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ABSTRACT

Shen, Shuai, Ph.D., Purdue University, December, 2000. Study of Ultrashort-pulse
Code-division Multiple-access Scheme for Fiber-optic Communications and its Hybrid
Spectral Overlay with Wavelength-division-multiplexing Technique. Major Profes-
sor: Andrew M. Weiner.

This dissertation demonstrates and extends the technical feasibility of spectral
phase encoding/decoding based ultrashort-pulse optical code-division multiple-access
(CDMA) scheme for local-area and metropolitan-area fiber-optic communications.
The ultrashort pulse CDMA technique not only provides a unique multiplexing pos-
sibility on its own, but also complements other multiplexing approaches, in partic-
ular optical wavelength-division-multiplexing (WDM) technique. This thesis work
includes both device and system level studies. At the device level, a femtosecond
fiber laser was constructed as a broadband source for CDMA experiments. The com-
plete dispersion compensation for distortion-less transmission of 400-fs pulses over a
10-km fiber link was achieved through the use of a dispersion compensating fiber and
a femtosecond pulse shaper. The accumulated fiber nonlinearity during ultrashort-
pulse propagation was investigated to facilitate power budget analysis in CDMA data
transmission. At the system level, the bit-error-rate performance of a CDMA channel
under multi-access interference was evaluated. The possibility of error-free CDMA
operation in a multi-user environment was demonstrated. The feasibility of spec-
trally overlaying CDMA on WDM for the hybrid WDM/CDMA operation was also

investigated through back-to-back system measurements.



1. Introduction

1.1 Scope of This Dissertation

This dissertation demonstrates and extends the technical feasibility of spectral
phase encoding/decoding based ultrashort-pulse optical code-division multiple-access
(CDMA) scheme for local-area and metropolitan-area fiber-optic communications.
The CDMA technique not only provides a unique multiplexing possibility on its
own right, but also complements other multiplexing approaches, in particular optical
wavelength-division-multiplexing (WDM) technique.

In optical communications, there are three major multi-access techniques that al-
low users to share the same transmission media — time-division-multiplexing (TDM),
wavelength-division-multiplexing (WDM) and code-division multiple-access (CDMA).
Unlike in a TDM or WDM system, where users are distinguished either in the time
or spectral domain, multiplexing in an optical CDMA system is achieved through
assigning different minimally-correlated code-sequences to users. The use of encoding
and decoding brings forth several unique features and advantages that make CDMA
attractive. The most significant advantages are the possibility of higher level data
security and the graceful system performance in a bursty environment (in another
word, a CDMA system can support more users than that permitted by the code
length). Note that the capacity in a WDM or TDM system is always “hard” limited
by the physical channels available. Other advantages include (1) the elimination of
high-speed electronic synchronization required in a TDM system or the precise fre-
quency control of lasers required in a WDM system, (2) the possibility of all optical
processing to perform certain network applications such as addressing and routing.
These features could simplify the network management and increase overall system

capacity. It should be noted that despite of its potentially advanced features, optical
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CDMA is less explored in industry and university laboratory than TDM and WDM.
This is perhaps because the technology required for implementing optical CDMA is
less mature and maybe inherently more complex. Nonetheless, for some high per-
formance applications, e.g. supercomputer interconnects over distance not exceeding

tens of kilometers, it is desirable to have the unique networking advantages that

optical CDMA could offer.

The concept of optical CDMA could be implemented in several different ways de-
pending on the choice of sources (mode-locked laser [1] versus amplified spontaneous
emission or LED [2]), coding schemes (time domain with fiber ladders [3] or tapped
delay line [4] versus frequency domain with Fourier transformed pulse shaper [1]) and
the detection method (direct O/E conversion [5] versus using nonlinear optical pro-
cessing [6]). Each choice has its advantages and disadvantages. For example, the use
of LED (incoherent source) may reduce the cost of CDMA system significantly. How-
ever, mode-locked lasers (coherent source) are expected to allow better system noise
performance than LED, since a system with incoherent light source might suffer from
optical beat noise, e. g. in coherent multiplexing approaches based on interferometric
techniques [7]. One simple way to classify optical CDMA schemes is according to the
choice of incoherent versus coherent processing. Since the coherent processing allows
the manipulation of optical field, it could provide better suppression of multi-access

interference than the incoherent processing (summing of optical power).

This dissertation focuses on a coherent CDMA technique called ultrashort-pulse
optical CDMA based on spectral phase encoding/decoding. This technique takes
advantage of high-fidelity femtosecond pulse shaping using multi-element spatial light
modulator for spectral phase or amplitude encoding/decoding. It is expected that
the ultrashort-pulse optical CDMA potentially offers a superior system performance
over other CDMA alternatives (e. g. incoherent optical CDMA, etc. ) due to its
coherent processing and large spreading ratio. The main constraint appears to be
the fidelity of the encoding/decoding operation for a user pair and the consequent

successful detection in the presence of interference from other users. To demonstrate
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the feasibility and usefulness of ultrashort-pulse CDMA for local- and metropolitan-
area fiber-optic communications, this dissertation documents the research results on
some key device technologies, on CDMA system performance evaluation in a multiple-
user environment, and on a new multiplexing approach — spectral overlay of CDMA

on WDM for hybrid WDM/CDMA operation.

1.2 Ultrashort-pulse Optical CDMA Systems

Fig. 1.1 shows the block diagram of an ultrashort-pulse fiber-optic CDMA system

configured for local-area network (LAN) applications.

Transmitter

H

H

' Nonllnear
i W thresholder
1

1

Receiver

Fig. 1.1. Block diagram of an ultrashort-pulse optical CDMA system.

At the transmitter side, femtosecond laser pulses are spectrally encoded with a
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pseudorandom phase code that transforms the laser pulses into picosecond-duration
pseudonoise signals. Each user (transmitter) is assigned a unique phase code with
which it encodes all its data bits. This phase code is chosen to be minimally inter-
fering compared to the phase codes assigned to all the other users in the system.
Different users can be connected in a simple broadcast-and-select architecture where
all transmitters are connected to all receivers by a passive star coupler. Each receiver
thus receives encoded data bits transmitted by every transmitter in the network,
but the decoder in any one receiver matches the phase code of only one transmitter.
Hence, only the encoded data bits of one transmitter that are intended for a partic-
ular receiver get properly decoded back to femtosecond pulse, and the encoded data
bits transmitted by all other transmitters remain as improperly decoded interference
tens of picosecond in duration. In this CDMA scheme, each transmitter may oper-
ate at moderate data rates (e. g. , on the order of 1 Gb/s), but higher overall data,
transmission rate may be achieved with multiple-access. A theoretical analysis of the
crosstalk-limited performance of the ultrashort pulse CDMA scheme shows that the
CDMA system capacity could range from ten to perhaps 100 Gb/s (depending the
code length used in the system) [8].

The key components required for ultrashort pulse optical CDMA operation in-
clude: ultrashort-pulse laser source, fiber amplifier, optical encoder and decoder,
dispersion compensated fiber link, and nonlinear thresholding devices. The follow-
ings explain the functions of some components in the CDMA system and my related

thesis work.

Ultrashort-pulse laser provides wide spectral bandwidth and phase coherence for
the spectral coding operation. It serves as a data-bit generator for each user in the
system. Over the past decade, there has been a tremendous amount of research
efforts toward developing ultrashort-pulse lasers for high speed fiber communications.
Among these laser sources, femtosecond rare earth doped (in particular Erbium-
doped) fiber laser offers inherent compatibility with other fiber optic technologies and
is expected to be an ideal signal source for CDMA system. Spectral bandwidth up to
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40 nm has been generated from fiber laser system. However, the output pulse energy
from fiber laser tends to be relatively low and needs to be increased for practical
networking applications. In this thesis work, a passively mode-locked fiber ring laser
based on nonlinear polarization rotation was studied and developed for the CDMA

operation.

The spectral phase encoding/decoding operation can be achieved through the
use of a grating/lens based femtosecond pulse shaper, an array-waveguide-grating
or a fiber Bragg grating [5, 9, 10, 11]. Although array-waveguide-grating and fiber
Bragg grating are more compact than a pulse shaper, the pulse shaper technique
pioneered by Weiner et. al. provides the best performance so far (e.g. the largest
spectral bandwidth, the highest spectral resolution for phase modulation) [9, 12, 13].
A femtosecond pulse shaper consists of a grating pair, a lens pair and a programmable
liquid crystal modulator array (LCM). The pseudorandom phase code is added to
the input pulse spectrum by altering the relative phase of wavelength components
in the femtosecond pulse. Encoding and decoding of ultrashort pulses have been
demonstrated first at visible wavelengths [12] using free-space pulse shapers. The
fiber-pigtailed pulse shaping at 1.55 um wavelength with a 128-pixel programmable
LCM was demonstrated with relatively low insertion loss (~ 5.8 dB) by our colleagues
[14]. In the thesis work, this pulse shaper was used as a platform to study the encoding

and decoding CDMA operation.

The use of spectral phase coding implies that fiber dispersion compensation is
required for ultrashort-pulse propagation in a CDMA system. For femtosecond pulse
CDMA operation, the simultaneous compensation of both the second and the third
order dispersion of a SMF link is required. Several dispersion compensating techniques
have been demonstrated. The dispersion-compensating fiber (DCF) technique is an
especially attractive approach due to its ability to suppress the third order dispersion
and its compatibility with all fiber systems. The 500-fs pulse transmission over a 2.5
km fiber link has been demonstrated using a dispersion-compensating fiber (DCF)

[15]. When the DCF is combined with a pulse shaper [16], the nearly dispersion-free
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transmission has been achieved for 500-fs pulses over the 2.5-km fiber link. In this
thesis work, further efforts have been put forth to extend the distance of distortion-less
femtosecond pulse propagation. Complete dispersion compensation for shorter pulse
(400 fs) distortion-less transmission over 10-km fiber distance equivalent to LAN
coverage has been achieved using the DCF/pulse-shaping technique. In addition,
the accumulated fiber nonlinear effect during femtosecond pulse propagation over a
dispersion compensated fiber link was also investigated. Since the quality of encoding
and decoding operation is sensitive to the fiber nonlinear phase shifts, this study

indicates the the nonlinearity-induced power limit during CDMA data transmission.

At the receiver side, properly decoded pulses (recovered high-intensity femtosec-
ond pulses) and improperly decoded pulses (low intensity picosecond pseudonoise
burst) have the same pulse energy. A nonlinear optical thresholding device is required
to distinguish them through detecting the contrast in their peak intensity. This re-
quired discrimination has been accomplished by exploiting the nonlinear frequency
shifts effect in optical fibers (self-phase modulation or Raman effects) [6, 17], two-
photon absorption (TPA) effect in the optical waveguide [18] and second harmonic
generation in periodic poled lithium niobate [19]. In this thesis, the suppression
of multi-access interference using a fiber nonlinear thresholder based on self-phase

modulation effect was demonstrated.

Previously, my colleagues have successfully demonstrated an ultrashort-pulse opti-
cal CDMA test-bed [1]. However, it consists of only one transmitter and one receiver.
To truly show the feasibility of CDMA operation, it is necessary to evaluate the
CDMA performance in a multi-user environment. This dissertation documents the
experimental results on back-to-back system measurements of a CDMA channel un-
der multi-access interference. It provides an evidence for the possibility of error-free

CDMA detection in a multiple-user environment.

To extend the application of optical CDMA for broadband fiber communications,
an attempt was made to spectrally overlaying ultrashort-pulse CDMA scheme in a

WDM system. The CDMA scheme complements the WDM technique and poten-
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tially could provide additional transmission bandwidth to the existing WDM system.
The feasibility of the hybrid WDM/CDMA concept was successfully demonstrated

through system experiments in this thesis work.

1.3 Organization of This Dissertation

Chapter 2 describes the design and study of a passively mode-locked femtosecond
fiber laser.

Chapter 3 presents the experimental results on complete fiber dispersion com-
pensation for femtosecond pulse distortion-less transmission over a LAN compatible
10-km distance for CDMA data transmission using a dispersion compensating fiber
and a femtosecond pulse shaper [20].

Chapter 4 describes the experimental and theoretical study on nonlinear effects in
a 2.5-km dispersion-compensated fiber link for femtosecond pulse propagation [21].

Chapter 5 documents the system bit-error-rate (BER) measurements of an ul-
trashort pulse CDMA channel under multi-user interference. Effective interference
suppression for CDMA operation was shown through the use of spectral phase coding
and a fber nonlinear thresholder.

Chapter 6 presents the research results on a hybrid optical WDM/CDMA system.
The feasibility of spectrally overlaying CDMA on WDM was demonstrated through
back-to-back system measurements. The scaling of the experiments to Gb/s CDMA
data rate was carried out. The experiments on timing skew compensation using a
dispersion compensated fiber link for bit-parallel WDM data transmission indicates
that optical WDM system and CDMA system may share the same transmission link
during hybrid operation [22].



2. Femtosecond Fiber Laser for Ultrashort-Pulse Optical
CDMA Systems

2.1 Introduction

Femtosecond lasers are important for high speed and broadband optical commu-
nications. Their short output temporal duration enables more information bits to be
packed in the limited time-window for high speed TDM operation, and their wide out-
put spectral bandwidth makes possible large number of users in the coherent CDMA

systems.

