flow chart for the equalization process when using the FIR

2.5 SNR improvement by RZ-CW conversion

Coherent OTDM transmission may suffer from problems such as the signal
modulated on the optical carrier spreading beyond the receiver bandwidth
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which leads to diminished demodulation performance. The details on this
limitation is covered in more detail in subsection 2.5.1

Coherent OTDM systems, while attractive in that they exploit the high
speed of light, they suffer from the input power limitation of coherent re-
ceivers. This either puts a limitation on how many tributaries can be em-
ployed or the amount of power that can be fed into the coherent receivers,
leading to degradation of the demodulation performance. This is covered in
more detail in subsection 2.5.2. In order to solve this problem, an RZ-CW
conversion scheme is newly introduced. The technique involves first demul-
tiplexing the incoming OTDM signal as described in section 2.5.3 and the
converting the signal from a signal that is modulated on a return-to-zero (RZ)
pulse carrier to one modulated on a continuous wave (CW) carrier in a pro-
cess called RZ-CW conversion [3]. The principle of this process is described
in subsection 2.5.3 with the proof of principle experiment results explained
in subsection 2.5.4.

2.5.1 Reduction in power within the demodulation bandwidth

When using RZ pulses as compared to CW optical, the signal spreads beyond
the receiver bandwidth as shown in Fig. 2.28. This means that the fraction of
the power that is actually detected is smaller as compared to when CW carrier
is employed. This brings about serious SNR degradation of the detected
signal and hence limited performance.

Receiver Receiver

4 bandwidth 1 bandwidth

— St
5 Data signal 5 : Data signal
% % | /
o o ) I

» | -
Frequency Frequency
(a) CW-carrier (b) RZ-carrier

Figure 2.28: Receiver bandwidth power limitation

2.5.2 Input power limitation into the coherent detection cir-
cuit

The other big drawback to OTDM transmission is also at the receiver. As
shown in Fig. 2.29, for all the N OTDM tributaries that are fed into a co-
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herent receiver, only one of the tributaries is subjected to coherent detection
and finally demodulation. This means that for an OTDM signal of a given
power only 1/Nth of the power actually contributes to demodulation. This
limitation on the power of the actual detected tributary, compounded by
the bandwidth limitation of the receiver, is a serious issue that has to be
overcome in coherent OTDM transmission systems.

RZ data signal

90 deg. [|B-PD[T* I-data o
Pulsed-LO signal | ©Ptical No contribution
- hybrid [5]B-PD Q-data to demodulation

Detected signal
power~1/N

notom  _pMAbaal, ¥ |
j i t
Pulsed-LO ﬂ l!
Q

t E—

Figure 2.29: Receiver bandwidth power limitation

2.5.3 Principle of RZ-CW conversion

The principle behind RZ-CW conversion is shown in Fig. 2.30. The aim
of this process is to increase the power of a pulse data within the narrow
demodulation bandwidth of a coherent receiver electronics such as PD and
ADCs. It involves passing the data modulated on the RZ-data via a normal
dispersive medium which in effects spreads the pulse to a CW-like signal.
The chirp that applied in the process of pulse spreading is cancelled out by
passing the CW-like signal through a phase modulator driven so as to induce
a down chirp to the signal. As a result a chirpless CW-like signal is obtained
with most of its power concentrated within the bandwidth that can be fully
received by the coherent receiver.

Here, I describe a simplified analytical description of the RZ-CW conver-
sion process. If we consider the input signal into the RZ-CW conversion cir-
cuit, as shown in Fig. 2.31, to be w;,(t). After passing through the dispersive
medium of dispersion D = (5L (where (5 is the group veleocity dispersion
and L the length of the fiber which is used as a dispersive medium), the
spectrum of the signal Flug;sy(t)] = Ugisp(w) becomes:

Uniplts) = Flusa(t)] exp( 5 (2.38)

D
= Upn(w) exp(y 5“’2)
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Figure 2.30: The principle of RZ-CW conversion
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Figure 2.31: The principle of RZ-CW conversion

Ugisp(t) then can be expressed as:

udisp(t) = F_l[Udisp(W)] (239)
= /_o:o Udisp(w) exp(—jwt)dw

00 D
= [ Unw) exp(j 5e?) exp(—jut)dw

When the signal wg;s,(t) goes through a phase modulator, if we take the chirp
coefficient to be K, the signal out of the phase modulator u,,(t) becomes

K
Uout () = Udisp €XP(J ?tQ) (2.40)

whose spectrum is a convolution of the dispersed signal spectrum Uy, (w) and
the Fourier transform of the phase modulation term, which can be expressed
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as
K,
Uit (w) = Ugisp(w) ® F[exp(gat )] (2.41)
1 21y L w?
= gUdzsp(W) ® 76Xp(—]ﬁ)
. J o / . (w - w,)Q /
“Vork /m Uiop () exp(—j 57 )dw

By substituting equation (2.38) into equation (2.41),
/ D (w—w)? .,
2.42
out 27TK/ zn eXp(] 2 w )eXp( j 2K )dw ( )

For a special case when D = 1/K, the expression in equation (2.42) can be
condensed to:

out “ 2’]TK/ m eXp( ﬁ —|—j K )d (243)
ww'
- \/—M exp(—j 2K> | V) exp(G5 ) d

If we take w/K to be equivalent to time ¢, the expression in (2.43) then be
considered to be the Fourier transform of u;,(—w/K), such that the spectrum
out of an RZ-CW conversion circuit Uy (w) is

2

Usar() = /2] D exp(=j = i (—/ K) (2.44)

which means when a signal wu;,(t) is fed into an RZ-CW conversion circuit,
it’s time waveform becomes the shape of the spectrum of what is obtained
at the output. The scaling, however, is that time ¢ = —w/K is transformed
to w.

For a special case when u;,(t) is a Gaussian profile,

Uin(t) = Aexp(—=—) (2.45)
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The spectrum out of the RZ-CW conversion circuit takes the form
' W2 w2
Uout<w) = \/27TJDAeXp(—]ﬁ) eXp(—m) (246)
The spectral bandwidth (FWHM) of Uy, (w) in equation (2.46) is then

vIn 2

Ay =
v KT

(2.47)

Therefore by increasing the value of K, the spectral bandwidth can be nar-
rowed further to approach a CW-like signal. Furthermore, looking at equa-
tion (2.46), the intensity of the signal at w = 0, i.e., |[Upy(w = 0)|?, can be
scaled by a factor of D as well.

For an ideal RZ-CW conversion, a linear chirp denoted by the constant
chirp coefficient K is preferable. However when using phase modulators such
as LN modulator, the phase induced to the signal is sinusoidal and therefore
not perfectly parabolic for a spectrally broad signal. For example, for an LN
phase modulator driven with a signal of angular frequency w,,, taking the
peak-to-peak voltage to be V and the half-wave voltage to be V., the phase
induced on the signal through the phase modulator becomes

Ap = (Vo /Vz) cos(wpt) (2.48)

which can be expanded around ¢ = 0 using Taylor expansion to
w2
Mg (Vo Vi)(1 = “22). (2.49)

From equation (2.49), it can be deduced that for a phase modulator, the
chirp coefficient K = —Vyw? /V,. Moreover, for a signal that approximates
a Gaussian profile, the necessary chirp coefficient is

|K|=1/|D| =1/7* (2.50)

Since 7 is proportional to the pulse width of the Gaussian pulse, it means
that the narrower the pulse, the greater the chirp coefficient needed. This
means that in order to be able to provide sufficient modulation within a
narrow pulse, one would need a bigger chirp coefficient.

2.5.4 Proof of concept experiment

As a proof of concept experiment, first a non-modulated pulse train was
passed through an RZ-CW conversion circuit. The experimental setup is
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Figure 2.32: The pulse generating circuits

shown in Fig. 2.32. The pulse train was generated by a circuit composed
of an acetylene frequency-stabilized fiber laser described in subsection 2.1.1.
The output from this laser was used to generate a pulse in two ways. The first
way consisted of feeding the CW light into a combination of an LN phase
modulator and SMF. The other way involved using a comb generator [2]
to generate a broad comb and carving out a pulse profile it using an optical
filter. After pulse generation, the pulse was then fed to an RZ-CW conversion
circuit consisting of a DCF and phase modulator. The pulse was spread from
the RZ shape to a CW-like signal and the chirp cancelled out using a phase
modulator.

Figure 2.33(a) shows the spectrum of the pulse train generated using the
CW laser and phase modulator combination. The pulse width as shown
by the waveform in Fig. 2.33(b) was abouf 10 ps. DCF of dispersion —24
ps/nm ~ —42 ps/nm was used and the spectrum and time waveform with
the best conversion is shown in Fig. 2.34(a) and 2.34(b). The spectrum
shown in Fig. 2.34(a) shows that the converted signal is close to a CW
signal, however there are sideband components with a suppression ratio of
about 25 ~ 30 dB. This imperfect conversion can be attributed the difference
in performance of the two phase modulators employed for pulse generation.
The phase modulators were both driven at a modulation depth of 2.57 hence
a chirp rate of K = 0.016 ps—2.

When using the comb generator for pulse generation, the optical spectrum
and waveform are shown in Fig. 2.35(a) and 2.35(b) before RZ-CW conver-
sion. After RZ -CW conversion, the optical spectrum and waveform take
the form of what is shown in Fig. 2.36(a) and 2.36(b), respectively. When
compared to when a phase modulator was used for pulse generation, there
is a greater degree of imperfection to the RZ-CW conversion process. This
can be attributed to the amplitude modulation that remains when the pulse
passes through the comb generator. The phase modulator in the RZ-CW
conversion circuit was driven at a modulation depth of 2.57 as before.

The experiment above with the two methods of pulse generation provides

52



2.5. SNR improvement by RZ-CW conversion

10 prrr gy
T 3.5 mWidiv

o
=
[=}
o = e

) S N0 OO WO :

1536 1537 1538 1530 1540 1541

Wavelength [nm] 10 ps/div
(a) Optical spectrum (b) waveform.
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Figure 2.34: Optical spectrum and waveform after RZ-CW conversion

the merits and demerits on both pulse generation mechanisms. When the
phase modulator was used, the waveform generated had a pedestal making
it less suitable for OTDM transmission, despite the near-perfect RZ-CW
conversion performance. On the other hand, when the comb generator was
used, the pulse train obtained had no pedestal, with the drawback that the
intensity modulation that remains leads to an imperfect RZ-CW conversion
process.
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Figure 2.36: Optical spectrum and waveform after RZ-CW conversion

2.6 Frequency domain equalization (FDE)

As mentioned in section 2.4, waveform distortion caused by factors such as
hardware imperfections can be done using a time-domain equalization (TDE)
technique that uses a finite impulse response (FIR) filter. However, the main
drawback to this form of compensation is that the frequency resolution of
FIR filters is usually limited to 100 MHz because of the tap number limita-
tions designed to avoid computational complexity. This limitation has made
it impossible to achieve an error free performance under back-to-back con-
dition for a 160 Gbaud, 64 QAM Gaussian pulse modulation-demodulation
experiment as shown in Fig. 2.37.

In order to increase the QAM multiplicity from 32 to 64, there is a need
to increase the resolution of equalization at the receiver, instead of the time
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Figure 2.37: Optical spectrum and waveform after RZ-CW conversion

domain based FIR filter equalization. This is done by devising a high res-
olution frequency domain equalization (FDE) to compensate for the static
waveform distortion in the transmission system. This technique has a better
equalization capacity, since with the FIR filter the equalization resolution is
limited by the number of taps that can be used. This is because equalization

resolution expressed as

Symbol rate

Af = (2.51)

Nrrr
where Npg is the number of taps in the FIR filter. For our FIR equalization
system, the number of taps is limited to 100, making the maximum attainable
equalization resolution for a 10 Gbaud to be 100 MHz.

However, with FDE since the equalization resolution is expressed as

Af = sample rate (2.52)
Nppr
where Nppp is the number of FFT steps involved, the resolution can be easily
improved by taking advantage of the reduced computational complexity in
FFT computations. For example, with an FFT size of 16384, the resolution
is 2.44 MHz.

With the CW carrier the transciever distortion function Fy;siortion(f) can
be defined from by comparing the input ideal input signal Fj,(f) and the
hardware distorted output signal Fy.(f) as shown in Fig. 2.38. The distor-
tion function can be directly derived from the input and output signals as
shown in the figure, but this is not the case with a pulse transmission system.
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Figure 2.38: Frequency domain equalization for coherent optical transmission

2.7 Summary

In this chapter, the key devices and technologies used for coherent pulse
transmission have been explained in detail. The section began with a gen-
eral description of a fundamental configuration of coherent pulse transmis-
sion. Section 2.1 outlined the process of coherent pulse generation, where a
frequency stabilized fiber laser was used in combination with a comb gen-
erator to give rise to a broad optical comb, from which a coherent pulse of
desired shape is carved using a pulse shaper. After coherent pulse gener-
ation, the process of data modulation was elaborated in section 2.2. Data
multiplexing, both in the time domain and polarization multiplexing was also
discussed in the same section. The details on the dispersion managed fiber
used was also discussed in subsection 2.2.4.

At the receiver, the signal was first polarization demultiplexed; this was
discussed in subsection. After polarization demultiplexing, the signal was
OTDM demultiplexed using a nonlinear loop mirror (NOLM), this process
is explained in subsection 2.2.5.

Coherent pulse data is first homodyne detected before the data is demod-
ulated using a vector spectrum analyzer software. The process of coherent
detection was extensively discussed in section 2.2.6. Here OPLL circuit for
the phase of CW-LO to be synchronized with a pulse plays an important role.
Unlike conventional OPLL circuit, here a new scheme is developed where a
comb is generated from CW-LO and the phase is compared between its har-
monics and the pilot tone widely separated from the carrier frequency. The
digital signal processing used for data demodulation was covered in section
2.4, where details in the equalization process is discussed.
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2.7. Summary

In order to improve the SNR of the demodulated signal, an RZ-CW con-
version circuit was proposed as means to improve the demodulation perfor-
mance. Furthermore, in order to enhance waveform distortion compensation
at the receiver, a high resolution frequency domain equalization (FDE) was
proposed and described in detail.
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Chapter 3

1.92 Thit/s, 64 QAM coherent
Gaussian pulse transmission

In this chapter, I describe a digital coherent optical pulse transmission us-
ing a Gaussian pulse. Specifically, single carrier 1.92 Thit/s transmission is
demonstrated by OTDM multiplexing of 10 Gbaud, 64 QAM signals to 160
Gbaud. Coherent pulse transmission at such a high symbol rate and high
multiplicity has not been demonstrated, because of the difficulty in generat-
ing a short pulse with sufficient phase coherence, SNR degradation due to
insufficient receiver bandwidth compared to the data bandwidth, and com-
pensating for distortions in such a broadband QAM signal. In order to solve
these problems, I first developed a short coherent pulse generation using an
ultra-broadband optical comb generator based on a dual-drive Mach-Zehnder
modulator. Regarding the SNR degradation, I proposed a novel scheme of
RZ-CW conversion at the receiver. In this scheme, the received RZ signal
is converted to a data modulated on a CW carrier so that the data com-
ponents can be confined within a narrow receiver bandwidth. In terms of
waveform distortion compensation, I newly introduced a precise frequency
domain equalization (FDE) technique which I proposed for coherent opti-
cal pulse transmission. This compensation technique enabled a more precise
compensation of waveform distortion that arises from frequency dependent
hardware imperfections when compared to time domain equalization (TDE),
which employed an FIR filter. With these technologies, the 1.92 Tbit/s/ch
transmission was achieved at a spectral efficiency of 3.8 bit/s/Hz.
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3.1. Frequency domain Equalization for OTDM transmission

3.1 Frequency domain Equalization for OTDM trans-
mission

FDE has been applied to QAM transmission using a CW carrier but it has not
been applied to coherent pulse transmission. This is because the transceiver
distortion function required for FDE is not derived directly from the input
and output signals in a pulse modulated system. In order to obtain the dis-
tortion function, the ideal signal has to have the same spectral extent as the
received distorted signal. This is done in a process explained in Fig. 3.1.
Here, I describe the process I used in FDE for the the pulse transmission sys-
tem employing RZ-CW conversion technique, and how it is used for waveform
distortion compensation. Asshown in Figure 3.1, first, a training signal x;,(t)
is sent through a back-to-back system. The output from the digital sampling
oscilloscope Ty, (t) is then converted to the frequency domain X, (f). In
order to account for spectral changes on the baseband signal due to processes
such as modulation on the RZ-carrier and the eventual RZ-CW conversion,
in which the training signal is numerically loaded on an RZ-carrier and then
RZ-CW converted, this signal is then passed through a low pass filter to
mimic the frequency limitation posed by the receiver bandwidth by devices
such as A/D converters. The filtered signal z},(t) is thereafter converted to
the frequency domain by FFT, with the signal X/, (f) then compared with
that of the distorted output signal X,.;(f), giving the transceiver distortion
function as:
Xout(f)

~ XL

This distortion function is used to compensate for the waveform distortion on
any data signal that passes through the hardware in the system, by dividing
the data signal with the distortion function Fysiortion(f)-

The advantage of this FDE process over TDE in terms of decreased com-
plexity can be derived from the number of real-valued multiplications in FDE
as opposed to that when using an FIR filter. The number of real-valued mul-
tiplications with FDE ngpg if given by nppr = 8logy(Nprr), where Nppr
is the FF'T size of the training signal used during equalization. Meanwhile
with TDE, the numerical complexity expressed as the number of real-valued
multiplications ngrg is given by nprr = 4Nprg, where Nprr is the number
of FIR taps used. These two metrics nppr and ngrg plotted as a function of
the equalization resolution is shown in Fig. 3.2.

As it can be seen from Fig. 3.2, in order to decrease the resolution of
equalization to about 1 MHz, the computational complexity of the TDE
process has to be increased to a value 10? times that required with FDE.

Fdistortion(f) (3 1)
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Figure 3.1: Frequency domain equalization for coherent optical transmission

The training signal I used was a fixed pattern 64 QAM signal. The con-
stellation of this ideal fixed patern 64 QAM signal is shown in Fig. 3.3.
This ideal training signal is first used to modulate an RZ signal before RZ-
CW converted to a CW-like signal numerically. The signal is then given a
bandwidth limitation to mimic the receiver bandwidth limitation. The con-
stellation map of the bandwidth limited training signal is shown in Fig.3.4(a).
As it can be seen the training signal is greatly distorted by the bandwidth
limitation process. This distortion is compensated for using a 99 tap FIR
filter leading to the signal shown in constellation map shown in Fig. 3.4(b).
This signal is what is used for the FDE equalization process.
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Figure 3.3: The ideal training 64 QAM signal.
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Figure 3.4: Training signal generation
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3.2. Experimental setup

3.2 Experimental setup

Figure 3.5 shows the experimental setup used for the 1.92 Thit/s, 64 QAM
coherent pulse transmission using Gaussian pulses. First, a 10 GHz coher-
ent Gaussian pulse is generated using a coherent pulse generator described
in 2.1. After QAM modulation, where the QAM modulator was driven
by an arbitrary waveform generator, the modulated data signal is OTDM
and polarization multiplexed using a PLC-type multiplexer and polariza-
tion beam combiner, respectively. The data was further combined with a
pilot tone signal, which was used for phase synchronization at the receiver.
After traversing a 150 km dispersion managed fiber link, the signal went
through a demultiplexing process; first polarization demultiplexing using a
polarizing beam splitter and lastly OTDM demultiplexing using NOLM. Af-
ter RZ-CW conversion, the demultiplexed data signal was fed into a coherent
detection circuit consisting of a 90° optical hybrid and two sets of balanced
photodetectors (BPDs). Here, the phase of the CW-LO is synchronized to
the transmitted data through a pilot tone using an OPLL circuit described
in section 2.3. The detected signal was then digitized using a 40 Gsample/s
digital oscilloscope, after which it was demodulated in offline condition using
the VSA software. Waveform distortion compensation was carried out us-
ing frequency domain equalization to compensate for distortions arising from
hardware imperfections.

As mentioned in chapter 2, in the pulse generation circuit, an acety-
lene frequency-stabilized fiber laser oscillating at 1538.8 nm with a 4 kHz
linewidth was used [3]. The CW optical output from the laser was amplified
to 10 dBm and fed into a comb generator [4], which consisted of a dual-drive
LiNbO5 (LN) Mach-Zehnder modulator (MZM) of V. of 2.2 V. The RF sig-
nal from a synthesizer placed at the transmitter was used to drive the comb
generator at a frequency of 9.95328 GHz and RF power of —7.2 dBm. The
optical spectrum of the comb produced is shown in Fig. 3.6. The harmonics
on the comb are precisely separated by the RF modulation frequency and
the spectral bandwidth and the —10 dB bandwidth being 490 GHz.

After passing the broad comb through a pulse shaper the waveform and
spectrum obtained are shown in Figs.3.7(a) and 3.7(b), respectively. The
pulse width was 2.4 ps, while the spectral bandwidth was 1.5 nm. This cor-
responds to the time bandwidth product of 0.45, close to the 0.44 transform-
limit condition of the Gaussian pulse. As it can be seen from Fig. 3.7(a),
the generated spectrum accurately fitted the Gaussian profile.