In an ultrashort-pulse optical CDMA system, femtosecond laser is a key element,
as it provides the phase coherence and wide spectral bandwidth necessary for the
encoding-decoding operation. Depending on different network topology and trans-
mission media, the requirements on the laser source are quite different. Nevertheless,
the favorable characteristics generally include wide spectral bandwidth, high output
pulse energy, high pulse repetition rate, and good stability, etc.. To facilitate the
study on ultrashort-pulse optical CDMA, a stretched-pulse passively mode-locked
fiber ring laser was constructed as the light source for most of the experiments re-
ported in this thesis. The laser structure is adopted from the design by Tamura et.
al. [23, 24]. Attentions were particularly paid to increase laser output power and

reduce required pump power for reliable mode-locking operation.

2.2 Stretched-Pulse Passively Mode-locked Fiber Ring Lasers

Fig. 2.1 shows the schematic diagram of the fiber laser. Its modelocking is initiated
by the fast saturable absorbtion action based on nonlinear polarization rotation. The
unique features of this laser design over conventional simple ring structures include:

the pulse-stretching cavity, which effectively reduces the soliton instability due to
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periodical perturbations [25]; the net positive cavity dispersion, which helps increase
pulse energy inside the cavity [23]; and a high power extraction port, which increases

the laser efficiency by almost 50%.

As shown in Fig. 2.1, this laser was constructed as a ring resonator containing
both normal dispersion erbium-doped fiber and anomalous dispersion standard single
mode fiber. The dispersion per unit length for each segment is so large (Erbium
fiber: ~ +75 ps?/km and SMF: ~ —22 ps?/km) that the dispersion is a dominant
characteristic of the cavity. The strong alternating dispersion causes laser pulse width
to be periodically stretched and recompressed (typically by a factor of 10 to 20) as it
propagates around the cavity. The pulse maintains minimum pulse width only over

portions of the length and hence accumulates less nonlinear phase shift.

Specifically, the ring cavity was constructed of 3.30m Corning SMF-28 (~ —0.023
ps?/m), 0.54 m Corning Flexco-1060 (SMF: ~ —0.007 ps?/m) and 1.27 m of Erbium-
doped fiber (donated from MIT Lincoln Laboratories). The total cavity length is
~ 5.11 m, which corresponds to a fundamental pulse repetition rate of 39.6 MHz.
The dispersion of the isolator is dominated by the YIG crystal and estimated to
be ~ +0.003 ps®. The net cavity dispersion is therefore estimated to be positive
(~ -+0.0185 ps?). With this small net positive dispersion in the cavity, the available
output pulse energy from the laser is larger than those produced in soliton regime
(with negative cavity dispersion).

One challenge faced by common passively mode-locked fiber laser with positive
cavity dispersion is that it has a relatively higher mode-locking threshold (normally ~
300 mW pump at 980 nm) than that of the soliton fiber lasers (normally around 80 to
100 mW). In order to decrease the pump threshold, we placed a fiber-pigtailed isolator
inside the cavity ring, which forces unidirectional pulse propagation and facilitates
the mode-locking self-starting from CW noises [24]. Another important strategy is
to force the net cavity dispersion close to zero from the positive side. This has been
found to be an effective way to reduce the mode-locking threshold in experiments. The

erbium-doped fiber is pumped by solid-state diode laser that is capable of delivering
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up to 200 mW pump power at 980 nm. With the careful adjustment of laser cavity
dispersion , we achieved a modelocking pump threshold of less than 160 mW at 980
nm in experiments.

In order to increase the laser output power, an open air gap section was used
as a high power extraction port. A polarization beamsplitter was placed in this
open section. With the help of the fiber polarization controller before and after
the open gap, the beamsplitter acts both as a time domain filter shortening the
laser pulses and as an output coupler to make use of the rejected laser power. By
replacing the normal fiber output coupler with this polarization power extraction
port, we reduced the intracavity loss, and increased the overall laser efficiency. The
polarization beamsplitter extracts around 50% of the laser power inside the cavity,
which significantly increases the laser output pulse energy (by almost 50%). The
coupling loss across the open air gap section can be further reduced through replacing
the bulk beam splitter with a fiber pigtailed polarization beamsplitter. The coupling
loss could be reduced from 2.5 dB to 0.7 dB.

The intrinsic jitter of the laser caused by the quantum noise of the Erbium-doped
fiber amplification process is relatively small (< 20 ppm with 10 Hz resolution) [26].
The output pulse stability of the fiber laser is mostly affected by the stability of the
laser pump source and variations of environmental conditions. It has been reported
that the stability (laser jitter) of a passively mode-locked fiber laser could be improved
by almost a factor of 5 to 10 if the laser module was isolated from the air flow
and temperature variations [27]. In our experiments, we also observed a significant
improvement in laser output pulse stability when the whole laser module is isolated
from the air flows. In addition, we found that the laser output noise was further
reduced through replacing the water-cooling based Ti:sapphire pump laser with solid-

state diode laser.

2.3 Performance of the Fiber Laser

The fiber laser is pumped by a single 980 nm laser diode. The modelocking is

initiated through adjusting the fiber polarization controller. The laser mode-locking
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pump threshold is less than ~ 160 mW. After modelocking is started, the 980 nm
pump power could be reduced to ~ 120 mW without stopping the modelocking con-
dition. The laser output power (fiber coupled) reaches 8 mW at 1550 nm when the
pump power is 160 mW. The output spectrum (log scale) from the laser is shown in
Fig. 2.2. We observed two peaks in the spectrum: one at 1560 nm and the other at
1592 nm. The spectral peak at 1560 nm has a full-width at half-maximum (FWHM)
bandwidth of ~ 30 nm and was used for most of ultrashort-pulse optical CDMA
experiment.

The fiber laser output was dispersion compensated with a piece of dispersion com-
pensating fiber. The pulse width was measured through optical intensity autocorre-
lation. Fig. 2.3 shows the autocorrelation trace of the laser output. The deconvolved
pulse width is estimated to be ~ 110 fs assuming secant-hyperbolic pulse shape. Due
to the complicated spectral shape, it is hard to estimate the time-bandwidth-product
(TBP) of the output pulses.

The fiber laser is operated with a repetition rate of 39.6 MHz, which corresponds
to the total cavity length of 5.11 m. Fig. 2.4 shows the pulse train measured with a
PIN detector and a 500MHz digital scope.

Finally, Table 2.1 shows the performance comparison between our current fiber
laser (Fig. 2.1)and the laser previously built in the laboratory. Our current fiber
laser shows a great improvement over the previous one. Part of the imporovement is
also due to the use of a better Erbium-doped fiber (higher Erbium concentration and

lower scattering loss) than that used in the previous laser.
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Table 2.1
Fiber laser performance comparison.

Performance Current fiber laser | Previous fiber laser
Modelocking pump threshold < 160 mW ~ 320mW
Output laser power at 1550 nm ~ 8 mW ~ 2 mW
Laser pulse repetition rate 40 MHz 33 MHz
Laser output spectral bandwidth 30 ~ 40 nm 40 nm
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Output
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Er-doped fiber SMF fiber

Isolator WDM

Pump 980 nm

Fig. 2.1. Schematic diagram of the stretched-pulse passively mode-locking fiber ring
laser with power extraction. PC: polarization controller; C: collimator; L: focusing
lens; WDM: wavelength-division-multiplexed coupler; PBS: polarization beam
splitter.
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3. Complete Dispersion Compensation for 400-fs Pulse
Transmission over a 10-km Fiber Link Using Disperison

Compensating Fiber and a Programmable Pulse Shaper

Dispersion and dispersion compensation are key for high-speed lightwave transmission
systems, such as time-division multiplexed (TDM) [28] and code-division multiple
access (CDMA) systems [8, 29]. In femtosecond optical CDMA system, dispersion
compensation is required for two major reasons. First, since CDMA scheme needs
linear pulse transmission due to the phase sensitive encoding-decoding operation, we
can not use soliton propagation. Second, any uncompensated dispersion will lead to
severe degradation of the contrast between properly and improperly decoded pulses at
the receiver end and degrades the system performance. Transmission of femtosecond
pulses over kilometer distance, which is suitable for local area networks applications,
requires the simultaneous compensation of both the 2nd order dispersion and the
dispersion slope of the 1.3 um single-mode fiber (SMF) link. A variety of dispersion
compensating techniques have been proposed and investigated, e.g. mid-span spectral
inversion [30, 31, 32], chirped fiber Bragg gratings [33, 34], bulk grating-and-lens
pairs [35], and dispersion compensating fibers (DCF) [15, 36, 37, 38]. Among these
compensating schemes, the DCF technique is especially attractive for femtosecond-
pulse applications, since a carefully selected and precisely adjusted DCF can remove
all the second order dispersion (GVD) and effectively suppress much of the third
order dispersion (or dispersion slope) of the SMF. This made possible propagation
of 500-fs pulses over a 2.5-km link [15] and 980-fs pulses over a 40-km fiber link [39]
respectively with less than 2 times pulse broadening. However, the dispersion slope

mismatch between the SMF and the DCEF still leads to a small residual dispersion in
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the compensated link. Although it was shown to be much lower (~ 4 times) than
that of the dispersion shifted fiber (DSF) [15], this residual dispersion limits not
only the fiber transmission distance but also the optical bandwidth, which in turn
places a restrict on the usable code length (or the allowed number of users in CDMA
systems). Further removal of this residual dispersion for distortion-less propagation of
femtosecond pulses over longer distance with shorter pulsewidth becomes necessary.

Recently, a dispersion-shifted fiber (DSF) has been used in a 120-km SMF/DCF
link to reduce the residual dispersion for ~ 400 fs pulse transmission [40]. Nontheless,
this technique requires very precise fiber length trimming and careful DCF selection.
It is cumbersome and perhaps impractical to find such DCF that exactly matchs
both the dispersion and dispersion slope of the SMF all the time in variety of appli-
cations. It is desirable to develop a technique capable of dynamically fine tuning and
completely removing the residual dispersion without the strict requirement on DCF.

Previously, my collegues have demonstrated complete dispersion compensation
for 500-fs pulse distortion-free transmission over a 2.5-km SMF/DCF link using a
programmable pulse shaper [16]. In this chaper, we describe programmable and
complete dispersion compensation for 400-fs pulses distortion-free transmission up to
10-km fiber distance using the pulse-shaper technique. The pulse shaper functions
as a programmable spectral-phase equalizer and allows the complete removal of the
residual dispersion in a nearly compensated fiber link with relaxed requirement on
DCF and fiber length trimming. More importantly, the CDMA encoding operation
and small dispersion compensation ca.n be done in the pulse shaper at the same time.
The figure of merit ( fiberlength x pulsewidth™2) of our experiments is 8 times higher
than previous 500-fs pulse transmission {16] and is 4 times higher than the 40-km link

experiment [39].
3.1 Femtosecond Programmable Pulse Shaper

Grating-and-lens pulse shapers was originally introduced by Froehly [41] and was
further developed by Weiner et. al. [9, 12, 13]. Such pulse shapers consisting of a pair

of diffraction gratings, lenses, and a pulse shaping element. It is capable of picosecond
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and femtosecond optical waveform synthesis through spectral filtering (by a spatial
mask) in its mid-plane (called Fourier plane) and in the meantime introduces no
temporal dispersion. Fig. 3.1 shows the diagram of the programmable pulse shaper
used in our experiment. A programmable 128-pixel liquid crystal phase modulator
(LCM) array was placed at the Fourier plane. The frequency components of the
pulses are spatially dispersed across the Fourier plane by the first grating and lens,
and recombined by the second identical grating/lens pair. A pair of zeroth-order half-
wave plates were placed before and after the LCM to rotate the input polarization
from horizontal to vertical and vice versa. This is necessary because while the gratings
require horizontal polarization for good diffraction efficiency, the LCM is designed for
vertical polarized beam. In general, the output pulse emerging from the pulse shaper

is the Fourier transform of the mask phase function provided by the LCM.

The main modification of our pulse shaper over a conventional one [9] is that the
input and output ports are fiber pigtailed (~1.5 m SMF at each end) with connectors.
The major advantage of the fiber-connectorized ports is the flexibility and ease of
hooking up any optical fiber devices without requiring beam alignment. The down
sides are the fiber pigtails scramble polarization and introduce a small amount of
dispersion. Therefore, a pair of polarization controllers are placed at each end to
adjust the polarization state for best throughput. To compensate the dispersion of
the fiber pigtails, the position of the second grating is adjusted so that the pulse
shaper is in the minimum dispersion configuration, i.e. when the constant phase is
applied across the LCM, the pulse shaper itself introduces no dispersion at all. If
carefully designed and aligned, the fiber-pigtailed pulse shaper (with a liquid crystal
phase modulator (LCM) in place) has a very low insertion loss (5.3 dB fiber-to-fiber)
and is capable of high-fidelity pulse transmission when constant phase is applied onto

the LCM.