Pulse train generation is then followed by data modulation using an 1Q
modulator, where the amplitude and phase of the pulse train were modulated.
The 1Q modulator was driven by an arbitrary waveform generator (AWG)
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Figure 3.6: The optical comb spectrum of the comb generator output

whose timing and rate was synchronized to that of the Gaussian pulse train
coming out of the coherent pulse generation circuit. Here, the AWG sampling
rate was 10 Gsample/s, the data resolution was 10 bits and the data length
was set at 4096 symbols. The 10 Gbaud, 64 QAM pulse data train was
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Figure 3.7: Optical waveform and spectrum of the generated Gaussian pulse

fed into a PLC-type multiplexer, where the baud rate was increased to 160
Gbaud. The OTDM signal out of the multiplexer was divided into two arms
by the use of a 50 : 50 optical couplers, where polarization controllers (PCs)
placed on both arms were used to orient the polarizations of the two branches
such that they are mutually orthogonal to one another. They were then
combined using a polarization beam combiner. Simultaneously, in order to
carry out phase synchronization of the CW-local oscillator used for homodyne
detection at the receiver, a non modulated tone was generated by extracting
the 28th harmonic from the center frequency by using a very narrow grating
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filter. The generated tone is shown in Fig. 3.8. This pilot tone signal was
then combined with the polarization multiplexed 1.92 Thit/s, 64 QAM pulse
data signal at power ratio of 4 dBm (data):—12 dBm (pilot tone) using an
optical coupler. The resultant waveform and spectrum are shown in Figs.
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Figure 3.8: Pilot tone generation

3.9(a) and 3.9(b), respectively.

The transmission fiber link was a dispersion managed fiber, where each
span was composed of 50 km SLA and 25 km IDF of dispersion 19.5 ps/nm/km
and -40 ps/nm/km, respectively. The average loss per span was 18 dB/span,
which was compensated for by EDFAs.

The configuration of the OTDM demultiplexing circuit is shown in Fig.
3.10. The polarization multiplexed data signal at the receiver was first po-
larization demultiplexed and the signal divided by an 80 : 20 coupler. The
20% of the OTDM data signal was fed into a clock recovery unit [7] for clock
regeneration. This clock signal was used to drive a comb generator placed
the receiver to generate a control pulse used for OTDM demultiplexing. This
comb was similar to that used at the transmitter. The CW-optical source
used for the comb generation process was a tunable DFB laser diode oscil-
lating at 1565 nm. The CW optical output from the DFB LD was fed into
the comb generator at a power of 10 dBm. The broad comb generated at the
receiver was fed into a dielectric filter from which a pulse train, used as a
control pulse for the NOLM process, was carved out. SMF of length 300 m
was used to compensate for the chirp induced by the comb generator. The
optical spectrum and waveform of the control pulse generated is shown in
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Figure 3.9: 1.92 Thit/s, 64 QAM Gaussian pulse data signal

figure Fig. 3.11. The pulse width was 5.2 ps. This is much broader than the
2.4 ps of the pulse generated at the transmitter for data transmission but
sufficient for the demultiplexing operation.

A NOLM with a highly nonlinear fiber (HNLF) of length 100 m, disper-
sion slope 0.029 ps/nm? and nonlinear coefficient v of 20.4 W~tkm™! was
used. The zero dispersion wavelength the HNLF was 1522 nm. The polariza-
tion demultiplexed data signal was fed into the NOLM at a power of 7 dBm,
and the control pulse at 23 dBm. The demultiplexed 10 Gbaud, 64 QAM
data signal is shown in Fig. 3.12. The demultiplexed data signal was then
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Figure 3.11: Optical spectrum (a) and waveform (b) of the control pulse

fed into an RZ-CW conversion circuit. The results on RZ-CW conversion are
described in subsection 3.2.1.

3.2.1 The RZ-CW conversion characteristics

As mentioned in chapter 2, an RZ-CW conversion circuit consisted of a dis-
persive medium and a phase modulator. I carried out an optimization ex-
periment and obtained an dispersion value of -69 ps/nm using a dispersion
compensating fiber (DCF). At dispersion values greater than -69 ps/nm,
there was excessive pulse broadening resulting in interference between adja-
cent symbol points. With smaller values of dispersion, there was insufficient
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pulse broadening leading to less increase in peak power at the center fre-
quency. The phase modulator was driven at a modulation depth of 2.57.
First, the demultiplexed 10 Gbaud data signal is passed through the —69
ps/nm DCF. The dispersed signal was chirped and in order to cancel the
chirp, part of the clock generated at the clock recovery unit is amplified and
used to modulate the dispersed signal at the 2.57 modulation depth. The
spectra of the data signal before and after RZ-CW conversion is shown in
Fig. 3.13. As a result of RZ-CW conversion, there was an increase of about
6 dB in the peak power. The constellation maps in Fig. 3.14 show the de-
modulation performance without RZ-CW conversion and that when RZ-CW
conversion was used. As shown in Fig. 3.14(a), the demodulation was not
possible but with the introduction of RZ-CW conversion, it was possible to
carry out demodulation as shown in Fig. 3.14(b). This was due to increase
in SNR of the demodulated signal that resulted from RZ-CW conversion.

3.2.2 The OPLL process and performance

The 28th harmonic of the optical comb generated at the transmitter was
extracted and made the pilot tone signal. At the receiver, the pilot tone
signal was extracted from the data signal using an FBG filter. This pilot
tone signal was used for phase synchronization of the CW-LO oscillator by
first generating a local comb. This is done by feeding the CW light into
phase modulator. This phase modulator was driven by a signal of frequency
4 feoer — 100 MHz, and its 7th harmonic was 700 MHz above the pilot tone
frequency. By keeping this difference constant through a feedback of the
voltage error via a PLL circuit to the CW-LO, the phase of the CW-LO is
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Figure 3.13: Optical spectra before and after RZ-CW conversion
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Figure 3.14: Optical spectrum and waveform before RZ-CW conversion

locked to the phase of the data signal. The IF spectrum of the beat signal
between the pilot signal and the 7th harmonic is shown in Fig. 3.15. The
CW-LO used was a fiber ring laser with a linewidth of as narrow as 4 kHz.
As shown by the IF spectrum in Fig. 3.15(a), the linewidth was narrower
than 10 Hz, which is the resolution limit, and the phase noise integrated from
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Figure 3.15: The IF spectra of the beat signal between the pilot signal and
7th harmonic of the local comb

10 Hz ~ 10 MHz was 1.8 deg. This value is three times smaller than the phase
allowance! of the 64 QAM constellation map as shown in 3.16. Therefore,
the OPLL was sufficient for the demodulation of a 64 QAM signal.

Iphase allowance: the phase difference between two closest points on the constellation
map
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Figure 3.16: The ideal 64 QAM constellation map

3.3 Experimental results

After homodyne detection, the signal was digitized using a 16 GHz, 40 Gsam-
ple/s oscilloscope. The digital data was demodulated using VSA software and
the error counted in an offline condition for 245760 bits of data. First, de-
modulation was performed with and without Frequency domain equalization.
Figure 3.17 shows constellation maps with and without FDE. With the use
of FDE, there was an improvement in the EVM value from 4.4%, to 3.6%.
This was as a result of the precise waveform distortion compensation by FDE
of the hardware imperfections in devices such as IQ-modulator.
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Figure 3.17: Constellation maps, (a) without FDE and (b) with FDE
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Next, the signal power into the transmission fiber was optimized with
the aim of maintaining a high OSNR after transmission, while suppressing
the nonlinear phase rotation that takes place in the fiber. The launch power
of the signal into the fiber was varied while the demodulation performance
was estimated. Fig. 3.18 shows the BER as a function of launch power. At
lower values of launch power, due to diminished OSNR after transmission,
the demodulation performance decreased. While with launch powers greater
than 4 dBm, the BER increases due to the increased fiber nonlinearity at high
powers. The 1.92 Thit/s, 64 QAM pulse data signal was then transmitted at 4
dBm. It is worth nothing that self phase modulation (SPM) pre-compensated
at the AWG in the transmitter, where the QAM data was given a phase
rotation prior to transmission.

The OSNR of the data signal, before and after transmission was measured
as shown in Figs. 3.19(a) and 3.19(b), respectively. There was an OSNR
degradation of 9 dB that occurred during transmission. The BER perfor-

2
—
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W | FECHmit . A
S 3— phase |
- OSNRédegraédatloré\ rc:intation
Al i

1 2 3 4 5 6 17
Launch Power [dBm]

Figure 3.18: Launch power optimization

mance was evaluated. In Fig. 3.20(a), the red plot is the BER performance
under back-to-back condition. The plot in blue is the performance after 150
km of transmission. The power penalty between the back-to-back and 150
km transmission at a BER of 2 x 1072 was 5 dB. There was an error floor
on the BER after 150 km of transmission. This is attributable to the cross
phase modulation (XPM) between two polarizations during transmission.

The corresponding BER for all the 16 tributaries is shown in Fig. 3.20b.
A BER of below FEC limit was obtained for all the tributaries.
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Figure 3.20: The bit error rate (BER) characteristics
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3.4 Discussion and conclusion

This chapter presented the first demonstraton of 1.92 Thit/s/ch coherent
pulse transmission using a Gaussian pulse. Section 3.2 described coherent
pulse generation from a CW optical source. Here, a 10 GHz, 2.4 ps coherent
Gaussian pulse was successfully generated by using a broadband optical comb
generator comprising a dual-drive Mach-Zehnder modulator. The low V. of
the modulator played a very important role to expand the bandwidth. The
following section described data modulation and multiplexing. Transmission
and launch power optimization is described in the following section. The
last two sections covered aspects on polarization and OTDM demultiplexing.
Thereafter, the signal was RZ-CW converted before homodyne detection. As
a result of the RZ-CW conversion, the SNR of the demultiplexed signal was
improved by as much as 6 dB. This led to successful demodulation of the 64
QAM signal. The demodulation was carried out in an offline condition were
the bit error was counted.

By combining these technologies, the spectral efficiency achieved for the
1.92 Thit/s, 64 QAM Gaussian pulse signal transmitted within the approxi-
mately 473 GHz was:

1.92 Thit/s
(473 GHz x 1.07(7% FEC))
~ 3.8 bit/s/Hz

SE = (3.2)

This spectral efficiency is still low compared to other 64 QAM transmission
experiments employing a CW carrier [7]- [9].There is a need for a new trans-
mission format so as to improve the spectral efficiency further, which is the
main subject of the following chapters.
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Chapter 4

1.92 Tbit/s, 64 QAM coherent
Nyquist pulse transmission

In order to increase the spectral efficiency further, I proposed the utilization
of a Nyquist pulse for digital coherent optical pulse transmission. Optical
Nyquist pulse enables us to transmit data with a much broader pulse width
and narrower spectral width compared to Gaussian pulse without affected
by intersymbol interefence (ISI). So far, a Nyquist pulse has been applied to
non-coherent transmission such as DPSK (Differential Phase Shift Keying)
or DQPSK (Differential Quadrature Phase Shift Keying) and its advantage
has been demonstrated such as increased tolerance to chromatic dispersion
and polarization-mode dispersion. However, the Nyquist pulse has not been
applied to coherent transmission yet. If Nyquist pulse is used for coher-
ent QAM transmission, it will bring us enormous advantages in terms of
high spectral efficiency in an ultrahigh-speed transmission. With a coherent
Nyquist pulse, I demonstrated a 1.92 Thit/s, 64 QAM transmission experi-
ment within a bandwidth of 240 GHz. I was therefore able to increase the
spectral efficiency of coherent optical pulse transmission from 3.8 bit/s/Hz
with a Gaussian pulse! to 7.5 bit/s/Hz. In this chapter, I describe the genera-
tion of a coherent Nyquist pulse train, and the 1.92 Thit/s, 64 QAM coherent
Nyquist pulse data transmission over 150 km. A special focus is made on
a coherent Nyquist pulse generation where a pulse shaper for precise spec-
tral manipulation is newly added in the transmitter, and an ultrafast optical
sampling circuit comprising NOLM (Nonlinear Optical Loop Mirror) so that
only a portion of the signal at each symbol interval can be extracted without

affected by ISI.

LChapter 3, conclusion
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1.92 Thit/s, 64 QAM coherent Nyquist pulse transmission

4.1 Principle of Nyquist pulse TDM transmission

A Nyquist pulse is a pulse with a sinc-like waveform [7], that has an oscillating
head and tail that cross zero at periodic intervals. The pulse waveform and
spectral distribution of a Nyquist pulse is shown by the equations

sin(Zt) cos(2Zt)
r(t) = —%" Py (4.1)
T 11— (2%)
1, 0<|f] <57

R(f) = ;{1—sin(27;é(2T]f]—1)> }, Lo <|f] < Lo

0, |f] > e

= 2T
where T is the symbol period, and « is the roll-off factor which exists in
the range 0 < o < 1. Figure 4.1(a) shows the time waveform for Nyquist
pulses with the roll-off factors a = 0, 0.5 and 1. The corresponding spectrum
is shown in Fig. 4.1(b). r(¢) and R(f) are generally known as an impulse
response and transfer function of a Nyquist filter [7], which is used in wireless
communication.

As shown in Fig. 4.1(a), when the roll-off factor v = 0, the oscillation
of the sidelobes is more prominent and persists for longer durations. As the
value of the roll-off factor increases, the magnitude of the oscillation of the tail
dampens and quickly dissipates. The zero crossing points of the oscillating
tail is independent of the roll-factor. Figure 4.1(b) shows the spectra of the
Nyquist pulses for the different roll-off factors. At the roll-off factor a = 0,
the spectrum is rectangular with spectral bandwidth being 1/7". As the roll-
off factor increases the spectral bandwidth increases in proportion given by
the equation

By =(1+ oz); (4.2)

Therefore, in order to increase the spectral efficiency, a Nyquist pulse of a
lower roll-off factor is desirable.

Since the zero-crossing interval is periodic and independent of the roll-off
factor, Nyquist pulses can be bit-interleaved to a higher symbol rate 1/T in
which the intersymbol interference (ISI)-free points are maintained despite
strong overlap with neighboring pulses, as shown in Fig. 4.2.

Comparing the Nyquist pulse for 160 Gbaud with a Gaussian pulse re-
quired for the same performance, a graph shown in Fig. 4.3 is obtained. As
shown in Fig. 4.3, the 40% duty cycle Gaussian pulse required for the 160
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Figure 4.1: Nyquist waveform and spectrum

Gbaud transmission experiment would have a pulse width of 2.4 ps. This
is much shorter than 5.2 ps of the Nyquist pulse. The spectral bandwidths
shown in Fig. 4.3(b) show that a Gaussian pulse signal would require close
to twice the bandwidth of 473 GHz, compared to 240 GHz for a Nyquist
pulse data. This indicates a possibility of doubling the spectral efficiency
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Figure 4.2: The multiplexed Nyquist pulse

with Nyquist pulse compared to the Gaussian pulse transmission.

The fundamental configuration for a transmission experiment that uses
Nyquist pulses is shown in Fig. 4.4. First, a broad optical comb is generated
from a combination of CW laser and a comb generator. This comb is subse-
quently passed through a pulse shaper, thus generating a Nyquist pulse train.
Here, the waveform and spectral profile of Nyquist pulses are given by equa-
tion (4.1). After the Nyquist pulse is generated, the optical signal is QAM
modulated at a baud rate of f;. The modulated signal is then multiplexed to
a baud rate of N f; with a bit interleaver by aligning the zero-crossing points
of adjacent tributaries, which can be achieved by setting the symbol period
T of the optical Nyquist pulses at T'= 1/N f,. In this way, high symbol rates
can be achieved at a reduced signal bandwidth without ISI as shown in Fig.
4.4. After transmission, the signal is OTDM demultiplexed and converted
to a data signal loaded on a CW carrier by employing an RZ-CW conver-
sion process [3].The experimental demonstration of coherent Nyquist pulse
transmission is described in extensive detail in section 4.2.
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experiment

85



1.92 Thit/s, 64 QAM coherent Nyquist pulse transmission

Baud rate: fs Baud rate: Nxfs
Coherent Q =] Pol
Nyquist pulse > ’
yq P modulator \ OTDM \ mux Transmission

generation |
1ir;lfg fiber

_agﬂwa,&,a_ ~J XQA‘..
|I|||‘f5'|I|_ h h

-Nf, Nf, f Nfs f f, Nfs f
J
( Pol. OTDM RZ-CW Coherent BPD Demod
f—p — > .
DEMUX DEMUX [ | conversion homodyne (DSP)
7 detection [| BPD
1/Nfs
Ny Local | | Phase
) oscillator Locking

t

Figure 4.4: The principle of coherent Nyquist pulse transmission
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4.2. Experimental setup for 1.92 Thit/s, 64 QAM coherent Nyquist pulse
transmission

4.2 Experimental setup for 1.92 Tbhit/s, 64 QAM
coherent Nyquist pulse transmission
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Figure 4.5: The experimental setup for 1.92 Thit/s, 64 QAM coherent
Nyquist pulse transmission

The experimental setup for a single-channel 1.92 Thit/s, 64 QAM coher-
ent optical Nyquist pulse transmission is shown in Fig. 4.5. At the trans-
mitter, we used an acetylene (CoHs) frequency-stabilized fiber laser with a
linewidth of 4 kHz described in chapter 2 [4] as a coherent optical source.
The optical output from this laser was fed into a comb generator consist-
ing of a dual-drive LiNbO5 (LN) Mach-Zehnder modulator [5]. The optical
comb generated was shown in chapter 3, where the spectral bandwidth of the
comb was 490 GHz. The 150 km transmission line is the same as that used
in chapter 3. After transmission, the signal was polarization demultiplexed,
followed by optical sampling of the ISI-free points by use of a NOLM. The
demultiplexed 10 Gbaud, 64 QAM signal was fed into an RZ-CW conversion
circuit before homodyne detection and the data AD converted using a digital
sample oscilloscope.
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4.3 1.92 Thit/s, 64 QAM Nyquist pulse signal gen-
eration

In this section I describe the generation of coherent Nyquist pulses in de-
tail and also provide the time waveform and spectrum of the Nyquist pulse
produced. A description of how the 1.92 Thit/s, 64 QAM data signal is
generated is also provided.

As mentioned in section 4.2, an acetylene frequency-stabilized fiber laser is
used as a coherent light source. The CW laser output from this laser is passed
through a comb generator, producing a broad comb. Using a programmable
pulse shaper, a Nyquist pulse of desired roll-off factor « is carved out. Figure
4.6(a) and 4.6(b) show the waveform and spectrum of the Nyquist pulse
generated, respectively. The roll-off factor was 0.5.

The pulse train, after modulation using an IQ modulator driven by an
arbitrary wave generator (AWG) with a 10 Gbaud, 64 QAM signal is OTDM
multiplexed using a PLC-type bit interleaver followed by polarization multi-
plexing. The signal is then combined with a pilot tone signal, used for phase
synchronization at the receiver as described in chapter 3. The spectrum of
the data signal and pilot signal combined is shown in Fig. 4.7

The power of the signal fed into the fiber link was optimized by plotting
the BER error obtained as a function of the launch power. As shown in Fig.
4.8, there was poor BER performance at lower values of the launch power as
a result of degradation of the transmitted OSNR. The best BER performance
was obtained when the transmission power was 4 dBm which was the same
as a for the Gaussian pulse transmission in chapter 3. Any further increase
in the launch power beyind this value led to increased fiber nonlinearity and
hence a decrease in the BER performance.
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Figure 4.6: Nyquist pulse a = 0.5
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4.4. OTDM demultiplexing by optical sampling

4.4 OTDM demultiplexing by optical sampling

After polarization demultiplexing, the Nyquist OTDM data signal was de-
multiplexed using a nonlinear optical loop mirror by sampling out as narrowly
as possible the ISI-free points on the Nyquist data train. In order to be able to
use this optical sampling method, generating a very narrow control pulse was
necessary. The process of control pulse generation was very similar to that
described in chapter 3. The control pulse generation unit consisted of a DFB

Optical comb generator

{Dual-drive Mach-Zehndermodulator) Pulse compression
2km-
RF1 SMF HNLF !\ " !\
Pulse Q_E_C)_. t
CW-DFE LD HH —H shaper 10 ps RZ pulse
Att. D=-0.14 ps/nm/kKm
1565 nm I:|:|— RF2 D Slope=0.003 ps/nm2/km
y=5/W/km
| ZP WOQ-.t 10 GHz *@1550nm
t Clock extraction
circuit

Figure 4.9: The control pulse generation circuit

LD CW source, a comb generator and a pulse shaper as shown in Fig. 4.9.
This time, in order to obtain much shorter pulse, I used a highly nonlinear
fiber(HNLF)of length 2 km to compress the pulse further from 2.4 ps to 800
fs. The dispersion and dispersion slope of the HNLF were -0.14 ps/nm/km
and 0.003 ps/nm?/km. The nonlinear coefficient v was 5 W'km™. The
waveform and spectrum of the control pulse obtained is shown in Fig. 4.10.
The spectral profile of the compressed pulse deviates from the idea Gaussian
profile that was before compression. This is because the residual chirp from
the comb generator that could not be compensated for using the SMF. This
uneven spectral profile results in a pedestal on the time waveform shown in
Fig. 4.10(a). However, this does not affect the demultiplexing performance
greatly because of nonlinear characteristics of the NOLM transmittance.

I carried out two optimization experiments, first, of the input power of
the OTDM signal into the NOLM. The signal input power into the NOLM
was optimized by varying the input power while observing the demodulation
performance. The viewgraph in Fig. 4.11(a) shows the BER performance as a
function of the signal input power into the NOLM. The best performance was
obtained with the value of about 17.5 dBm. At input powers below 17.5 dBm,
due insufficient OSNR the BER performance was poor. At powers above 17.5
dBm, as a result of increased fiber nonlinearity that occurs in the HNLF in
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Figure 4.10: The control pulse waveform and spectrum

NOLM that could not be compensated for at the transmitter. Secondly, the
control pulse width was also varied while the demodulation performance was
measured. A control pulse of 800 fs was found to be optimum as shown by
the viewgraph in Fig. 4.6. When the control pulse was broader than 800
fs, the influx of ISI from adjacent tributaries resulted in the degradation of
ther BER. As the pulse width is decreased below 800 fs, the decrease of the
demultiplexed signal power results in OSNR degradation of the signal after
amplification, before detection.
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Figure 4.11: NOLM optimization

4.5 RZ-CW conversion process and characteristics

The demultiplexed data signal was then passed through an RZ-CW con-
version circuit similar to that used in chapter 2. The parameters such as
dispersion and chirp rate were set to be the same as for Gaussian pulse
transmission. The spectra of the signal before and after RZ-CW conversion
are shown in Fig. 4.12. The was a 9 dB improvement in power resulting
from the RZ-CW conversion. This value is greater than that obtained when
using Gaussian pulses. The reason for this difference can be attributed to
the fact that the demultiplexed Nyquist TDM signal has a broader spec-
trum than that of the Gaussian TDM signal. The broad spectral bandwidth
means that the RZ-CW conversion efficiency [8] is greater when using with
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the much narrower demultiplexed Nyquist signal. The secondary peaks on
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Figure 4.12: RZ-CW conversion characteristics

the spectrum, 2 nm from the center wavelength, result from adjacent symbols
interfering with one another after the signal is passed through the dispersive
medium in the RZ-CW conversion circuit.