To have good spectral-phase equalization performance, the spectral resolution of
the pulse shaper has to be small enough to resolve physical features as small as the

pixel width (100 um) of the phase modulator. In other words, the focused Gaussian
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Lens WP WP  Lens i
Grating Grating

Fig. 3.1. Schematic diagram of programmable pulse shaper. LCM, liquid crystal
modulator; WP, wave plate; PBS, polarization beam splitter; PC, polarization
controller.
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beam radius wy has to be smaller than pixel width [13]. Meanwhile, the pulse shaper
must be able to accept the input spectral bandwidth within the window of the phase
modulator (Az = 12.8 mm). The Gaussian beam radius wy and the spatial dispersion

of the pulse shaper o can be expressed as

cos(0in) [ FA
= 100 .
o cos(6y) (Wwin> < 100 pim (3-1)
2.
_ae__F < 128 mm _ 0.85 mm/nm, (3.2)

T d cos(04) 15 nm
where §;, is input beam angle, 6, is the diffracted angle, F is the lens focal length,
Wy, 1s the input beam radius, and d is the grating period. Furthermore, 6;, and 6,
have to satisfy grating equation given as

sin(fy) = 2 — sin(0;n). (3.3)

In our experiment setup, we use d=1100 lines/mm, F=190 mm. Although wy and
a can be calculated from the above equations with measured w;,, 6;, and 64, they
can also be estimated by matching numerical simulation results with experimental

results.

3.2 Dispersion Compensation Using Femtosecond Pulse Shaper

The fiber dispersion can be characterized by expanding the group delay per unit

length T'(w) (inverse of the group velocity) around the center frequency w, as

1 d
T(w) = ;}—g—: ﬁ :ﬁl+,32(w—wc)+%(w—wc)2+... (3.4)
a"p . : .
where 8, = (W)w:wc represents the mth order dispersion. It is also often expressed

as the variation in group delay with respect to the wavelength ) as

D) = ﬂd(;—) — DO + DA = A + .. (3.5)

D and D' are closely related to S, and (3 [15]. They represent the 2nd order and
the 3rd order dispersion respectively. When a femtosecond pulse travels through a

standard SMF (8, < 0) at 1.55um, higher frequency components travel faster than the
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lower frequency components. The output pulse width can be broadened significantly
(up to hundreds of picosecond after a several kilometer link). When a well selected
DCF is concatenated with SMF, it recompressed the broadened pulses after the SMF
close to its original input pulse width. However, because the 3rd order dispersion of
the DCF normally does not match the SMF exactly, it leads to an asymmetric pulse
broadening and distortion in the form of an oscillating tail.

Since the spectral components of the femtosecond pulse are spatially dispersed
across the Fourier plane of the pulse shaper, the residual dispersion can be removed
conveniently and programmably by adding appropriate quadratic and cubic phases
(and potentially higher order terms) in the pulse shaper through simply applying
the required voltage pattern onto the LCM array. The quadratic and cubic phases
provided by pixel #n of the LCM can be formulated as

= %2 st + %(n Syt (3.6)

where n = 1,2,3,...,N and N is the total pixel number. ¢, (in ps?) and ¢3 (in

@,

ps®) are the second- and third-order phase curve parameters respectively, and dw
is the angular frequency increment (which is 1.1x10'" rad/sec in our case) between
adjacent pixels. Note that the pixels are numbered in such way that higher frequency
components impinge on higher number pixels. Since the phase variation is discretely
sampled over the entire IV pixels, where N is large (/N = 128 in our experiment), the
moderate phase curve can be considered as continuously sampled. Therefore exact
phase correction is feasible. Note that the fiber dispersion induced spectral phase can

be expressed as

dw) = ¢ + T(w — we) + %L(w — we)? + %L(w —we)? + ... (3.7)
Comparing Eq. 3.6 with Eq. 3.7, one will find the relations between the phase curve

parameters (¢2 and ¢3) and the fiber dispersion S(w) as B = %2 and f3 = 5%’"

3.3 Experiments and Results

The 10-km dispersion compensated fiber link is constructed by concatenating a

9.1-km standard 1.3um SMF (Corning SMF-28) and a 1.50-km dispersion-compensating
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fiber (donated from Bell Laboratories). The total length of the fiber link is 10.6 km.
No specific attempt was made in the selection of the DCF to exactly match the dis-
persion slope of the SMF. The length ratio between SMF and DCF was adjusted so
that the pulse distortion after propagating through the fiber link closes to minimum.

The total insertion loss of the fiber link including fiber splicing loss is ~6 dB.

The experimental setup for compensating residual dispersion in the pulse shaper
is shown in Fig. 3.2. A femtosecond fiber laser was used to generate 110-fs pulses
with a repetition rate of 40 MHz. After an interference filter, the laser spectrum
was centered at 1559 nm with ~ 11 nm bandwidth (FWHM). The output power of
the filter is ~ 400 uW. The laser pulses were then launched into the 10-km fiber
link. A chirp-pulsed fiber amplifier was connected after the fiber link to increase the
signal power. After the fiber amplifier, a programmable pulse-shaper was used to
compensate the residual dispersion in the fiber link. A 128-pixel LCM was located in
the Fourier plane of the pulse shaper. The spectral dispersion of the LCM is ~ (.12
nm/pixel and the spatial width of each pixel is 100 um. The pulse shaper introduces
zero dispersion when a constant phase is applied across the LCM. The output pulse
width was measured through optical intensity autocorrelation based on non-collinear

second-harmonic generation with accuracy of + 20 fs.

The experiment was performed by first measuring the laser pulsewidth after the
pulse shaper without connecting the 10-km fiber link . The fiber amplifier was directly
connected at the end of the interference filter. The output average power from the
amplifier is ~ 500 pW. Fig. 3.3 shows the optical spectrum after the pulse shaper.
Due to the gain narrowing in the fiber amplifier, spectral bandwidth was reduced to
~ 8 nm. The corresponding autocorrelation trace after the pulse shaper is shown
in Fig. 3.4 when a constant phase was added across the LCM. It indicates that
input pulse to the 10-km fiber has a pulsewidth of 390 fs (FWHM assuming secant-
hyperbolic pulse shape). Considering the 8 nm spectral bandwidth, this gives the
time-bandwidth product (TBP) of ~ 0.38, which is close to the transform-limited
TBP.



~ 94 -

Jodeys asing _ll.v lojejeuoooiny
|l

leydwy
ladqi4
J0)}UOW

%01 lolenusny

wu 6551

1914 I Jose _

wxos°I 404 urgL'e 4NS

Fig. 3.2. Experiment setup for compensating dispersion using a pulse shaper and

DCF.
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Fig. 3.3. Spectrum after the pulse shaper.

The femtosecond pulse transmission over the 10-km SMF/DCF fiber link was then
measured by inserting the compensated fiber link between the interference filter and
fiber amplifier as shown in Fig. 3.2. The input power in the fiber link was adjusted
to be ~ 200 uW so that the power at the input of the fiber amplifier is the same for
experiments with and without the 10-km fiber link. No nonlinearity was observed in
the fiber link. When the constant phase was applied to the LCM, we measured an
output pulse width of ~ 950 fs (decoﬁvolved FWHM) after the pulse shaper as shown
by curve (a) in Fig. 3.5. Compared to the input pulsewidth, we observed the pulse
broadening due to the small residual dispersion and dispersion slope in the 10-km

fiber link. Note that the estimated pulse width after the SMF alone is ~ 1.2 ns,
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which means the DCF is actually compensating 99.9% of the pulse broadening. To
remove the remaining dispersion, we iteratively applied quadratic and cubic phases
onto the LCM to restore the original input pulse. Fig. 3.6 shows the optimized phase
curve applied to the LCM.

Fig. 3.5 shows the autocorrelation trace after the pulse shaper when the optimized
quadratic (curve (b): ¢, = 0.050 ps?) and the cubic phase (curve (c): ¢s = —0.25
ps®) were applied onto the LCM separately and together (curve (d)). A deconcolved
FWHM pulse width of ~ 405 fs (assuming secant-hyperbolic pulse shape) has been
obtained when the complete dispersion (both optimized quadratic and cubic phase)
was applied onto the LCM. Compared to the input autocorrelation measurement, it
shows that the pulse shaper has virtually removed all the residual dispersion in the
fiber link and has essentially recompressed the laser pulses back to their input pulse
width. From ¢, and ¢3, we estimated that the residual dispersion in the compensated
fiber link of B, = 0.0047 ps®/km (D = —0.0036 ps/km/nm) and 8; = —0.0236 ps® /km
(D' = —0.0142 ps/km/nm?). The residual 2nd order dispersion compensated by the
pulse shaper corresponds to ~ 2.5 m SMF length deviations from its optimal value.
The residual 3rd order dispersion (3 in our 10-km fiber link is equivalent to that
measured in our previous 2.5-km fiber link [37]. However, the cubic phase corrected
in our experiments by the pulse shaper is 8 times higher than that demonstrated in

the previous work.

3.4 Discussion

We have experimentally demonstrated programmable and almost complete dis-
persion compensation, which allows distortion-free transmission for 400-fs pulse over
a 10-km fiber link using the DCF and a femtosecond pulse shaper. The capacity of
the phase correction in the pulse shaper is mainly limited by the finite pixel width on
the LCM (which leads to discrete phase sampling) and the finite spectral resolution of
the setup. Considering the LCM spectral dispersion (~ 0.12 nm/pixel, spatial width
of each pixel is 100 ym) and the spectral resolution of the pulse shaper (~ 0.16 nm),

we estimated that the maximum cubic phase that can be compensated in our pulse
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shaper is |¢3| < 0.45 ps® [16]. In our 10-km dispersion compensated fiber link, the
compensated residual cubic phase is ¢3 = —0.25 ps®. There is still leeway that allows
us to further increase the transmission distance or reduce the required precision for

fiber length trimming.
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with both optimized quadratic and cubic phase on LCM (deconvolved FWHM =
' 405fs).
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4. Nonlinear Effects in Dispersion Compensated Fiber Links

4.1 Introduction

In a dispersion compensated fiber link, the performance of femtosecond pulse
transmission is no longer limited by the fiber group velocity dispersion (GVD) but
by higher order residual dispersion and fiber nonlinear effects. The dominant non-
linear effect in a CDMA fiber link is the self-phase modulation effect (SPM) — a
phenomenon caused by the nonlinear dependence of the refractive index on pulse
intensity. The accumulated nonlinearity must remain small in order to avoid the
degradation in the CDMA ehcoding—decoding operation. On the other hand, the
CDMA system calls for greater received power for error-free nonlinear thresholding.
The amount of pulse energy allowed in the dispersion compensated link is eventually
limited by the interaction of SPM and the fiber dispersion. It becomes necessary to
investigate the nonlinear effects in such links to better understand the power limita-
tion in an ultrashort pulse optical CDMA system. It is noted that nonlinear effects
in a dispersion compensated fiber link is also crucial for high speed TDM pulse trans-
mission system.

Previously, the SPM effects on the dispersion compensated link were studied only
in the sub-10 to 100 picosecond range [42, 43, 44, 45, 46]. As the pulse width of the
transmission link is continuously decreased into femtosecond regime as in the case of
ultrashort-pulse CDMA system, the pulse broadening and recompression factor will be
drastically increased. The effect of the third order dispersion will also be significantly
increased. Detailed analysis on the interaction among SPM and the second and the
third-order dispersion in the fiber link for femtosecond pulse transmission is necessary.

In this chapter, we discuss the nonlinear effects in such dispersion compensated

fiber links where the femtosecond pulse is largely stretched and recompressed. The
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goal is to determine the onset of the fiber nonlinearity for femtosecond pulse transmis-
sion and the power levels suitable for optical CDMA networks. Considering the low
pulse repetition rate in our experiments, we focused our analysis on isolated femtosec-
ond pulses. In particular, both numerical and experimental study of SPM effects are
presented for 400-fs pulse transmission over a 2.5-km SMF/DCF link with an input
pulse energy ranging from 15 to 150 pJ. The SPM effects in a pre-compensated link

and a post-compensated link are compared.

4.2 Numerical Analysis of SPM Effects in a Dispersion Compensated
Fiber Link

We first analyze the effects of self-phase modulation on femtosecond pulse trans-
mission over a SMF/DCF link through numerical simulations. The model used for
our simulations is shown in Fig. 4.1. We modeled the post-compensated fiber link by
connecting DCF at the end of SMF. By simply reversing the order of SMF and DCF,
i.e. the SMF is connected at the end of the DCF; we can model a pre-compensated
fiber link. In our analysis, we assumed ideal second-order dispersion compensation,
since the DCF can be adjusted to provide an exactly equal and opposite second-order
dispersion to that of the SMF in experiments. A small residual third-order dispersion
caused by a minor dispersion slope mismatch between the SMF and the DCF will
also be considered to match the experimental conditions. The SPM induced degra-
dation in the pulse recompression process is analyzed by evaluating the output pulse
broadening after the SMF/DCEF link as a function of the input optical power.

The nonlinear Schrodinger equation (NLSE), modified to include higher order
dispersion, has been successful in accurately modeling pulse propagation in single-
mode fibers in many diverse applications [47, 48]. It can therefore be employed

with confidence for dispersion-compensated fiber links. In our analysis, we used the
normalized NLSE

U 102U ify U,
Za_f = sgn(ﬁ2)§ 5215 B [Ty o N | U |? Uexp(—aéLy) (4.1)

t—2z/v

¢ represent the normalized distance and retarded time

WheregzLiande T
d 0
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Fig. 4.1. Simulation model for a post-compensated link. Dispersion compensating
fiber acts as a dispersion compensator. D and D’ are the dispersion and dispersion
slope parameters of the fiber.
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variables respectively. U is the normalized amplitude such that the amplitude of pulse
envelope equals to \/Eo exp(—%)U (2,7). P is the peak power of the input pulse
and Tj is the input pulsewidth. [, and f; are the dispersion and dispersion slope
parameters of the fiber respectively. « is the fiber loss coefficient. The dispersion
Ty and the nonlinear length Ly = 1 provide the length scales

| B2 | vFy
over which the dispersion and the nonlinear effect become important respectively. ~y

length Ly =

is the nonlinear coefficient and is related to n, and the effective core area A.s; by
y= ThaWo Lq _ ’)’POTO2

CAey Ly | B2 |
The index parameter /N is normally used to compare the importance of the dispersion

. The ratio of Ly to Ly, gives the nonlinearity factor N2 =

and SPM effects in the fiber [49]. Larger N, contributed either from larger input
peak power at a fixed pulsewidth or from larger pulsewidth at a fixed peak power,
corresponds to larger SPM effects in the fiber link. When N = 1, the peak power and
pulsewidth support the fundamental soliton for 3 < 0. In our model, we consider the
second and third-order dispersion effects and include SPM as the source of nonlinear
terms. Other higher order nonlinear effects such as the Raman contribution to the
nonlinear refractive index and the shock term have been neglected. Since the input
power level in our analysis is below that for soliton generation (N < 1) , the effect of
SPM is moderate. Aslong as we avoid very short pulses (< 100 fsec), the Raman effect
and shock term, which are usually smaller than SPM, should be negligible. Brillouin
scattering has also been assumed to be suppressed since the optical bandwidth, on
the order of terahertz for sub-500-fs pulses, is orders of magnitude larger than the

Brillouin linewidth.

The split-step Fourier transform algorithm is adopted in our simulation. To sim-
plify the problem and extract the essential properties of the interaction between the
SPM effect and the fiber dispersion, we first confined our attention to the most dom-
inant dispersion and nonlinear term, i.e. only the second-order dispersion and SPM
effect are included in the simulation. SMF provides anomalous GVD (8, < 0) and
DCF provides normal GVD (8, > 0). We adjust the link dispersions | BoL | to
be equal and opposite for the SMF and DCF, and we take the ratio of nonlinearity
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to dispersion | —g- | to be the same for SMF and DCF. The amount of SPM and
2
fiber dispersion is characterized by the nonlinearity factor N and dispersion length Ly

respectively. The single isolated input pulses are considered to be Gaussian shaped.

Fig. 4.2 shows the pulse shape of the input and compressed output pulse for
different values of input peak power (N2 = 0.01, 0.09, 0.25) from a post-compensated
fiber link of a total length L = 200L4, 1000L4, 2000L,4 respectively. The figure clearly
shows the deterioration in the pulses as IV is increased. There is almost no effect for
N? = 0.01. At N? = 0.09, SPM starts to degrade the pulse recompression. At
N? = 0.25, the SPM disturbs the dispersion balance rapidly. The size of the SPM
effect is large when NN is high. Hence the SPM effect gives an upper bound on the
maximum input peak power that can be used for the ultrashort-pulse transmission in
the post-compensated fiber link. Fig. 4.2 also shows the output pulses for the isolated
input pulse after they propagate through a pre-compensated link of total length L =
200Lg4, 1000L4, and 2000L4 for N2 = 0.01,0.09 and 0.25 respectively. The pulses
are recompressed back nicely even after a long distance (2000L;) with high input
peak power at a fixed input pulsewidth (N? = 0.25). The output maintains roughly
the same pulse shape as the input pulse and displays no appreciable SPM induced
dispersion balance degradation for N2 < 0.25. Fig. 4.3 shows the plot of output peak
intensity from both compensating scenarios with respect to the propagation distance

for different values of V.

For the pre-compensated link, the output peak power doesn’t change much when
N is less than 0.5. Combined with the result of Fig. 4.2, it indicates the SPM effect
in a pre-compensated link is almost negligible at these power levels. Comparing the
curves for N = 0.1 and N = 0.5 for the post-compensated link, we can see that there
is almost 50% peak power reduction when N is increased to 0.5. As the propagation
distance is extremely large corresponding to a very substantial broadening of the
pulse in SMF, the output peak power in the SMF falls substantially. Much (but not
all) of the nonlinearity occurs at the beginning of the fiber due to the substantial

pulse broadening and reduction in the peak intensity as the pulse propagates. For
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Fig. 4.3. The simulated output pulse intensity for a post-compensated link (solid
line) and a pre-compensated link (dashed line) when N = 0.1, 0.3, 0.5, and 0.7.
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N > 0.5 the compressed pulse deteriorates rapidly, since the input pulse breaks into
two parts in the SMF- one propagates as a soliton and the other as a dispersive
wave. The dispersive waves are compensated at the DCF but the soliton part is
completely spread out. The net result is a very rapidly distorting pulse. Clearly,
the input power must be kept sufficiently low to avoid such effects for good data
transmission. The above simulation provides us the general views of the SPM effect
on the dispersion compensated link when large pulse stretching and recompression
occurs. By appropriately scaling using the nonlinear factor NV and dispersion length
Ly, we can apply the simulation results to a wide range of input pulsewidths and
fiber lengths. Note that the soliton energies (IN? = 1) for pulse durations of 100 fsec,
500 fsec, and 1 psec in SMF are 435 pJ, 87 pJ and 43.5 pJ respectively. Therefore,
in this ultrashort pulsewidth range, good transmission corresponding to N? < 0.09 is
possible for energies well into the pJ range, which should be more than sufficient for

high quality communications even with a post—compens:ited link.

Another important feature of the SPM effect worth noticing is its different behav-
ior in a post-compensated and a pre-compensated link. It is due to the asymmetric
distribution of the anomalous GVD and normal GVD in the compensated link. In the
post-compensating scenario, SPM introduces positive chirp in the propagating pulses
and partially balances the effect of negative dispersion in the SMF. The pulse broaden-
ing process is therefore slowed down. Since the size of the SPM effect is peak intensity
dependent, the accumulated SPM effect is increased in the post-compensated link. In
contrast, since the SPM effect accelerates the pulse broadening process in the initial
DCF (B, > 0) of a pre-compensated link, the accumulated SPM is reduced due to the
more rapidly reduced peak power. Thus, the pre-compensated link is more robust
than a post-compensated link when input power is high. The output pulses from a
pre-compensated link maintain a reasonable pulse shape and peak power even after a
fiber link of 2000 Ly when N2 is 0.25. The power limit for a pre-compensated link thus
could be further increased to nearly a hundred pico-Joule for the femtosecond-pulse

transmission.
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We noted that our simplified simulation includes only the second-order dispersion
and the SPM term, where the parameters of DCF are the same as those of SMF
except the sign of the dispersion. Usually, the ratio of nonlinear coefficient v to fiber
dispersion S, is less for real DCF than for SMF [50, 51]. Therefore, our simulation is
conservative and overestimates the effect of SPM in the DCF. In our further analysis
described in the following, we chose appropriate parameters for SMF and DCF from
our measurements and includes the third-order dispersion, in order to match the

simulation to the experiments.

4.3 Experiment and Simulation with Higher Order Dispersion

To verify our theoretical analysis, we performed experiments in a dispersion com-
pensated link for isolated femtosecond pulses with a fixed pulsewidth at different
power levels. The 2.5-km transmission link consisting of a 2.06-km single-mode fiber
(AT&T 5D) and a 0.44-km DCF was used in our experiment [15]. The SMF has
D ~ 17 ps/km/nm (or By ~ —22 ps?/km) and D' =~ 0.05 ps/km/nm? (83 ~ 0.13
ps®/km) at 1550 nm taken from the spectral interferometry measurement [15]. The
DCF has D =~ —76 ps/km/nm (or (8 ~ 98 ps®/km) measured by time-of-flight tech-
nique and a negative dispersion slope D’ ~ —0.2 ps/km/nm? (83 ~ —0.50 ps®/km)
[15, 37]. The length ratio between SMF and DCF is optimized for a nearly zero over-
all second-order dispersion. The total loss of the 2.5-km link, including splicing and
connector losses, was measured to be 3 dB.

The experimental setup is shown in Fig. 4.4. The 62-fs pulses were generated from
a stretched-pulse passively mode-locked fiber ring laser adopted from the reference
[23] at a repetition rate of ~ 33 MHz. The laser output was spectrally sliced by an
interference filter (Ao = 1559 nm, FWHM = 9.8nm) and amplified by a fiber amplifier
[6] with output average power up to 5 mW. The input pulses were nearly bandwidth-
limited (time-bandwidth product ~ 0.32) with pulsewidth of FWHM ~ 400 fsec
assuming secant-hyperbolic pulse shape and centered on Ay = 1559 nm. We adjusted
the average power of the input pulses by a fiber pigtailed attenuator. The amount

of SPM introduced in the transmission link can then be adjusted. The output pulse
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Fig. 4.4. Experiment setup for SPM effects on a 2.5-km dispersion compensated
link. PC, polarization controller; Filter, interference bandpass filter; fiber amplifier,
chirped pulse fiber amplifier with maximum 20 dB gain; attenuator, fiber attenuator.
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intensity auto-correlation was measured at an input average power ranging from 500
uW up to 3.5 mW. A fiber polarization controller was employed to optimize the po-
larization of input pulses for maximum autocorrelation signal. The input and output
spectra of the link were compared through an optical spectrum analyzer (OSA). SPM
effects on both pre-compensated (DCF-SMF) link and post-compensated (SMF-DCF)

links were investigated.

Fig. 4.5 shows the input and output auto-correlation traces of the post-compensated
link (SMF-DCF) with input average powers of 0.6 mW, 1.0 mW, 2.2 mW and 3.0
mW respectively. All the output auto-correlation traces shown were normalized to
unit amplitude. The corresponding auto-correlation traces for the pre-compensated
link are shown in Fig. 4.6. The power dependent output auto-correlation FWHM
(not deconvolved) is shown in Fig. 4.7, from which the actual pulsewidths can be es-
timated by dividing the auto-correlation FWHM by 1.55 (assuming secant-hyperbolic
pulse shape).

The experiment is repeatable as indicated by the stable input pulsewidth (~ 400
fs) under each input power level shown in Fig. 4.7. It is clear that the SPM ef-
fect behaves in different ways in the post-compensated and pre-compensated cases as
expected from our previous simulation results. For the post-compensated scenario,
input pulses were initially stretched to ~ 200 ps (calculated) in the SMF and recom-
pressed back to ~ 500 fs (FWHM) in the subsequent DCF under linear low power
operation (< 500 uW or N < 0.09). The small output pulse broadening is due to the
residual dispersion slope of the compensated link. The pulse broadening and recom-
pression ratio is estimated be over 300. As the input power is increased from 500 W
to 3.5 mW with a corresponding pulse energy up to ~ 0.15 nJ, the pulse recompres-
sion was degraded by the SPM effect significantly. The link output pulsewidth was
broadened by almost a factor of three as shown in Fig. 4.7. As the input average
power was further increased beyond ~ 3.5 mW (not shown), a soliton component
was generated in SMF, which was then broadened tremendously in the subsequent

DCEF. For the pre-compensated scenario, the positive dispersion of DCF balanced the
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Fig. 4.5. Measured intensity auto-correlation traces of input and output pulses after

a 2.5-km post-compensated link (normalized to unit amplitude). The input average

power P =0.6 mW, 1.0 mW, 2.2 mW, and 3.0 mW with pulse repetition rate of 33
MHz. The input pulse FWHM is 400 fsec (solid line).



- 43 -

o | \ DCF-SSMF Link
ol — P=0.6mW
_________ P=1.0mW
® 08|
goer Y| P=2.1mW
‘; R O P=3.0mW
S o6t
&
2 o5}
o
(&)
& 04
$ )
<< 03
5
£ o2}
3
O 0.1
0.0 e I '
-6 -4 2 0 ? ’ i

Time (psec)

Fig. 4.6. Measured intensity auto-correlation traces of input and output pulses after

a 2.5-km pre-compensated link (normalized to unit amplitude). The input average

power P = 0.6 mW, 1.0 mW, 2.1 mW, and 3.0 mW with pulse repetition rate of 33
MHz. The input pulse FWHM is 400 fs (solid line).
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Fig. 4.7. Measured and simulation results of input and output pulse broadening due
to the SPM effect in a 2.5-km dispersion compensated link. The input pulse FWHM
is 400fs.
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negative dispersion of SMF and recompressed the pulse back at the output end of
the transmission link nicely. With input average power increased to as high as 3.5
mW, the output pulse width of the link doesn’t change much. The SPM effect on the
output pulses from a pre-compensated link is insignificant until much higher power

levels.