4.6 Transmission results

The BER as a function of the received power was measured and it is shown
in Fig. 4.14(a).The BER under back-to-back condition is shown in plots
in red. That after 150 km of transmission is plotted in blue. The power
penalty at the BER of 2 x 1072 was 4.5 dB. This penalty is 0.5 dB less
than obtained with Gaussian pulse. The improvement in performance with
Nyquist pulses can be attributed to improved polarization mode dispersion
(PMD) tolerance with Nyquist pulses. The BER for all the 16 tributaries is
shown in Fig. 4.14(b). The error floor on the BER curve was as a result of
the XPM between the two polarizations.
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4.6. Transmission results
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Figure 4.14: Bit error rate characteristics
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4.7. Discsussion and conclusion

4.7 Discsussion and conclusion

In this chapter, I proposed a coherent Nyquist pulse and its high-speed
OTDM transmission. A coherent Nyquist pulse for 160 Gbaud transmission
was generated by including a pulse shaper after the comb generator and pre-
cisely manipulating the amplitude and phase of each longitudinal mode. In
the receiver, an ultrafast optical sampling circuit comprising NOLM is newly
developed. The switching gate width was optimized to be 800 fs against
the symbol period of 6.25 ps, by taking account of the trade-off between
the OSNR degradation due to excessive narrow gate and the penetration of
adjacent tributaries due to excessive wide gate. RZ-CW conversion scheme
was also successfully demonstrated for Nyquist pulses, in which the SNR
improvement was as large as 9 dB. As a result, 1.92 Thit/s/ch, 64 QAM
signal was transmitted over 150 km within a spectral bandwidth of 240 GHz,
resulting in a spectral efficiency

1.92 Thit/s

E pr—
SE = 000 GHz x 1.07(7% FEC)

=T7.5bit/s/Hz (4.3)

The spectral efficiency given above is considered, even when the 7% FEC
overhead is taken into consideration. For further increase in spectral ef-
ficiency, Nyquist pulses of lower roll-off factors are required. In the next
chaper a novel transmission scheme is brought about without decreasing de-
modulation performance even under a low roll-off factor.
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Chapter 5

Ultrahigh-speed and high
spectrally efficient coherent
orthogonal Nyquist TDM
transmission

In this chapter, I propose a novel scheme for OTDM transmission by taking
advantage of the time-domain orthogonality of the coherent Nyquist pulse.
In this scheme, a Nyquist pulse is also used as a local oscillator, whose phase
is synchronized to the transmitted Nyquist pulse. By taking a homodyne
detection of these pulses with a balanced photo diode, the coherent Nyquist
OTDM signal can be demultiplexed and demodulated simultaneously. This
results in a high performance demultiplexing and much simpler receiver con-
figuration compared to the ultrafast sampling scheme. In this chapter, I
develop the new coherent receiver and demonstrate that this scheme exhibits
better performance than the ultrafast sampling scheme. With the use of this
scheme, I was able to decrease the spectral bandwidth required for transmis-
sion and hence the spectral efficiency by using a Nyquist pulse with a roll-off
factor « of 0, which can take full advantage of the orthogonal property. With
this scheme, 1.92 Thit/s, 64 QAM transmission over 150 km was achieved
with a spectral bandwidth of only 170 GHz, resulting in a spectral efficiency
of as high as 10.6 bit/s/Hz. This is the highest SE that has been achieved in
a single-carrier transmission beyond 1 Thit/s. To further increase the trans-
mission distance beyond 150 km, I newly introduced digital back propagation
(DBP) and Raman amplification, which made it possible for to increase the
transmission distance to 225 km. Finally, I describe the increase in trans-
mission speed from 1.92 Thit/s to 3.84 Thit/s by doubling the symbol rate
from 160 Gbaud to 320 Gbaud. This is realized by newly employing a HCN
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Ultrahigh-speed and high spectrally efficient coherent orthogonal Nyquist
TDM transmission

frequency-stabilized mode-locked fiber laser (MLFL) that can directly emit
a high OSNR coherent optical pulse.

5.1 The principle of orthogonality-based Nyquist
TDM demultiplexing scheme

This section covers the principle of the novel Nyquist OTDM demultiplexing
scheme based on the time domain orthogonality of Nyquist pulses [1]- [4]. It
begins by describing what Nyquist pulse time domain orthogonality is. If we
assume that the Nyquist pulse [5] envelope centered at time ¢t = 0 to be

sin(ZF) cos(%)

Tt 2
T 1-(2%)

where « is the roll-off factor and 7' the zero crossing interval of the oscillating
tail. If the Nyquist pulse centered at t = nT is represented as ¢, (t) = ¢(t —

nT'), the orthogonality condition between any two periodic time separated
Nyquist pulses can be expressed by the equation

o(t) =

(5.1)

1, n=m

= [ buon(tyar = 0 0w

which holds when the roll-off factor a = 0.

This orthogonality condition is not very strict or limited when « # 0,
but there is a quasi-orthogonality property for other roll-off factors. The
overlap integral shown above for the Nyquist pulse of other roll-off factors
depend on the difference between m and n. Figure 5.1(a) shows the overlap
integral as a function of m—n when o = 0.5. The value of the overlap integral
becomes 0.9 when m = n. When m # n, the overlap integral approaches zero
asymptotically as |m — n| increases. In Fig. 5.1(b), the value of the overlap
integral is evaluated as a function of the roll-off factor ae. For m —n = 0, the
value decreases from 1 to 0.75 when o« = 1. Meanwhile when m —n = 1, the
integral increases from zero to 0.13 when o = 1.

If we now consider a Nyquist TDM signal ¢(¢) shown in Fig. 5.2 to be
the sum of the individual Nyquist pulses modulated by the corresponding
symbols g, at time ¢ = nT. The analog-like TDM signal g(¢) can then be
expressed as

d= 3 gubalt) (5.2)

n=—oo

100



5.1. The principle of orthogonality-based Nyquist TDM demultiplexing

scheme
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Figure 5.1: The overlap integral as a function of the roll-off factor.

The expression in equation (5.2) satisfies the following equation

w7 [ gonna )

meaning that the symbol data g, can be extracted from the analog-like
data signal g(¢) by integrating the product of g(¢) and the Nyquist pulse
¢n(t) centered at t = nT. So being able to find the product g(t)¢p,(t) is
an important prerequisite in demultiplexing the tributaries in ¢(t) using the
orthogonality based demultiplexing scheme.
The demultiplexing process explained in the previous paragraph can be
achieved experimentally by photomixing the Nyquist OTDM signal g(t) and
a synchronized Nyquist LO pulse ¢, (t). The experimental setup shown in
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gn = g(nT)
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Figure 5.2: Nyquist TDM signal

Fig. 5.3 shows the Nyquist TDM signal being fed simultaneously with a
Nyquist LO pulse into a photomixer. The optical output E;(t) and FEs(t)

Balanced photo-dector
(BPD)

E\ ~
OTDM Nyquist data 1 L)

g
> L1

N QY

Optical
Delay line

Figure 5.3: Nyquist pulse demultiplexing by photomixing the Nyquist TDM
signal ¢(t) with a locally generated Nyquist pulse train ¢, (t)

Locally generated Nyquist
pulse train gh(t)

from the photomixer is the sum and difference of the signals at the input,
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5.1. The principle of orthogonality-based Nyquist TDM demultiplexing
scheme

respectively, i.e.,

(t) + ¢n(t) (5.4)

Therefore the detected photocurrent I,,(t) is then proportional the product
of g(t) and ¢, (t), expressed as

[out(t> = [1 - [2(t) X g(t)¢n(t) (55)

Therefore the product of the TDM Nyquist signal and the locally generated
pulse LO can be generated by photomixing of the TDM signal and then
detecting it using a BPD. As shown in Fig. 5.4, if a band pass filter is placed

Balanced photo-dector

(BPD)
X o %
OTDM Nyquist data 1)
& I1t) Loul0)
H ({/)) L, “out
Nyquist LO pulse train Eo1) : L
Gu(t)

Figure 5.4: Nyquist pulse demultiplexing by photomixing the Nyquist TDM
signal ¢(t) with a locally generated Nyquist pulse train ¢, (t)

after the balanced PD, the current out of the bandpass filter becomes

Toelt) = o= [ 1) H(w) expl(—jiot)o (5.6)

T2 )

where I(w) is the Fourier transform of the current out the BPD. If the band-
pass filter is considered to be an ideal filter with bandwidth €2, the current
above becomes

Lo (t) = 217T [ O:o It [ o; H(w) exp(jw(t’ — t))dwdt’ (5.7)
— ;ﬂ [ o:o ) /O ? exp(u(t’ — 1)) dwdt
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for Q(t" —t) << 1, by Taylor’s expansion and approximation, I, (t) can be
approximated as follows

Lu(t) = ;ﬂ I I(t’)eXp(ji(:__Z))) — L (5.8)
b QE )] -1,
N%/_Ool(t) Sy
- ;/_O; I(t)ar'.

When Q = 27 /T, I,, takes the form

Toat) = [ (0)60 (5.9)

Therefore, the symbol data g, can be extracted from the TDM signal g(t)
by homodyne photomixing. This scheme is advantageous in that it achieves
both TDM demultiplexing and homodyne detection simultaneously.

5.2 Demonstration of demultiplexing by orthogo-
nality

We first carried out a proof-of-concept of this scheme using an 80 Gbaud,
64 QAM signal. Figure 5.5 shows an experimental setup that was used to
demonstrate this novel demultiplexing scheme that is based on the time do-
main orthogonality of Nyquist pulses. At the transmitter, a 10 GHz Nyquist
pulse with a roll-off factor o = 0 is generated, which was modulated with a
10 Gbaud 64 QAM signal and OTDM multiplexed to 80 Gbaud. By using
a similar process as that at the transmitter, a 10 GHz local Nyquist pulse
train having a roll-off factor a = 0 was generated. An OPLL circuit was
used for phase synchronization of the CW-LO to the data signal. After ho-
modyne detection using the Nyquist-LO, the data signal was demodulated
in an offline condition. The bandwidth of the balanced PD was 47 GHz and
the digital sampling oscilloscope has a sampling rate of 80 Gsample/s, while
its analog bandwidth was 32 GHz.