Fig. 4.8 shows the input and output spectra width for the pre- and post-compensated
links. The input spectrum FWHM maintains the same ~ 6.5 nm for each measure-
ment. A dramatic spectral narrowing effect was observed from the output of the
post-compensated link when the input power was increased. By comparing the out-
put spectra of the compensated link to the output spectra directly from SMF, we
observed that the spectral narrowing effect mainly (almost ~ 90%) occurred in the
SMF portion of the link. Subsequent to the SMF, the optical pulse is negatively
chirped and SPM leads to additional small spectral narrowing in the DCF. The latter
result is consistent with the spectral narrowing effects previously observed from the
propagation of negatively chirped input pulses over a normal dispersion fiber only
[62]. For the pre-compensated scenario, the output spectrum is slightly broadened
when input power is increased up to 3 mW. Again, the effect of SPM on the output
of the pre-compensated link is minor. For comparison, the results of the simulation,
which will be discussed later in details, are also shown in Fig. 4.7 and Fig. 4.8.

Experimental data are in excellent agreement with the simulation.

To further investigate the actual output pulse shape of the link, we also measured
the cross-correlation traces. The reference pulse of the cross-correlation measurement
was obtained from the fiber laser directly by splitting part of the laser output (FWHM
= 62 fsec) into the reference measurement path. In the cross-correlation measurement,
the path of the signal pulses (2.5-km fiber) is much longer than that of the reference
pulses (~ 2 m of free space). The #N output pulse was correlating with #N+387
instead of the #N reference pulse. The accuracy of the cross-correlation measurement
is therefore limited to ~ 100 fsec by the laser timing jitter effects. In this experiment,

the input is again maintained at 400 fsec (FWHM) for each measurement assuming
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the secant-hyperbolic pulse shape. Fig. 4.9 shows output cross-correlation traces
from the post-compensated link when input power is 0.5 mW, 2.0 mW and 3.2 mW
respectively. It was shown that the output pulse displays asymmetric oscillating
tail even at low power. It indicates a small residual third-order dispersion of the
concatenated link as expected from the previous experiment by my colleagues [15].
Note that when the input power reaches as high as 3.2 mW, the output pulses are
significantly broadened and deteriorated. Fig. 4.10 shows one example of a cross-
correlation trace for the pre-compensated link when the input average power is as
high as 3.2 mW. In contrast, we observed that the output pulse broadening in the

pre-compensated link is quite small.

As a further metric, we also measured the SPM induced signal peak-power re-
duction by recording the input and output peak signals using the lock-in amplifier
during the cross-correlation measurements. The experimental result is shown in Fig.
4.11. We observed almost 50% peak-power drop in the post-compensated link due
to the SPM effect. These cross-correlation results are quantitatively consistent with

previous auto-correlation measurements.

'To compare the experimental results with our theoretical analysis, we have per-
formed numerical simulations using the experimental conditions. In contrast to the
previous simulation where only the second-order dispersion and SPM are included,
the third-order dispersion of SMF and DCF were included in this simulation. The
SMF has D = 17 ps/km/nm (or 8; = —22 ps®/km) and D' = 0.05 ps/km/nm? at
1550 nm and the DCF has D = —76 ps/km/nm (or B> = 98 ps?/km) and dispersion
slope D' = —0.2 ps/km/nm?. A small residual third-order dispersion was included
in the analysis. The transmission link loss is mainly due to the fiber connector and
_splicing loss under our conditions. Therefore, the distributed fiber attenuation was
lumped into connector loss in our model. The length of SMF and DCF in the sim-
ulation was taken as 2.06 km and 0.44 km respectively. The nonlinear coefficient ~
of SMF was taken to be 1.2 W—km™!, which is roughly consistent with measured

results from the references [53, 54]. The nonlinear coefficient v of DCF was taken to
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Fig. 4.9. Measured cross-correlation traces of input and output pulses after a 2.5-km
post-compensated link (normalized to unit amplitude). The input average power
P =0.5mW, 2.0 mW and 3.2 mW with pulse repetition rate of 33 MHz. The input
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Fig. 4.10. Measured cross-correlation traces of input and output pulses after a
2.5-km pre-compensated link (normalized to unit amplitude). The input average
power P is 3.2 mW at the pulse repetition rate of 33 MHz. The input pulse FWHM

is 400 fsec (solid line).
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be twice that of the SMF. The ratio of nonlinear coefficient +y to fiber dispersion D for
the DCF is comparable with reported values of other DCF's [50, 51]. These simulation
parameters were confirmed by matching the simulated output spectra from either the
SMF (2.06 km) or the DCF (0.44 km) alone with the corresponding measured spec-
tra respectively. The input pulsewidth in the simulation is 400 fsec with the secant

hyperbolic pulse shape assumed.

Fig. 4.12 shows the simulation results of the SPM effects on the output pulse
shape of a post-compensated link where the DCF is connected at the end of the
SMF. Fig. 4.13 shows SPM effects on the output pulse-shape of a corresponding
pre-compensated link. The output pulse shape after the transmission link under each
input peak power level was normalized to unit amplitude. The pre-compensated link
simulation is the same as that for post-compensated link except that the order of SMF
and DCF is reversed. In both cases, the small broadening in the output pulses under
low power operation is due to the third-order dispersion mismatch of SMF and DCF,
which can be identified from the oscillating cubic tail of the output pulse shape.
This simulation result is consistent with our cross-correlation trace measurement.
The overall calculated pulse shape from the post-compensated link shows a great
resemblance with the measured cross-correlation traces under various input powers.
The measured cross-correlation traces from the pre-compensated link show less cubic
tail than the corresponding simulation results, which is probably due to a small DCF
nonlinear parameter mismatch between the experiments and the simulations. We
also calculated the FWHM of the simulated output pulse autocorrelation traces to
compare with our measurements shown in Fig. 4.7. The calculated output spectra
FWHM is shown in Fig. 4.8. The simulation results match the experiment data very
well. This confirms that our theoretical approach is valid for the analysis of SPM
effect on a dispersion compensated link in the femtosecond regime when the pulse
stretching and recompression is extremely large (~ on the order of several hundreds).
By comparing this simulation with the previous simulation results which only consider

the second-order dispersion and SPM, we noted that the second-order dispersion is
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Fig. 4.12. Simulation results of normalized input and output pulses after a 2.5-km
dispersion compensated link (SMF (2.06 km)-DCF (0.44 km)) for input peak power
P0 =38 mW, 75 mW, 150 mW, and 230 mw. The input pulse FWHM is 400 fsec
(solid line).
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Fig. 4.13. Simulation results of normalized input and output pulses after a 2.5-km
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the dominant term leading to the different behavior of the SPM effects in the post-
compensated and pre-compensated links. Other effects, such as differences in loss
and third-order dispersion of SMF and DCF, are not needed to explain the overall

trends.

4.4 Summary

We have experimentally and numerically demonstrated the SPM effects on 400-fs
pulse transmission over a dispersion-compensated link using DCF. The interaction be-
tween the fiber dispersion and the SPM effect was shown to be a major factor that lim-
its the amount of energy allowed to be launched into the dispersion-compensated link
for femtosecond pulse transmission. This power limit will eventually provide an upper
bound on the length of the transmission link due to the increasing loss for the longer
link. Effects due to SPM are stronger for the post-compensated link. Nonetheless,
our results indicate that transmission of sub-500-fs pulses in a dispersion-compensated
fiber link should be possible at energy up to tens of pJ, which is consistent with high
quality communication. For better pulse transmission, the pre-compensated scheme
should be employed. For CDMA schemes the previous analysis is an overly conser-
vative estimate, since a coded input pulse will have substantially lower intensity for
fixed energy than that of an uncoded input pulse considered above. Nevertheless,
our study shows that the nonlinear effect in the fiber transmission link is not severe
in our current one transmitter and one receiver CDMA system, but will limit the
system performance when the pulse energy is increased to accomodate more users in

the networks.
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5. Performance of an Ultrashort-pulse Optical CDMA

Channel under Multi-access Interference

5.1 Introduction

The performance of ultrashort-pulse optical CDMA systems has been investigated
in theory by Salehi et. al. in early 90’s [8]. Over the past decade, advances on the key
photonic devices required for CDMA operation have also made possible a CDMA test
bed with one transmitter and one receiver [1, 6, 9, 15, 16]. However, the system-level
evaluation of ultrashort-pulse optical CDMA has never been carried out in experi-
ments. The key performance metric for any optical CDMA scheme is its ability to
reject multi-access interference [55]. Therefore, it is critically important to study the
performance of CDMA detection under multi-access interference in order to truly
demonstrate its feasibility in a multiple-user environment. This chapter presents the
first experimental study of multi-access interference suppression in an ultrashort-pulse
fiber-optic CDMA system. We show that the CDMA system performance depends
strongly on the efficacy of spectral phase coding and subsequent nonlinear signal
thresholding. Our bit-error-rate (BER) measurements of a signal channel in the
presence of the cross-talk from an interfering channel demonstrate almost total in-
terference suppression, resulting in measured BER below 10~!'. This back-to-back
system measurement provides us an evidence for the possibility of error-free CDMA

detection with a large number of users in the system.

5.2 Experimental Setup

The block diagram of a complete ultrashort-pulse optical CDMA system has been
shown in Fig. 1.1. Its performance is directly related to the ability of the receiver

to reject multi-access interference. The receiver in a CDMA system generally con-
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sists of a spectral phase decoder, an optical nonlinear thresholder, and a direct O/E
convertor such as a PIN detector or an avalanche photodetector (APD). The sup-
pression of interference is achieved primarily through pseudorandom spectral phase

encoding/decoding in conjunction with the use of the nonlinear optical thresholder.

The structure and operation of the spectral decoder is similar to that of an encoder,
except that the phase code applied is the complex conjugate of that applied in the
encoder of the desired users [8]. After the decoder, correctly decoded data from a
desired user are restored to clean ultrashort pulses with relatively high-peak intensity,
while incorrectly decoded multi-access interference (MAI) appears as a pseudonoise-
like signal. A nonlinear thresholder detects the peak power of the correctly decoded
signals and suppresses the low intensity noise based on nonlinear optics. Note that
without a nonlinear thresholder, the simple O/E conversion with even state-of-the-
art bandwidth performance (normally < 50 GHz ) is not sufficient to distinguish the
correctly decoded femtosecond pulses from the incorrectly decoded noises (~tens of

picoseconds in duration), since their pulse energy are the same.

To evaluate the efficacy of multi-access interference suppression, we performed
back-to-back measurements in an ultrashort-pulse CDMA system with two users
- one as a desired user and the other as an interfering user. Fig. 5.1 shows the
schematic diagram of our experimental setup. At the transmitter side, we used the
home-built passively mode-locked fiber laser [56, 23] (source #1 in Fig. 5.1) to pro-
vide a 40 MHz train of ultrashort pulses for the desired user. After an interference
filter, the nearly transform-limited laser pulses (FWHM pulse-width ~ 480 fs) were
synchronously modulated at 40-Mb/s with a length-22® — 1 pseudorandom bit stream
(PRBS) data. We used another mode-locked fiber laser (a Femtolite from IMRA, Inc)
as the broadband source for the interfering user (source #2 in Fig. 5.1). It generates
transformed-limited pulses repeated at 50 MHz. For simplicity, the interfering user’s
pulse train was not modulated in the experiments. The spectra of both signal and

noise paths before the CDMA receiver were centered at 1560 nm as shown in Fig. 5.2.
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Fig. 5.1. Experimental setup of CDMA system BER measurements.
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Laser pulses from the interfering user (source #2) were launched into a fiber-
pigtailed femtosecond pulse-shaper equipped with a 128-pixel liquid-crystal phase
modulator (LCM) array [2] for spectral phase coding. After the pulse shaper, the
interfering pulse has a FWHM pulsewidth of ~ 430fs if constant phase is applied
across the LCM. The structure of the pulse shaper is shown in Fig. 3.1. Pseudoran-
dom M-sequence phase codes with various code lengths were applied in the LCM in
experiments, which leads to coded pulses ~ tens of picosecond in duration but with
the almost the same pulse energy. Fig. 5.3 shows one example autocorrelation traces
of interfering pulses without spectral phase coding and with length-31 M-sequence
coding. Note that peak power of the coded pulses is substantially lower than that of

uncoded pulses.

After being combined with modulated data from the desired user through a 1x2
fiber coupler, the coded pulses emulate the incorrectly decoded multi-access interfer-
ence in a complete lightwave CDMA system. At the receiver side, we used a nonlinear
thresholder based on self-phase modulation (SPM) in an optical fiber to suppress the
incorrectly decoded noise for error-free CDMA data detection. An avalanche photode-
tector (APD) with a bandwidth of ~ 550 MHz was used after the thresholder. For
simplicity, we omitted spectral phase coding both after source #1 and in the CDMA
receiver. Hence the uncoded pulses from source #1 emulate correctly decoded CDMA

signals from the desired user.

Three types of nonlinear thresholder have been developed for CDMA operation
by our colleagues — nonlinear fiber thresholder [6], two-photon absorption waveguide
(TPA) [18], and thresholders based on second-harmonic generation. The nonlinear
fiber thresholder based on self-phase modulation effect in an optical fiber was used in
the experiment to study the CDMA system performance. It consists of a dispersion-
shifted fiber (DSF) followed by a long-wavelength pass filter, which transmits very
little of the input light unless there are frequency shifts toward the longer wavelength
arising from SPM in the fiber. The zero dispersion wavelength of the DSF was chosen

to coincide with the center wavelength of laser pulses for increased fiber nonlinear-
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Fig. 5.3. Autocorrelation trace of the laser pulses in the interference path without
phase coding (solid line) and with length-31 M-sequence phase coding (dashed line).
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ity. The cutoff wavelength of the long-wavelength pass filter was set at 1572 nm to
yield enough conversion efficiency (~ 10%) and large output contrast ratio (> 35dB)
after the thresholder. Here the conversion efficiency is defined as the power ratio
between the output and input of the thresholder for correctly decoded pulses and the
contrast ratio is defined as the output power ratio between the correctly and incor-
rectly decoded pulses. Both signal and interference paths before the thresholder were
dispersion compensated using dispersion-compensating fibers (DCF). Fig. 5.4 shows
the autocorrelation traces of the laser pulses in the signal path before the nonlinear
thresholder. The corresponding measurement for the interference path (no spectral

phase coding) is shown in Fig. 5.3 (dashed line).

5.3 Experimental Results

In experiments, the average power of CDMA data (source #1) was fixed at 250uW
before the nonlinear thresholder, which yields sufficient nonlinearity in the DSF to
generate as much as 10 pW output power after the long-wavelength pass filter. For
error-rate measurements, the received signal power at the APD was varied from -44
dBm to -37 dBm. To evaluate CDMA detection under large interference conditions,
we always kept the interference power before the APD at -30 dBm when no phase
coding was added in the interference path. This was achieved by adjusting the input
interference power before the thresholder. Note that if no phase coding is used, the
interference level is at a minimum 7 dB higher than the signal level at the APD. To
~show interference suppression, we first compared the eye-diagrams of the signal chan-
nel (set at -44 dBm before the APD) with and without a length-63 M-sequence phase
code applied to the interference path. Fig. 5.5 shows optical spectrum of interfering
pulses after the dispersion shifted fiber with and without the phase code (length-63
M-sequence). Clearly, coded pulses (here representing incorrectly decoded noise) do
not generate appreciable components at the longer wavelength region (> 1572 nm),
therefore can be effectively suppressed by a long wavelength pass filter after the DSF.
The eye-diagram in Fig. 5.6 shows that without phase coding, the desired data are

completely buried under the multi-access interference. Note that the interference
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power here is 14 dB larger than the signal power and has already saturated the APD
receiver. The clean eye-diagram in Fig. 5.7 demonstrates that coding together with
the fiber nonlinear thresholder strongly suppress this large interference, resulting in
a clean and open eye.

Fig. 5.8 shows the BER performance of the signal channel when the length of
the M-sequence phase code in the interference path was varied. For M-sequence
code lengths of 7, 15, 31, and 63, the interference power was suppressed to 10 nW,
1.70W, 0.6 nW and 0.1 oW (40 dB suppression!), respectively. For comparison, the
BER of the signal channel without interference is also shown in Fig. 5.8. We note
that as the coding length in the interference path increases, the power penalty to
CDMA signal detection decreases substantially. When the code length reaches 63,
the power penalty caused by the interfering user is almost zero. The decreased power
penalty implies that with larger spectral phase coding length, more users could be
supported simultaneously in a system. Since the interference power before the APD is
purposefully set to be much larger than the signal power, our results provide evidence
for the possibility of error-free CDMA detection with a large number of users in the
system.

In conclusions, we have performed the first bit-error-rate measurement of an
ultrashort-pulse CDMA channel under multi-access interference. Our results shows
that the suppression of interference in a CDMA system depends critically on the

spectral phase coding length and the output contrast of the nonlinear thresholder.
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Fig. 5.7. Eye-diagrams of CDMA signals under multi-access interference with
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6. Spectrally Overlaid Optical WDM-CDMA Hybrid

Operation for Fiber-optic Communications

6.1 Introduction

Ultrashort-pulse optical CDMA is feasible and useful for broadband fiber-optic
communications. It can also be implemented in conjunction with other optical multiple-
access techniques. The hybrid operation promises additional network advantages to
an existing system using only one multiplexing technique. This chapter presents
the proof-of-concept study of spectrally overlaying ultrashort-pulse optical CDMA on
WDM in the same spectral region. In this hybrid WDM-CDMA scheme, broadband
CDMA signals primarily utilize the spectral guard bands between WDM channels
and may provide additional bandwidth to the WDM system without requiring costly
expansion of EDFA bandwidth or very precise wavelength control of WDM lasers for
closer channel spacing. The hybrid operation offers features from both WDM and
CDMA - the mature technology available for WDM and the higher level data, security
as well as the potential for larger spectral efficiency promised by overtaying CDMA on
WDM. In this chapter, we report the first system experiments indicating the feasibil-
ity of the hybrid WDM-CDMA operation through simultaneous error-free recovery of
WDM in the presence of overlaid broadband ultrashort-pulse CDMA and of CDMA
in the presence of narrowband WDM interference. The study includes (1) the perfor-
mance measurements of WDM channels under different CDMA interference strength,
(2) the development of a theoretical model (verified by our experiments) to predict
the system performance at Gb/s CDMA data rate, (3) the detection of an ultrashort-
pulse CDMA channel in the hybrid operation, (4) the scaling of the experiments to
a system with many closely spaced WDM users. Note that this work, although was
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performed in a fiber-optics context, is also applicable to free-space optical commu-
nications [57]. To show the compatibility of the CDMA and WDM schemes from
the prospective of fiber transmission, we also demonstrated bit-parallel WDM data
transmission over a dispersion-compensated fiber link designed for ultrashort-pulse

CDMA operation with record-low timing skew.

6.2 Hybrid Optical WDM-CDMA Operation

Optical wavelength-division-multiplexing (WDM) is a major multiple-access tech-
niques adopted by today’s fiber-optic communication industry. It has been studied
extensively over the past decade and plays an important role in both local-area and
long-haul optical communications [58, 59]. In a WDM system, each user takes on a
unique narrowband wavelength channel and users are distinguished by their channel
locations in the network. Spectral guard bands between wavelength channels are ob-
viously required in a WDM system to avoid channel crosstalks. Precision frequency
control of WDM lasers is also necessary to prevent one user channel from interfering
with other users. The use of guard bands unfortunately reduces the utilization of
spectral bandwidth, i.e. usable bandwidth of fiber amplifiers. This makes it diffi-
cult to fully exploit the available bandwidth capacity. Unlike WDM, optical CDMA
allows users to share the same spectral window. Users are distinguished through
minimally-correlated code sequences. Therefore, one may envision to re-ultilize the
guard bands between WDM channels by combining optical CDMA with WDM in
the same communication system [60]. The additional CDMA channels may be used
to support network control or additional data flow. An increased system spectral
efficiency is expected with the hybrid WDM-CDMA operation.

The overlay of CDMA on WDM can be implemented in different ways. For exam-
ple, one could envision to use the spectral guard band between two adjacent WDM
channels as a spectral window for CDMA operation. Several CDMA windows could
be implemented into a sparsely spaced WDM system to provide additional transmis-
sion bandwidth. In this thesis work, we focus on a different hybrid WDM-CDMA
implementation, i.e. broadband CDMA is directly overlaid over WDM in the same
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spectral region. It will be shown in the followings that the ultrashort-pulse CDMA
can be easily integrated into a WDM system with this hybrid approach. The direct
spectral overlay also enables us to study the crosstalk between WDM and CDMA sig-
nals during the hybrid operation. The concept of this hybrid optical WDM-CDMA
is illustrated in Fig. 6.1. Here broadband ultrashort-pulse CDMA channels allow
utilization of some of the optical bandwidth occupied by the guard bands between
WDM channels and can be used to provide additional transmission bandwidth for
WDM systems already operating at capacity or to support bursty traffic. The inher-
ent difference between WDM and ultrashort-pulse CDMA signals both in the spectral
domain (narrowband versus broadband) and in the time domain (low-intensity ver-
sus high peak power) implies that the cross talk between these two types of signals
may be suppressed allowing simultaneous error-free recovery of WDM and CDMA
data. For the WDM channels, interference from the CDMA overlay is mitigated
based on two mechanisms: (a) the broadband nature of CDMA signals means that
most of the CDMA energy that falls outside of one WDM channel can be eliminated
by a narrowband pass filter in the WDM detector, and (b) for stronger suppression
of CDMA energy within each WDM channel, one can use notched CDMA spectra.
Since each notch in the CDMA spectrum is aligned to a particular WDM channel,
the CDMA energy within the WDM bandwidth has been eliminated beforehand (see
dashed line in Fig. 6.1). For the CDMA channels, interference from the overlaid
WDM signals is also mitigated based on two mechanisms: (a) each WDM channel
only takes on a narrow spectral window. A series of narrow-band notch filters in the
CDMA receiver may eliminate most of the WDM energy without seriously degrading
the CDMA signal. (b) WDM traffic typically is of low-intensity NRZ or RZ data in
contrast to the high peak-power of CDMA signals. Any WDM energy surviving the
notch filters is strongly suppressed by the nonlinear optical “thresholder”. Note that
the thresholder is already required for pure ultrashort-pulse CDMA implementation.
With effective interference suppression, the hybrid WDM-CDMA operation is feasible
using receivers designed either for pure WDM or for a pure ultrashort-pulse CDMA
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notches.
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system, with only slight modification.

To evaluate the cross-talk between WDM signals and CDMA data and demon-
strate the hybrid operation, we constructed a sub-system test bed shown in Fig. 6.2
and performed back-to-back system measurements. In this system, incoming network
traffic consists of both WDM data and spectrally overlaid CDMA data. At the re-
ceiver end, each user is equipped with two detectors - one for WDM detection and the
other for CDMA detection, which both receive the hybrid data. The structure of the
WDM detector consists of a narrowband pass filter followed by direct O/E conversion.
In the CDMA detector, we used a spectral decoder made from a fiber pigtailed fem-
tosecond pulse-shaper equipped with a programmable liquid-crystal phase-modulator
array [9]. Since the wavelength components of both CDMA and WDM data are
spatially dispersed across the Fourier plane of the pulse shaper, narrow-band notch
filters were easily installed at the Fourier plane to remove most (> 99.6%) of the
WDM power. Then after an EDFA with 25dB gain, we launched the CDMA data
and the residual WDM interference into a nonlinear fiber thresholder based on self-
phase modulation (SPM) in a dispersion-shifted fiber [6]. The nonlinear thresholder
rejects improperly decoded pulses from interfering CDMA users (manifested as low-
intensity pseudo-noise signals) and recognizes properly decoded pulses from a desired
CDMA user (clean femtosecond or subpicosecond pulses) based on signal peak power
[55, 6]. Since the WDM signal has low peak intensity, any residual WDM interference
after the notch filters is completely rejected by the nonlinear thresholder as well. In

the following, we report our experimental results on simultaneous error-free detection

of both WDM and CDMA data in this hybrid system.

6.3 Error-free Detection of WDM Data in the Presence of CDMA Inter-

ference

We first evaluated WDM channel performance in the hybrid system through mea-
suring the bit-error-rate performance of two WDM channels overlaid with one CDMA
channel in the same spectral region. The WDM signals were generated from two

temperature-stabilized DFB lasers, each modulated at 2.5Gb/s with length-23! — 1
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Fig. 6.2. Schematic diagram of a hybrid WDM-CDMA system test bed.
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NRZ pseudorandom bit stream (PRBS) data. A passively mode-locked fiber laser
[23, 24, 56] was used to generate a 400fs-pulse (transformed-limited) CDMA channel
modulated with 40-Mb/s length-222 — 1 RZ PRBS data. We note that although the
CDMA data rate is at present limited by the low repetition rate of our passively
mode-locked femtosecond laser, it suffices to demonstrate the WDM-CDMA overlay
scheme as well as to verify our theoretical expressions for the performance of such a
system. To evaluate two extreme cases, we intentionally tested one WDM channel
located close to the peak of the CDMA spectrum at 1560.4 nm and the other near
the edge at 1551.2 nm in experiments. The optical spectrum of the hybrid data be-
fore the WDM receivers is shown in Fig. 6.3. To suppress CDMA interference for
error-free WDM detection, we first added two spectral notches at the CDMA encoder
(shown in Fig. 6.2) to reduce CDMA energy within WDM bandwidth, where each
notch is aligned to the corresponding WDM channel location. The incoming CDMA
signals therefore have notched spectra. Then the CDMA energy outside each WDM
channel is suppressed through a narrowband pass filter centered at each channel. Af-
ter the band-pass filter, an avalanche photo detector (APD) with a bandwidth of 2
GHz was used for WDM data detection. In experiments, the average power of the
co-propagating CDMA signals before the WDM detector is varied with a minimum
of ~ 2uW. This power level scales to high enough CDMA energy for high quality
nonlinear thresholding operation (> 20dB contrast between properly and improp-
erly decoded pure CDMA signals) in the CDMA detector. For the WDM channel
at 1560.4 nm, the insertion loss of the narrowband pass filter (FWHM ~ 0.1nm) is
~ 8-dB. After the filter, the CDMA interference was suppressed by ~ 34 dB, which
includes ~ 8-db insertion loss of the filter setup itself. The measured BER under
different CDMA power before the WDM detector is shown in Fig. 6.4. Fig. 6.5 shows
the eye-diagram of the channel at 1560.4nm corresponding to BER ~ 2 x 10~°. Using
a similar narrowband filter centered at 1551.2nm, we measured the channel at the
edge of the CDMA spectrum. The power penalty from the CDMA cross-talk to both
channels at 1560.4 nm and at 1551.2 nm is shown in Fig. 6.6. We found that for
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Fig. 6.5. Eye-diagram of the WDM channel at 1560.4 nm under residual CDMA
interference (BER ~ 1 x 1079).
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the channel at the CDMA spectral peak, the power penalty is only ~ 0.5dB when
the CDMA interference is 2uW, while the power penalty to the channel at 1551.2nm
(CDMA spectral edge) is < 0.2dB. When the strength of CDMA interference is in-
creased to ~ 20uW, which is 10 times higher than needed, we found ~ 4 dB power
penalty to the channel at 1560.4 nm and 0.5 dB to the channel at 1551.2 nm.