The demodulation performances for the scheme that employed optical
sampling and that that employed the novel scheme were compared. The
sampling gate width was set at 0.86 ps. When a = 0, as shown by the
constellation maps in Fig. 5.6, the EVM decreased from 4.1% to 3.4% with
the adoption of the new demultiplexing scheme. When the roll-off factor
was increased to e = 0.5 , the EVM decreased from 3.6% with the optical
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5.2. Demonstration of demultiplexing by orthogonality
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Figure 5.5: The experimental setup to demonstrate the Nyquist TDM de-
multiplexing scheme based on Nyquist pulse time domain orthogonality
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Figure 5.6: Constellation maps of the demultiplexed 10 Gbaud, 64 QAM
signal (o = 0)

sampling scheme to 3.0% with the orthogonality based scheme as shown in
Fig. 5.7. The BER performance for the two schemes is summarised in Fig.
5.8. From the figure, it can be seen that there is a noticeable improvement
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Figure 5.8: The BER performance comparing the performances of the optical
sampling and othogonality-based demultiplexing schemes

in the BER performance with the introduction of the new demultiplexing
scheme.
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5.3. 1.92 Thit/s, 64 QAM Nyquist pulse transmission using
orthogonality-based demultiplexing scheme

The BER performance with Nyquist pulses with roll-off factor o = 0 was
less than that when Nyquist pulses with roll-off factors a = 0.5 and 1. This is
attributed to fact that signals with a higher spectral efficiency require more
SNR for demodulation as compared to those with lower spectral efficiency.
Since the bandwidth of Nyquist pulse is equivalent to By(1+ «), where By is
the bandwidth for a Nyquist pulse with the roll-off factor « of 0, increased
roll-factors signify lower spectral efficiency and hence less SNR requirement.

5.3 1.92 Thit/s, 64 QAM Nyquist pulse transmis-
sion using orthogonality-based demultiplexing
scheme

Based on the demonstration of high performance demultiplexing in section
5.2, the new demultiplexing scheme was adopted into a 1.92 Thit /s, 64 QAM
transmission experiment. Due to the better performance even with Nyquist
pulses of roll-off factor &« = 0, in order to improve the spectral efficiency
further, a Nyquist pulse of roll-off factor a« = 0 was used. Figure 5.9 shows
the experimental setup used for the 1.92 Thit/s, 64 QAM Nyquist pulse
data signal. The setup is mainly divided into the transmitter, fiber link
and receiver. First, at the transmitter, a broad comb was generated from
CW laser [?] output using a dual drive MZM comb generator [?]. A 10
GHz Nyquist pulse train with periodic zero-crossing interval of 6.25 ps was
carved off the broad comb using a pulse shaper [?]. We compensated for the
chirp created during comb generation using a 470 m long SMF. The pulse
train was then modulated using an IQ modulator and with a 10 Gsymbol/s,
64 QAM signal from and arbitrary waveform generator (AWG). Using a
PLC-type OTDM multiplexer, the symbol rate was increased to 160 Gbaud.
Furthermore, by passing the signal through polarization multiplexing (Pol
Mux) circuit, the bit rate was doubled to 1.92 Thit/s. In parallel, a CW
pilot tone signal was generated by filtering out the —9th harmonic (at 90
GHz from the central frequency) of the comb signal. This was combined
with the OTDM-Pol multiplexed signal and fed into the transmission link at
an optimized transmission power of 4 dBm. At the receiver, the signal was
first polarization demultiplexed, before being fed into the coherent receiver.
In order to generate the local Nyquist pulse, a clock signal was recovered
from the data signal which was used to drive a comb generator [?].

The optical waveform and spectrum of the generated Nyquist pulse with
a roll-off factor @ = 0 is shown in Fig. 5.10. There were 17 harmonics in
the spectrum which were flat, with the suppression ratio of the side modes of

107



Ultrahigh-speed and high spectrally efficient coherent orthogonal Nyquist

TDM transmission
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Figure 5.9: The experimental setup for the 1.92 Thit/s, 64 QAM Nyquist
TDM transmission, single polarization receiver system

20 dB. Figure 5.11 shows the optical spectra measured before and after 150

Intensity [a.u]

— Waveform

— Nyquist profile (a.=0)

i

5.9 ps

-12.5 0 12.5 25
Time [ps]

(a) waveform

Power [dB]

10

— Spectrum

= Nyquist profile (c.=0)

J 160 GHz rl

-50

-60
15

sty bl

37 1538 1539 1540
Wavelength [nm]

(b) Spectrum (Res. 0.02 nm)

Figure 5.10: Generated Nyquist pulse

km transmission at a resolution of 0.1 nm. The OSNR degradation resulting
from the transmission was 14 dB, as shown in Fig. 5.11. The bit error rate
for the transmission experiment is shown in Fig. 5.12. Fig.5.12(a) shows the
bit error rate as a function of the received power, where the power penalty
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5.3. 1.92 Thit/s, 64 QAM Nyquist pulse transmission using
orthogonality-based demultiplexing scheme
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Figure 5.11: Optical spectra, before and after 150 km (Res. 0.1 nm)

at the BER of 2 x 107® was 4.8 dB. This power penalty was greater than
the 4.5 dB, when Nyquist of roll-off factor a = 0.5 was demultiplexed using
an optical sampling scheme in chapter 4. The corresponding BER for all
the 16 tributaries, measured at the maximum received power is shown in
Fig. 5.12(b). For all the tributaries a performance of below FEC limit was
obtained.

In order to improve the performance of this system further, there is need
to convert the receiver from a single polarization receiver system to a dual
polarization receiver system where both polarizations can be received and
waveform impairments such as XPM between two polarizations can be com-
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pensated for. The improvements of the transmission system are described in
the next section.
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Figure 5.12: Bit error rate (BER) for the demodulated 10 Gbaud, 64 QAM
data signal.
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5.4. Performance improvement of Nyquist pulse transmission with digital
back-propagation and Raman amplification

5.4 Performance improvement of Nyquist pulse trans-
mission with digital back-propagation and Ra-
man amplification

I undertook three main steps to improve the transmission experiment. The
first step involved transforming the experimental setup from a single polar-
ization receiver system to a daul polarization receiver system, in which the
polarization demultiplexing is carried out in the DSP. The second improve-
ment in the experimental setup involved applying digital back propagation
(DBP) to the transmission experiment to compensate the impairments due
to fiber nonlinearities of the transmitted signal. This was made possible by
the fact that the system was able to receive both polarizations simultane-
ously. The third improvement was the introduction of Raman amplification
to improve on the transmitted OSNR while suppressing the fiber nonlinearity.
The experimental setup is shown in Fig. 5.13. I will introduce the principle
of each of the two techniques:

10 Gbaud, 64 QAM

feroek= 10 GHZ QY AWG 10 160
CoH, fi Gbaud pC - 2
2H; frequency-
stabilized ] OTDM [
fiber laser | MUX |'|E-m'
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a o o
Att Att. 1 g % g g
. — = = (I g
3
SMF =1
Comb Pulse PC [aqOptical
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Figure 5.13: The experimental setup for the 1.92 Thit/s, 64 QAM Nyquist
TDM transmission employing polarization diversity configuration
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5.4.1 Digital back propagation process

The equation that governs the propagation of optical pulses through an op-
tical fiber is the Manakov equation shown in Eq. (5.10).

I3z ) O+ 9 [ECD

1 B P
D=i30= 598

o8
N =S 1B+, (5.10)

where E,(2,t) and E,(z,t) are the instantaneous electric fields of the orthog-
onal polarizations propagating through the fiber link, while D and N are the
linear and nonlinear operators, respectively. « is the attenuation coefficient
of the fiber, 5 the group velocity dispersion and ~ is the fiber nonlinear
coefficient. In order to compensate for the nonlinearity, Ref. [8] proposed
to let the transmitted signal propagate through a fiber with opposite sign
of nonlinearity, loss, and gain, namely backward propagation.Digital back
propagation (DBP) is a digital signal processing used for implementing this
backward propagation. The block diagram for the digital back propagation
is shown in Fig. 5.14. The method uses a split step Fourier method, in
which the received data is numerically propagated backwards through the
fiber. The fiber is split into short steps of length h. Within the very short
step of length h, first the signal is amplified, and the dispersion for half the
length h/2 compensated numerically, then both the nonlinear phase rotations
of SPM and X PM are compensated for before finally compensating for the
remaining dispersion.

It is worth noting that the received OTDM signal is spectrally limited
by the bandwidth of the coherent receiver. The bandwidth of the received
signal is not that of the signal that propagates through the fiber. In order
to reconstruct a signal with the same bandwidth as that before coherent
reception, the signal that is digitally back propagated, the signal is loaded
on a Nyquist pulse in use before the digital back propagation is applied
to it. This is done by numerically generating a Nyquist pulse profile, and
multiplying it by the received data signal. The multiplication is done in such
a way that the peak of the pulse coincides with the clock period.
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Figure 5.14: The digital back propagation process

5.4.2 The principle of Raman amplification

As mentioned previously, the use of Raman amplification aims at increas-
ing the OSNR of the data signal after transmission while suppressing the
nonlinear phase rotation in the fiber.

Raman amplificiation uses stimulated Raman scattering as a means of
amplifying the photons traversing through the medium. Raman scattering
is brought about by the scattering effect of optical phonon of molecules such
GeO, and Si0,. When light is fed into a material, a small fraction gets
scattered while light of a lower frequency called Stokes wave is generated.
Therefore, when a strong optical input is used, there can be an increased
growth of the the Stokes beam with much of the light from the strong pump
being converted to the Stokes beam. This is called stimulated Raman scat-
tering. Stimulated Raman scattering can be used for amplification of light
that traversed through a medium by pumping it with the light of the right
wavelength [9]. Unlike EDFAs that provide gain at a fixed of a fiber link, also
referred to as lumped amplification, Raman amplification takes place over a
long distance of the fiber link, which is referred as distributed amplification.
To achieve maximum Raman ampflication in the fiber, the pump should op-
erate at 13.2 THz higher frequency than the signal frequency as shown by
Fig. 5.15. The pump used for telecommunication Raman pumping are LDs
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that operate around 1.44 um region. For broad bandwidth pumping multi-
pump Raman pumping has been demonstrated [10]. When using Raman
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Figure 5.15: Raman gain distribution of silica glass

amplificating, backward pumping is utilized to avoid gain saturation. Figure
5.16 shows the configuration of Raman amplification. If fiber of length L is
used with a signal of wavelength \; through it, when an LD pump wavelength
Ap is used, the rate increase in signal power intensity I, and change in pump
power intensity [, can be expressed by equations

dl
7, = grlyls — ol (5.11)

dl As
d72;p = _TpgRIp]S — Olp_[p

where gp is the Raman gain, while a; and «y, are the attenuation coefficients
for both signal and pump, respectively. The equations in (5.11) results in a
gain profile shown in Fig. 5.17. The signal power decreases as it propagates
and reaches a minimum, at a specific length, after which the intensity begins
to rise again.

5.4.3 1.92 Tbit/s, 64 QAM transmission experiment with a
dual polarization receiver

The experimental setup used in this section is very similar to that used
in the previous section, with the exception that the received signal, now,
was not polarization demultiplexed before homodyne detection. The system
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Figure 5.17: The gain profile with and without Raman amplification

performed homodyne detection of a a polarization multiplexed 160 Gbaud,
64 QAM signal. The detailed experimental setup is shown in Fig. 5.13.

Initially, we used an EDFA-only gain system for a 150 km dispersion
managed fiber link composed of two spans of SLA (50 km)-IDF (25 km)
link, whose average loss per span was approximately 18 dB. Then a Raman
gain amplification system was used, where it was connected in tandem with
EDFA and made to compensate for 10 dB, while EDFA compensated for the
remaining 8 dB of the 18 dB loss. The CW laser at the receiver was phase-
locked to the data signal via an OPLL circuit. Thereafter, similar process as
that at the transmitter was employed in generating a Nyquist pulse train at
the receiver, in which a polarization diversity homodyne receiver described in
subsection 2.2.8 was employed. This was used for OTDM demultiplexing of
the polarization multiplexed data signal using the orthogonality of Nyquist
pulses, with homodyne detection also taking place simultaneously.

Digital back propagation involved loading the homodyne detected base-
band signal back to the Nyquist pulse train and carrying out the above
process. The values of the parameters we used are shown in table 5.1. After
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Table 5.1: DBP parameters

SLA IDF

Group velocity dispersion By | —12 ps?/km 24 ps? /km

Nonlinear coefficient ~ 0.89 Wlkm=! | 1.6 W lkm™!

DBP, waveform distortion compensation using frequency domain equaliza-
tion (FDE) was performed.

5.4.4 Experimental results

Figure 5.18(a) shows the waveform of the baseband signal obtained after
homodyne detection. In order to perform DBP, the received data signal was
first numerically loaded on to a 10 GHz Nyquist pulse train, with one of the
polarizations resulting in the waveform shown in Fig. 5.18(b). The signal
shown in Fig. 5.18(b) was then taken through a digital back propagation as
explained in the previous section.

I optimized the launch power by comparing the BER performance of the
demultiplexed and demodulated 10 Gsymbol/s-64 QAM data signal at vari-
ous launch powers. The figure showing that optimization result is depicted in
Fig.5.19. By adopting DBP, we were able to increase the transmission power
from 4 dBm to 6 dBm. Any further increase in the launch power beyond 6
dBm resulted in a sharp decline in the BER performance.

Figs. 5.20(a) and (b) show constellation maps with and without the
application of DBP. With the use of DBP, the error vector maginitude (EVM)
improved from 4.8% to 4.2%.  As it can be seen, the distortion on the
constellation maps was reduced, with the application of DBP. The BER
performance of the demodulated 10 Gsymbol/s 64 QAM signal is shown in
Fig. 5.21. The power penalty at a BER of 2.0 x 10~% was improved by 1.5
dB to 4.0 dB. In order to further improve this performance, it is important
to carry out DBP by considering the interaction between all tributaries.

When I adopted a Raman gain amplification system for loss compensation
in the fiber link, there was an OSNR improvement of 7 dB after 150 km,
compared to when we used an EDFA-only gain system as shown in Fig.
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Figure 5.18: Time waveform of the 10 Gsymbol/s 64 QAM signal at the
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Figure 5.19: BER as a function of launch power

5.22(a) and 5.11(b). As shown in Fig. 5.22(b), with the adoption of Raman
gain amplification system, the power penalty at a BER of 2.0 x 10~ improved
further by 1.2 dB to 2.8 dB for the 150 km transmission.

With this improvement in BER performances brought about the adop-
tion of DBP and Raman gain amplification, we extended the transmission
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Figure 5.20: Constellation maps (a) without DBP and (b) after DBP
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Figure 5.21: BER as a function of launch power after 150 km

distance from 150 km to 225 km. The BER performance is shown by the
green plot on Fig. 5.22(b). The power penalty at a BER of 2.0 x 107 was

5.6 dB.
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Figure 5.22: OSNR and BER performance with dual Raman gain amplifier
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5.5 3.84 Thit/s, 64 QAM Nyquist pulse transmis-
sion using frquency-stabilized mode-locked laser

By newly introducing a high OSNR optical source at the transmitter, it was
possible to expand the baud rate from 160 Gbaud to 320 Gbaud. The high
OSNR optical source used in this case was a HC'N frequency-stabilized mode
locked fiber laser (MLFL).

5.5.1 HCN frequency-stabilized mode-locked fiber laser (MLFL)

The configuration of the laser used is shown in Fig. 5.23. The MLFL was a
fiber ring laser that consisted of two LD pumps connected to the ring cavity
by means of a WDM coupler. The ring cavity consited of an EDFA wound on
a piezo-electric transducer (PZT), a dispersion compensating fiber (DCF),
an output coupler, an etalon filter, an isolator and and a phase modulator.
The total length of the cavity was 11 m, resulting in a free spectral range
(FSR) of 18 MHz. Part of the laser output was tapped and one harmonic is
filtered, where the frequency component filtered was passed through a phase
modulator for phase sensitive detection. The frequency modulated signal was
fed through an HCN gas cell. The P(10) absorption line of HCN was used
to stabilize the optical frequency of the laser output. The error signal was
fed back to the laser cavity PZT. Another part of the laser output was fed
to a clock extraction circuit, where the extracted clock was passed through
a phase shifter before being used to drive the phase modulator in the ring
cavity. A feedback circuit is used to control the phase of the clock that is
fed to the phase modulator stabilizing the repetition rate of the laser. The
waveform and optical spectrum of the laser output is shown Fig. 5.24. A
short pulse of width 0.95 ps was generated and a spectral bandwidth of 3.8
nm or 475 GHz. The time bandwidth product was 0.45, close to the 0.44
transform limit condition of the Gaussian pulse. The output power was 17
dBm. The OSNR of the laser output was 48 dB, 10 dB greater than that
OSNR of the comb used for the experiments in chapter 3 and 4. Based on
this improvement in performance, I attempted to increase the symbol rate
from 160 Gbaud to 320 Gbaud.

5.5.2 Experimental setup for the 3.84 Tbit/s, 64 QAM co-
herent Nyquist pulse transmission

The experimental setup used for the 3.84 Thit/s, 64 QAM coherent Nyquist
pulse is shown in Fig. 5.26. The optical output from the MLFL was fed into
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Figure 5.23: The configuration of the HCN frequency-stabilized mode-locked
fiber laser (MLFL)
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Figure 5.24: The MLFL output characteristics

a pulse shaper for Nyquist pulse shaping. The time waveform and optical
spectrum of the Nyquist pulse generated of roll-off factor a = 0.5 is shown in
Fig. 5.25. The Nyquist pulse is modulated using an 1QQ modulator driven by
an AWG with a 10 Gbaud, 64 QAM signal. The 10 Gbaud, 64 QAM signal
was then multiplexed in the time domain first to 40 Gbaud, after which the
40 Gbaud signal was multiplexed to 320 Gbaud, 64 QAM data signal. A
pilot tone signal was generated by extracting the 25th harmonic from the
center frequency using a narrow filter, the tone was amplified and combined

with the 3.84 Thit/s, 64 QAM data signal.
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Figure 5.25: Nyquist pulse generated (a = 0.5)
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At the receiver, part of the data signal was divided, and the pilot tone
was filtered off and used for the OPLL process. In order to generate a
local Nyquist pulse train, a CW fiber laser in combination with a comb
generator was were used. The process of pulse generation was similar to that
described in chapters 3 and 4. The 24th harmonic of the comb generated at
the receiver is also filtered and used for the OPLL process. The local tone
and the the extracted pilot tone signal are fed into a photodetector and their
beat frequency of 10 GHz, kept constant by a feedback of the error voltage
back to the CW laser at the receiver. In order to keep the OPLL loop length
shorter, I fabricated EDFAs used in the OPLL circuit with EDFAs of high
concentration making it possible to decrease the loop length to about 6 m
from several tens of meters. This leads to phase noise reduction of the IF
signal. The phase noise of the OPLL was reduced from 1.8 to 1.1 deg, which
was much less than the phase allowance of a 64 QAM constellation map of
4.7 deg.
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Figure 5.26: The experimental setup for the 3.84 Tbit/s, 64 QAM Nyquist
TDM transmission using a MLFL
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5.5.3 Experimental results

With the expansion of the spectral bandwidth from 160 GHz to 480 GHz,
with Nyquist pulses of roll-off factor a of 0.5, the pulse signal begins to more
more sensitive to polarization mode dispersion (PMD) effect. From 3 sets of
75 km spans of fiber labelled as #1, #2 and #3, a combination of two spans
with lower PMD was selected. As shown in Fig. 5.27, within the 1549.8 nm
region of the fiber which correspond to the signal bandwidth as shown in the
region indicated by blue, the combination #1 and #2 had the best PMD
performance compared to the other combinations. The other effect that I
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PMD [ps]
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04 b /7 NG

I D DU DU 1 O
1632 1536 1540 1544 1548 1552
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Figure 5.27: Polarization mode dispersion (PMD) of the three combinations
of the 150 km dispersion-managed fiber (DMF)

examined was the signal sensitivity to spectral distortions arising from mainly
EDFA gain frequency dependence. Flatness of EDFA gain affects the quality
of the signal after it has been transmitted. First, I transmitted a single pulse
without modulation and multiplexing through the fiber and observed the
change in the spectrum, before and after 150 km of transmission. Figure
5.28 shows a set of two spectra, before and after 150 km of transmission. As
it can be seen with the two set of spectra, by giving the spectrum before
transmission some distortion, the spectrum after 150 km of transmission
assumes the ideal Nyquist profile. It is also evident with the waveform,
that the waveform before transmission is distorted, however the spectrum
after 150 km of transmission assumed a close to ideal Nyquist profile. 1
undertook a spectral domain compensation such that the final spectrum at
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the receiver took an ideal Nyquist profile by a process called predistortion,
where components that get enhanced, are given more attenuation before
transmission.
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Figure 5.28: Nyquist pulse spectra and waveform before and after 150 km

I also carried out pre-compensation of the dispersion such that the wave-
form after 150 km was close to the ideal Nyquist pulse. Figure 5.29 shows
the effect of pre-distortion on the pulse waveform after 150 km of transmis-
sion. The 2nd order chirp was compensated for at the pulse shaper at the
transmitter. The optimum second order chirp given to the waveform was
equivalent to 0.2 ps?. The third order chirp was varied from —0.1 to —0.4
ps3, with the optimum value found to be about —0.2 ps3.

After optimization of the transmission link and the transmitter, an op-
timization of the launch power was carried out. The fiber link loss was
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Figure 5.29: Third order chirp compensation

compensated for using a combination of both EDFA and Raman amplifiers.
The fiber link had a total loss of about 17 dB/span, with the EDFA providing
7 dB gain while EDFA provided the remaining 10 dB.