6.4 Modeling of the WDM Channel Detection under CDMA Interference

To predict system performance under various operating conditions, we modeled
the error rate of the WDM detection in our hybrid system through simply taking into
account the SNR degradation caused by the interference from a single CDMA user.
Modeling the interference for multiple CDMA users [8, 61] is more involved and is
beyond the scope of this work. Assuming the detection of a WDM channel alone with
binary encoding follows Gaussian noise statistics, one may relate the bit-error-rate
(BER) to the signal-to-noise ratio (SNR) @,, at a WDM detector as shown in Eq.

6.1.

BER, = %erfc(i\Q/_—;) (6.1)

where Qwpas is estimated in Eq. 6.2 [62].

_ Iwpwm
%= T + (ou0)

(6.2)
Here Iwpy = R % (Pyp — Py;) is the detected signal current and R is the receiver
responsivity. P, and P,; are the peak powers of the WDM signal for symbols
“1” and “0” respectively. (oy1) and (o) are the corresponding root-mean-square
(RMS) noises, which takes into account both detector thermal noise and shot noise.
To account for the detection noises from CDMA cross-talk, one needs to consider the
eye-closure caused by the co-propagating CDMA signals in WDM channels. Fig. 6.7
shows one example of the measured WDM eye-diagram for the channel (1560.4 nm)
under large CDMA cross-talk (BER ~ 5 x 107°).

Note that CDMA channels use return-to-zero (RZ) coding while WDM channels

employ non-return-to-zero (NRZ) data format. From Fig. 6.5 and 6.7, we observed

that the CDMA cross-talk moves the lower rail (symbol “0”) of the WDM eye pattern
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Fig. 6.7. Eye-diagram of the WDM channel at 1560.4 nm under large CDMA
cross-talk (BER ~ 5 x 107°)
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closer to the decision level optimized for pure WDM detection and on the other hand
moves the upper rail (symbol “1”) away from the decision level. Hence one would
expect that most of the CDMA induced WDM detection errors come when the symbol
“1” in the CDMA channel overlaps with the symbol “0” in the WDM channel. In our
analysis, we assumed that the detection of WDM data bits (“0” or “1”) overlapped
with CDMA symbol “1” still follows Gaussian noise statistics. For simplicity, we also
assumed that the CDMA data rate is lower than or equal to the WDM data rate and
that the decision threshold is kept at the optimum value for pure WDM operation.
As a rough estimation, the performance of WDM channels in the hybrid system can

be given by the weighted summation (Eq. 6.3) of error performance with and without

CDMA symbol “1” overlapping with WDM data bits.

1 1
BERoverlap = (1 - Pove'rlap) X BERw + Poverlap X (‘iBERwO-i—cl + EBERwl—l-cl) (63)

BER i1 = %erfc(Qi’;%d) (6.4)
BERutsa = gerfo( 221 (6.5)

The error-rate contribution from the CDMA cross-talk consists of two terms —
the error performance when CDMA “1” overlaps with WDM “0” as expressed by in
Eq. 6.4 and when CDMA “1” overlaps with WDM “1” as‘in Eq. 6.5. Quot+c and
Qui+a are the corresponding SNRs of the WDM channel. P,yerqp is the probability
of a CDMA “1” overlapping with a specific WDM data bit at any sampling instant,
which takes into account different CDMA and WDM data rates. We note that CDMA
signals are short optical pulses a couple of hundreds of femtoseconds in duration.
After O/E conversion at the APD with 2 GHz bandwidth, the electrical pulse width
of CDMA signals (~ 175ps) is smaller than that of WDM signals (~ 400ps for 2.5
Gb/s data rate). Therefore, if CDMA data rate fopaa is smaller than WDM data
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rate fiwpm , we can estimate Poyerigp = %%, where the factor of 3 reflects the
assumption that in a long CDMA bit stream, as many marks and spaces occur.

To estimate Quorer and Quiic1 in Eqs. 6.4 and 6.5, we consider the effects of
CDMA “1” overlapping with WDM “0” and “1” separately. We note that the prob-
ability density function of a Gaussian random variable has a symmetric profile and
recall that a CDMA “1” moves the lower rail of the WDM eye-pattern closer to the de-
cision level. Therefore, the error-rate contribution for the case of CDMA “1” overlap-
ping with WDM “0” is equivalent to one half of the error rate of a pure WDM channel
with reduced signal strength (Iwpam — 2Icpaa). Note that Iwpyr = R X (Pyp — Pyy)
is defined as the distance between the upper and lower rail of the eye-pattern. There-
fore a factor of 2 before Ioppra is required here to reflect the reduction caused by the
RZ formatted CDMA signal. Similiarly, since the CDMA signal moves the upper rail
of the WDM eye-pattern away from the decision level, the error-rate contribution for
the case of CDMA “1” overlapping with WDM “1” is equivalent to one half of the
error rate of a pure WDM channel with increased signal strength (Iwpa + 2Icpua)-

From above discussions, one may estimate Quo+c1 and Quise as shown in Egs. 6.6

and 6.7.

Iwpm — 2Icpma
{(To1) + (000)

Quo+e1 = (6.6)

Iwou + 2Icpaa
(‘701} + <000>

Quita = (6.7)

(001) and (o,0) represent the RMS noise for the case of a CDMA “1” overlapping
with a WDM “1” or “0” respectively. (o,1) and (o4) are similar to the noise forms
for pure WDM operation, but increased to account for the additional shot noise
caused by the CDMA cross-talk as shown in Eqs. 6.8 and 6.9. Note that here we
assumed incoherent addition of CDMA and WDM signals in the analysis; this should
be a good approximation due to the very different optical bandwidths of CDMA and
WDM signals.
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AKTBF

(000) = \/ 7+ 2aBM*F(RPu + Iopma + Tha) (6.8)
4kTBF

(0,1) = \/ 7T 2¢BM2F(RPyn + Icpma + Iva) (6.9)

B is the bandwidth of the receiver. F' is the noise figure of the receiver amplifier.
k is the Boltzmann constant. T is the operating temperature (297K for room tem-
perature). R, is reveiver output impedence. q is electrical charge. M and I are the
amplification factor and the dark current of the APD respectively.

Since the CDMA channel uses impulsive coding, the received CDMA current is
given as [63]

Icpma=2XaxX RXy X Ppee X Fy (6.10)
B
o= (6.11)
fepma
1 — 2exp(=22
F, = (_ﬁ ) (6.12)
I eap( )
1.2
== (6.13)

BRYE

F, is the bandwidth dependent inter-symbol interference penalty. P is the
average power of CDMA interference. Using Egs. 6.3 to 6.13, we computed the power
penalty to two WDM channels (1560.1 nm and 1551.2nm) under different levels of
CDMA cross-talk before the WDM detector. The solid line and dashed line in Fig.
6.6 show the simulation results under our experimental conditions. The simulation
results match the experiment data well, which validates our error-rate estimation
model. To further predict the system performance for Gb/s CDMA data rate, we used
our model (Eq. 6.3) to compute the error-rate performance of the WDM channels
in the hybrid system with different CDMA data rate. For comparisons, we assumed

constant CDMA pulse energy in the calculation. Fig. 6.8 shows our simulation results
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on power penalty to the WDM channel (1560.4 nm) at the peak of CDMA spectrum
for CDMA data rate up to 2.5 Gb/s. When CDMA data rate changes from 40 Mb/s
(experimental condition) to 2.5 Gb/s, the calculated additional power penalty to
WDM detection is only ~ 1—dB. This reflects the fact that the dominant factor in
determining the hybrid cross-talk induced power penalty is the CDMA pulse energy,
which we have assumed constant in the simulation. Our results indicate that the
error-free operation of WDM channels in the hybrid WDM-CDMA system should
be possible for simultaneous Gb/s CDMA and WDM data rates. Further reductions
of the power penalty would occur with improvements to the CDMA detection path,
since this would lower the CDMA power at the front of the WDM detector as well.
This could be achieved by increasing the EDFA gain by a modest amount or possibly
by developing a thresholder with a lower power requirement in the CDMA detector.

6.5 Error-free Detection of CDMA Signals in the Presence of WDM In-

terference

To demonstrate the feasibility of error-free CDMA detection in the hybrid system,
we measured the BER performance of an ultrashort-pulse CDMA channel spectrally
overlaid with a WDM channel using the CDMA detector shown in Fig. 6.2. To sim-
plify the measurement, we omitted the CDMA encoder shown in Fig. 6.2 in the data
path. By applying either a constant phase or a length-31 M-sequence phase code in
the decoder, we emulated the properly and improperly decoded CDMA signals re-
spectively. The CDMA ultrashort-pulse train was generated from a passively mode-
locked fiber laser centered at 1560 nm with the repetition rate of 40-MHz. The nearly
transform-limited pulses (FWHM pulsewidth ~ 480fs ) were synchronously modu-
lated at 40-Mb/s with a length-22® — 1 pseudorandom bit stream (PRBS). The data
path of CDMA signals was dispersion compensated using a dispersion-compensating
fiber (DCF). Our previous work showed that this is possible for > 10km fiber length
[20, 64]. The overlaid WDM signal was again generated from a temperature-stabilized
DFB laser centered at the peak of CDMA spectrum (Ao = 1560.4nm, FWHM <
0.1nm) and modulated with 2.5-Gb/s 23! — 1 nonreturn-to-zero (NRZ) PRBS data.
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The decoder in the CDMA detector has an insertion loss of 8 dB for both WDM and
CDMA signals. The average CDMA signal power is > 5uW before the decoder (which
corresponds to > 2uW CDMA signals before the WDM detector) and > 250uW be-
fore the fiber thresholder. We note that this energy level yields > 20dB contrast
ratio between properly and improperly decoded CDMA pulses at the output of the
thresholder, which ensures sufficient multi-access interference suppression for proper
CDMA operation alone. The CDMA power used here could be lowered possibly by

using a thresholder with lower power requirement.

The average power of WDM signals before the CDMA decoder was intentionally
set to ~ 7buW , which is 5 times higher than needed to yield simultaneous error-free
detection in the WDM detector as shown earlier. This is also ~ 15 times higher
than the CDMA power prior to the detector. The notch filter (FWHM ~ 0.3nm)
in the pulse shaper (i.e. decoder) blocks the WDM component with an extinction
ratio of 30-dB (This includes the insertion loss of the pulse shaper itself). Note that
in a complete system, the incoming CDMA signals already have spectral notches
added in the encoder as we described earlier. Hence the use of notch-filters at the
CDMA detector does not degrade CDMA detection further. The output spectrum
after the decoder with the WDM channel blocked is shown in Fig. 6.9. After the
thresholder, an APD detector with a bandwidth of 550 MHz was used to detect the
CDMA signals. Fig. 6.10 shows the BER performance of the CDMA channel with
and without the WDM interference. Our results show no observable power penalty
to CDMA detection from the coexisting WDM signals. The WDM interference has
been completely removed in the CDMA detection path by the spectral notch filter
and the fiber thresholder. The use of nonlinear thresholder is effective in suppressing
the low-intensity WDM components. We found in experiments that the thresholder
can tolerate as high as 1-mW WDM residual interferences. Note that it is expected
that this CDMA detection scheme should work equally well for Gb/s CDMA data

rates as long as the output of the fiber amplifier is increased proportionally.

With many closely spaced WDM users in the hybrid system, multiple spectral
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notches will lead to a peak power reduction in the ultrashort-pulse CDMA signals,
which eventually degrades the output contrast ratio between the properly and im-
properly decoded signals after the nonlinear thresholder. This is expected to be
the major impairment to CDMA detection in the hybrid operation. However, this
power loss can be compensated through simply increasing the gain required before
the thresholder in order to maintain sufficient multi-access interference suppression.
To evaluate this multiple-notch effect, we measured the additional gain required in
the CDMA detector to maintain constant 20-dB thresholding contrast compared to
the CDMA signal without spectral notches. In the contrast ratio measurement, we
applied length-31 M-sequence spectral phase coding in the decoder to emulate the
improperly decoded CDMA signal while the properly decoded signal was emulated
through applying constant phase in the decoder. The CDMA spectra with 10 and 20

notches are shown in Fig. 6.11 and Fig. 6.12 as examples.