The OPLL IF spectrum of the beat signal between the pilot tone signal
and a harmonic generated at the receiver for OPLL operation was measured
and the phase noise obtained. Figs. 5.30(a) and 5.30(b) show the IF spectrum
of the beat signal and the corresponding single side spectrum. The phase
noise after 150 km of transmission was 1.16 deg which is the approximately
the same at the value under back to back condition. This is well below the 4.7
deg. phase allowance of the points on a 64 QAM constellation map, meaning
that the OPLL circuit is sufficient for the homodyne detection of a 64 QAM
signal. Figure 5.31 shows the BER of the polarization multiplexed 10 Gbaud,

126



5.5. 3.84 Thit/s, 64 QAM Nyquist pulse transmission using
frquency-stabilized mode-locked laser

64 QAM signal as a function of the launch power. At low values of the
launch power, due to insufficient OSNR, there was decreased performance.
At transmission power above 5 dBm, there was BER degradation due to
increased nonlinearity in the fiber. The optimum value for the transmission
power was then set at 5 dBm. Fig. 5.32 shows the optical spectra before and
after 150 km. The spectra were obtained at a resolution of 0.1 nm. From the
figure, the OSNR before transmission was 52.1 dB, which degraded by 13.5
dB to 38.6 dB. The constellation maps before and after 150 km is shown in
Fig. 5.33. The EVM under back-to-back condition was 3.6%. After 150 km,
the EVM was 5.4%. The increase in EVM was accompanied by an increase in
size of the constellation points and phase rotation on the constellation points
at the corner. The increase in size of the constellation map can be attributed
to the decrease in OSNR of the signal after transmission. The rotation on
the constellation map arises from the nonlinear phase rotation in the fiber
during transmission.

I evaluated the bit error rate obtained from the experimental setup. The
graph shown in Fig. 5.34 is a plot of the BER as a function of the received
power. The BER obtained was less than 20% FEC threshold. This BER is
expected to be improved by introducing a digital back propagation to this
experiment.
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Figure 5.30: IF spectrum of the beat signal between the pilot signal and a
harmonic generated at the receiver for OPLL operation
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Figure 5.34: The BER for the 3.84 Thit/s, 64 QAM Nyquist TDM transmis-
sion using MLFL

131



Ultrahigh-speed and high spectrally efficient coherent orthogonal Nyquist
TDM transmission

5.6 Discussion and conclusion

In this chapter, I demonstrated a coherent Nyquist pulse transmission at
1.92 Thit/s and with an SE as high as 10.6 bit/s/Hz by taking advantage
of the time-domain orthogonality of the Nyquist pulse. A key technology
behind this significant SE increase is a novel demodulation and demultiplex-
ing scheme in which the transmitted Nyquist pulse is homodyne detected
with a phase-locked Nyquist LO pulse. This allowed the use of Nyquist pulse
with a minimum spectral width, i.e., roll-off factor o = 0. 1 verified that this
scheme offers better performance than the optical sampling scheme described
in chapter 4. Based on this scheme, I carried out a 1.92 Thit/s, 64 QAM
OTDM transmission in which the signal bandwidth was greatly required to
170 GHz. This leads to a spectral efficiency of:

1.92 Tbit/s
SE = 170 GHz x 1.07

=10.6 bit/s/Hz

This is the highest SE value yet achieved in a Tbit/s/ch transmission. By
further use of digital back propagation (DBP) for nonlinear phase rotation
compensation and Raman amplification in the fiber link, I was able to in-
crease the transmission distance to 225 km.

Furthermore, by use of a high OSNR HCN frequency-stabilized mode
locked fiber laser (MLFL), I was able to increase the symbol rate from 160
Gbaud to 320 Gbaud, enabling the bit rate of 3.84 Thit/s. The 3.84 Thit/s,
64 QAM coherent pulse transmission experiment over 150 km was achieved
with Nyquist pulses of roll-off factor v = 0.5 where the spectral bandwidth
was 490 GHZ. The spectral efficiency in this case was 6.5 bit/s/Hz.
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Chapter 6

Conclusion

This thesis has demonstrated ultrahigh-speed and highly spectral-efficient
digital coherent transmission using coherent optical pulses.

In chapter 1, I described the motivation of this work by highlighting the
current state of internet traffic in Japan, which is continuously increasing by
40% annually. Considering the finite bandwidth resource available in optical
fibers, which is approximately 10 THz, it was clarified that the increase in a
single-channel bit rate and SE simultaneously is one of the critical issues in
order to meet the increasing capacity demand in the next-generation optical
communication. By pointing out the difficulties in increasing the single-
channel bit rate in the current digital coherent transmission, the motivation
of developing a digital coherent pulse transmission was provided.

In Chapter 2, I newly established key components required for digital
coherent pulse transmission, including a coherent short pulse source for high-
speed QAM transmission, OPLL for highly precise phase synchronization
between transmitted pulse and LO, RZ-CW conversion for increasing SNR
of the demultiplexed high-speed signal in spite of limited receiver bandwidth,
and FDE for accurate compensation of waveform distortion associated with
optical pulse transmission. It was experimentally demonstrated that all these
components play a crucial role in increasing the QAM multiplicity such as
64 levels while retaining a bit rate as fast as 1 Tbit/s/ch.

In Chapter 3, based on these components, I first demonstrated a coherent
pulse transmission using a Gaussian pulse, which is a typical waveform used
for high-speed pulse transmission. By using RZ-CW conversion and FDE,
a SNR degradation and phase noise associated with the pulse transmission
was successfully reduced. As a result, 1.92 Thit/s, 64 QAM transmission
was achieved with an SE of 3.8 bit/s/Hz. This is the first demonstration of
digital coherent pulse transmission at 64 QAM.

In Chapter 4, in order to explorer much higher SE, I further proposed a
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coherent Nyquist pulse that enables an ultrahigh-speed transmission within
a narrow bandwidth. The important feature of this pulse is that it has an
oscillating tail with periodic zero-crossing points that allow OTDM with a
significant overlap between adjacent pulses while maintaining intersymbol
interference (ISI)-free condition at each symbol location. To realize this,
novel schemes of Nyquist pulse shaping and ultrafast optical sampling were
developed. I constructed a coherent Nyquist pulse transmission with a roll-
off factor « = 0.5. As a result, 1.92 Thit/s/ch, 64 QAM transmission was
successfully achieved within a bandwidth of 240 GHz, resulting in the SE
to be increased from 3.8 bit/s/Hz to 7.5 bit/s/Hz. However, this was not
the ultimate spectral efficiency since Nyquist pulses of roll-off factor a = 0.0
offers an even narrower signal bandwidth, whereas the increased ISI effect
with roll-off factor of v = 0 limited the use of Nyquist pulse.

In Chapter 5, for making the maximum use of the potential of coherent
Nyquist pulse toward ultrahigh SE, I proposed the novel coherent Nyquist
pulse transmission scheme that takes advantage of the orthogonal property
of Nyquist pulses. The key technology is to use a Nyquist LO pulse for
demodulation and demultipleixing at the receiver, whose phase and timing
a synchronized with a transmitted Nyquist pulse. It was experimentally
demonstrated that this scheme offers a high-SNR demultiplexing even for a
Nyquist pulse with roll-off factor as low as a = 0. Based on this scheme, a
1.92 Thit/s, 64 QAM transmission was achieved within a bandwidth of 170
GHz, leading to a spectral efficiency of 10.6 bit/s/Hz, which is the highest
SE yet achieved in a single-carrier Thit/s transmission. This demultiplexing
scheme also made it possible to use a polarization diversity coherent receiver
configuration. Simultaneous reception of both polarizations allowed the use
of digital back propagation (DBP) for compensating for distortions due to
dispersion and nonlinear optical effects. The improvement in transmission
performance with DBP was also demonstrated in the chapter. After com-
bining these schemes with Raman amplification, a 1.92 Thit/s, 64 QAM
transmission distance was extended to 225 km.

In order to increase the bit rate of the digital coherent pulse transmission,
I newly introduced a 10 GHz HCN frequency-stabilized mode-locked fiber
laser at the transmitter, that can emit a coherent pulse directly with a high
OSNR. The output pulse width as short as 950 fs enabled me to increase the
symbol rate to 320 Gbaud, corresponding to the bit rate of 3.84 Tbit/s/ch.
By using a Nyquist pulse with o« = 0.5, a 3.84 Thit/s/ch transmission over
150 km was achieved within a signal bandwidth of 490 GHz, resulting in a
spectral efficiency of 6.5 bit/s/Hz. A further improvement in the spectral
efficiency would require the use of Nyquist pulse with a much lower roll-
off factor and an improvement in BER performance to below the 7% FEC
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overhead.

When the above values of the spectral efficiency are plotted as a function
of the SNR, a graph shown in Fig. 6.1 is obtained. As it can be seen, with
the utilization of Nyquist pulse of roll-off factor o = 0, the spectral efficiency
almost approaches the theoretical Shannon limit.

50
b @ 1.92 Thit's, 64 QAM (Gaussian pulse)
[ H = .
L | iShannon limit @ 1.92 Thitis, 64 QAM (Nyquist pulse)
£ F (Optical sampling)
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3 i ° (Nyquist pulse LO)
2 0 @ 3.84 Tbit/s, 64 QAM (Nyquist pulse)
2 (Nyquist pulse LO)
S
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C: Channel capacity (bit/s), W: Bandwidth (Hz)
SNR: Energyto noise powerdensity ratio

Figure 6.1: The shannon limit
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List of Acronyms

ADC
APDs
BER
BPD
BPSK
Cw
DAC
DBM
DBP
DCF
DPSK
DPSK
DSF
DSP
EAM
EDFA
ETDM
EVM
FBG

Analog to digital converter
Avalance photodetectors

Bit error rate

Balanced photodetector

Binary phase shift keying
Continuous wave

Digital to analog converter

Double balanced mixer

Digital back propagation

Dispersion compensating fiber
Differential phase shift keying
Differential quaternary phase shift keying
Dispersion shifted fiber

Digital signal processing
Electro-absorption modulator
Erbium doped fiber amplifier
Electrical time division multiplexing
Error vector magnitude

Fiber Bragg grating
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FEC
HNLF
IDF

IF
IM/DD
ISI
LCoS
LD

LO
MZM
NOLM
00K
OPLL
OTDM
PBC
PBS
PC
PDM
PZT
QAM
QPSK
RZ
SLA
SMF
SPM

Forward error correction

Highly nonlinear fiber

Inverse dispersion fiber
Intermediate frequency
Intensity-modulation /direct-detection
Intersymbol interference

Liquid crystal on silicon

Laser diode

Local oscillator

Mach-Zehnder Modulator
Nonlinear optical loop mirror
On-off keying

Optical phase-locked loop

Optical time division multiplexing
polarization beam combiner
Polarization beam splitter
Polarization controller
Polarization division multiplexing
Piezo-electric transducer
Quadrature amplitude modulation
Quaternary phase shift keying
Return to zero

Super large area fiber

Single mode fiber

Self phase modulation
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TDM
vVCO
WDM
XPM

Time division multiplexing
Voltage controlled oscillator
Wavelength division multiplexing

Cross phase modulation
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