Fig. 6.13 shows the additional gain required for CDMA signals to achieve the same
20-dB contrast in the fiber thresholder with different numbers of spectral notches.
In each case, the FWHM bandwidth of each individual notch is ~ 0.3nm and the
notches are evenly distributed across the CDMA spectrum. We observed that only
< 3dB additional gain is required to compensate the peak power reduction in the
CDMA signals when the number of spectral notches increases up to 20, which would
correspond to 20 WDM channels with ~ 100 GHz channel separation. This result
indicates the feasibility of error-free CDMA detection with closely spaced WDM users

in a hybrid overlay system.

In conclusion, we have presented a new multiplexing concept - a spectrally overlaid
WDM-CDMA scheme. The study on the cross-talk between WDM and CDMA signals
in this system provides an evidence for the feasibility of the hybrid WDM-CDMA

operation.
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6.6 Transmission of Bit-parallel WDM Data over a Fiber Link Designed
for Ultrashort-pulse CDMA Operation

In a hybrid WDM-CDMA system, it is expected that the same fiber transmis-
sion link is shared by both WDM users and CDMA users. This section describes
an experiment to demonstrate that the dispersion compensated fiber link designed
for femtosecond-pulse CDMA operation also find a unique application in WDM data
transmission, in particular the bit-parallel data transmission with ultralow timing
skew for computer communications application. Note that the transmission of WDM
data in the hybrid operation is not limited to the bit-parallel data transmission for-
mat. Nonetheless, the successful transmission of bit-parallel data over a dispersion
compensated link indicates that optical WDM and CDMA can share the same phys-
ical medium in the hybrid WDM-CDMA scheme. This work also shows that the
dispersion compensating fiber technique is effective in timing skew compensation.
The experiment was arranged in such a way that it allows us to directly measure the
small residual dispersion slope of a 2.5 km fiber link dispersion compensated with
picosecond precision. It provides us a reliable way to characterize the dispersion

compensated fiber link.
6.6.1 Bit-parallel WDM Data Transmission and Timing Skew

The demand for higher data rate communications has grown substantially in paral-
lel processing computer networks [65, 66]. Difficulties in producing electronic circuits
(serializer/deserializer, etc.) with required speeds at a reasonable cost limit inter-
connections based on the conventional serial data transmission format for distributed
multiprocessor systems. Bit-parallel WDM data transmission has been proposed as
an alternative strategy for computer communications [65, 66, 67]. In this technique,
each bit of a byte (or word) of data is transmitted at a separate wavelength, and
wavelength division multiplexing (WDM) is used to transmit the data bytes over a
single fiber. Since the transmission of data in parallel form (serial-by-byte, parallel-
by-bit) is compatible with computer architecture, electronic bottlenecks are reduced.

The timing alignment between different bits within one byte (or word) is crucial to
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the success of bit-parallel WDM data transmission. The attractive feature of this
technique versus fiber ribbons [68] is that the timing misalignment imposed by mul-
tiple path lengths and complex connectors are eliminated. However, the timing skew
between different bits due to the group velocity dispersion (GVD) of the fiber link
is still a major problem. Several techniques have been proposed to deal with this
timing skew. These techniques include the use of dispersion-shifted fiber [65], elec-
tronic bit realignment in the receiver [67], and a shepherd pulse technique [69] based
on nonlinear optics. Drawbacks of these techniques include high pulse energy to in-
duce fiber nonlinearity [69] or lack of high re-synchronization accuracy (~ 100 ps)
[67]. In addition, the shepherd pulse technique requires that the passive component
skew be within the capture range of the shepherd pulse (~5 ps), which complicates
the design of optical couplers [70]. It is desirable to develop a linear timing-skew
compensation technique to improve the timing alignment accuracy for future ultra-
high capacity WDM data transmission. In this chapter, we demonstrate that the
DCF technique not only is effective in dispersion compensation for femtosecond-pulse
CDMA data transmission, but also can be conveniently employed to precisely com-
pensate the timing skew for local area computer communication networks. To show
this, we generated 7 synchronized WDM channels over a 15 nm wavelength span from
a single femtosecond pulse and a pulse shaper, and measured the timing skew over a
2.5 km dispersion compensated fiber link. The total of less than 3 ps timing skew,

limited by the third-order dispersion, was measured over the transmission link.
6.6.2 Experiments and Results on Timing Skew Compensation

When synchronized WDM wavelengths are launched into a standard single-mode
fiber (SMF), they will arrive at the receiver end at different times due to the group
velocity dispersion (GVD) of the fiber link. The dispersion effect can be expressed
in terms of the variation in the group delay per unit length 7'(w) with respect to
deviations in wavelength A as shown in Eq. 3.5. This GVD induced timing skew
can be substantial (> 200ps) when the length of a SMF transmission link is over

several kilometers for a sufficient wide WDM spectral range (over 10 nm). The
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dispersion-compensated fiber link is constructed by concatenating a standard SMF

and a carefully chosen DCF. The overall dispersion of the compensated link is given
by
Dsmf X Lsmf + Ddcf X def

D=
Loy + Lacs

(6.14)

where Dgpy and Dy.s are the 2nd order dispersion of SMF and DCF link respectively.
Lsms and Ly represent the lengths of the corresponding fibers. The DCF has the
opposite sign of 2nd order dispersion and dispersion slope with respect to that of SMF.
With an optimal length ratio between DCF and SMF, DCF will cancel out all the 2nd
order dispersion of SMF. The third order dispersion is also partially compensated.
In this work, we demonstrate that this SMF/DCF fiber link can reduce the timing
skew for WDM bit-parallel data transmission to a picosecond range. The remaining
timing skew over the dispersion-compensated link is determined by the residual 3rd
order dispersion and is less than 3 ps over our 2.5-km link.

The experimental setup for generating synchronized multiple-wavelength chan-
nels and for timing skew measurement is shown in Fig. 6.14. A stretched-pulse pas-
sively mode-locking fiber ring laser [56] generating 150 fs (FWHM) pulses at 35MHz-
repetition rate serves as a broadband source. The synchronized multiple-wavelength
channels were derived from the femtosecond laser pulses using a modified pulse shaper,
which is equipped with a 128-pixel liquid crystal modulator array (LCM) [9]. We used
the pulse shaper-LCM combination as a voltage programmable amplitude modulator
with independent control over different wavelength components. A total of 7 wave-
length channels (~0.83 nm FWHM per channel) with channel separation ~2.5 nm
were generated over a 15 nm span from the initial femtosecond pulse. The on/off
contrast ratio of each channel reaches 30 dB. By applying appropriate voltages on
the LCM, we were also able to equalize the amplitudes of each individual wavelength
channel, which vary by ~ 3dB before equalization. Fig. 6.15 shows the equalized
spectra of 7 channels generated from the pulse shaper.

The dispersion compensated link used in our experiments consists of a 2.06-km

standard SMF (AT&T 5D) (D = 17 ps/km/nm , D' = 0.06 ps/km/nm? at 1550nm)
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and a 0.44 km length of DCF [15, 37, 71]. The DCF (D = —76 ps/km/nm , D’ = 0.2
ps/km/nm?) compensates the 2nd order dispersion and much of the third-order dis-
persion (dispersion slope) of SMF. Previously, the transmission of 250-fsec pulses over
this link with only ~ two times pulse broadening as limited by the residual third-
order dispersion has been shown [15, 71]. The timing-skew of the 2.5-km dispersion
compensated link was measured by comparing the relative timing position of each in-
dividual wavelength channel before and after the link. This was accomplished through
intensity cross-correlation using second harmonic generation with a short reference
pulse derived from the fiber laser using a 1 x 2 fiber splitter. The experiment was
performed with one wavelength channel turned on at a time. To suppress laser jit-
ter effects and environmentally induced timing changes, we launched both the signal
pulse (~ 6.5 ps FWHM for one channel) and the reference pulse (~ 0.5 ps FWHM)
into the 2.5-km transmission link with ~900 ps delay in between and separated them
at the end of the link for the cross-correlation measurement. The power levels were

kept low enough to avoid any fiber nonlinearity in the link.

Fig. 6.16 shows 7 well-aligned signal pulses (bits) at different wavelengths before
the transmission link. The timing misalignment (~ 525 psec estimated) incurred in
the 2.06 km SMF alone is compensated by DCF. Fig. 6.17 shows measurements of
different wavelengths (bits) after the transmission link. The cross-correlation traces
of 7 signal pulses show similar pulsewidth (~6.5ps) and pulse shape before and after
the link. The timing skew of the dispersion compensated link ( i.e. the difference

between Fig. 6.16 and Fig. 6.17) is shown in Fig. 6.18.

A maximum of only 2.4 ps timing skew was observed over the 15 nm spectral span.
Based on the timing variations of several independent measurements, we estimate the
timing accuracy of our measurement reaches 0.2 ps. The quadratic nature of the
wavelength dependent time delay shown in Fig. 6.18 indicates the timing skew over
the link is limited by the residual 3rd dispersion of the compensated link. From our
data, we calculate a zero net dispersion at 1562 nm with a dispersion slope D' = 0.017

ps/km/nm? (B3 = 0.027 ps®/km). The accuracy of the 33 measurement for the 2.5-km
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fiber link is estimated to be £0.003 ps®/km. This result is consistent with our previous
estimation of the dispersion slope (85 & 0.026 ps®/km) by our colleague, which was
based on matching the measured and simulated pulse shapes in a femtosecond pulse
transmission experiment [15]. It is noted that previous experiments were designed
to yield an approximation but not an exact measurement of the residual dispersion.
The current experiment provides a direct measurement of residual dispersion slope
and therefore gives a more reliable result. The measured dispersion slope is ~ 4 times
less that of dispersion shifted fiber (D’ =~ 0.06 ps/km/nm?). It indicates the timing
skew over a dispersion compensated fiber link is significantly smaller than that over a
dispersion-shifted fiber link with equivalent length. We note that with < 3ps timing-
skew between different wavelength channels in the transmission link, the aggregate
data throughput in a timing-skew limited WDM bit-parallel transmission link could
reach over 100 Gbytes/s. It also shows that the dispersion compensated fiber link
can be used both by WDM data and by CDMA femtosecond pulses.
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7. Summary

This dissertation demonstrates and extends the technical feasibility of ultrashort-pulse
optical code-division multiple-access scheme for fiber-optic communications. The fem-
tosecond fiber laser constructed for CDMA experiments provides wide spectral band-
width and can be reliably modelocked with communication grade diode pump lasers.
The efforts on distortion-less transmission of subpicosecond pulses over a 10-km fiber
link extends the coverage of ultrashort-pulse CDMA technique to the range suitable
for local-area network applications. The theoretical and experimental study on fiber
nonlinearity during sub-picosecond pulse propagation indicates the power limit in the
CDMA transmission link. At the system level, I presented the bit-error-rate mea-
surements of a CDMA channel under multi-access interference. It provides the first
experimental evidence for the possibility of error-free ultrashort-pulse CDMA oper-
ation in an environment with large number of users. Finally, I presented the first
system experiment on spectrally overlaying CDMA on WDM. It demonstrates the
physical feasibility of hybrid WDM/CDMA operation. In conclusion, the device and
system studies documented here have contributed the development of coherent CDMA
technique. It lays a foundation for the future work in this area. Although this thesis
research is focused on the implementation of ultrashort-pulse CDMA, some research
results also find impacts to other multiplexing approaches. For example, dispersion
compensation, fiber nonlinearity, and fiber lasers, etc. are very important topics in
optical TDM and WDM fiber communication systems as well.

Future work on ultrashort-pulse CDMA scheme could be directed toward several
areas. First, it is important to develop compact yet economical photonic-devices for
ultrashort-pulse CDMA operation. Most of the devices used in this thesis work are

not suitable for field applications. For examples, the femtosecond pulse shaper used
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for spectral phase coding are bulky and not convenient to align. At current stage, it is
not practical to install a pulse shaper setup at each user node in a fiber-optic networks.
Possible candidate for replacing the grating/lens based pulse shapers could be arrayed-
waveguide-gratings. Second, it is important to develop polarization-insensitive phase
coding and nonlinear thresholding schemes for stable CDMA operation. In current
experiments, due to the use of polarization-sensitive elements, such as gratings and
liquid-crystal modulator, any polariztion drift caused by the environmental fluctua-
tion will lead to system output changes. This is detrimental for the reliable CDMA
operation. Third, current ultrashort-pulse CDMA experiments are conducted at tens
of Mb/s data rate limited by the repetition rate of the fiber laser. Although it suffices
to demonstrate the feasibility and physical principle of CDMA, this data rate is well
below the desired Gb/s channel operation rate. It is important to develop a short-
pulse laser source with GHz or above repetition rate, with which future study on
high-speed CDMA operation could be truely carried out. Finally, although we have
demonstrated the feasibility of hybrid WDM/CDMA opertion, our WDM/CDMA
test bed involves only one CDMA and two WDM channels. More WDM and CDMA
users could be inlcuded in the future work to fully evaluate the hybrid system. The
system design could also be improved through using the photonic devices with better
performance such as a nonlinear CDMA thresholder with lower input power require-
ment compared to the fiber thresholder, spectral phase encoder and decoder with

lower insertation loss compared to the grating/lens based pulse shaper.
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