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ABSTRACT

High-Speed Optical Systems Based on
Electroabsorption Modulators
by
Volkan Kaman

Due to the explosive demand for Intemet access and traffic, research in
high-capacity optical fiber transmission has accelerated all over the world.
Wavelength division multiplexing (WDM) has emerged in the past decade with
over 6 Tbit/s transmission demonstrations. However, there is still considerable
research in extending the capacity of a single wavelength system by time division
multiplexing (TDM), which allows for an increased spectral efficiency for future
WDM systems. For high-speed TDM systems, electroabsorption (EA) modulators,
with their high-speed, low drive voltage, high extinction ratio and potential for
monolithic integration with other opto-electronic components, have become very
significant devices.

This thesis investigates and demonstrates various transmitter and receiver
subsystems based on EA modulators for future high-speed electrical and optical
TDM systems. A 30 Gbit/s electrical TDM system is described, where the EA
modulators are used as high-speed data encoding transmitters. The EA modulators
are then demonstrated for a variety of functions required in optical TDM systers.
A novel simultaneous optical demultiplexer and detector operation is proposed and
implemented, which is suitable as a channel add/drop multiplexer and as a compact
OTDM demultiplexing receiver. The high-speed switching capability of these
devices is also demonstrated with sub-4 ps optical short pulse generation at
frequencies 2 30 GHz by a dual-drive scheme of a high-saturation power EA
modulator. Also, integrated tandem EA modulators, which achieve an extinction
ratio of 50 dB, are investigated for > 100 Gbit/s OTDM applications. Finally, these
devices are employed at 30 GHz to demonstrate a 120 Gbit/s (4 x 30 Gbits)
OTDM system, with error-free operation and an average 120 Gbit/s sensitivity of -
22.6 dBm.
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CHAPTER 1

Introduction

Optical fiber communication has rapidly evolved in the last decade from
single-wavelength 16 Gbit/s transmission [1] to the recent single-channel
1.28 Tbit/s [2] and over 6 Tbit/s multi-wavelength transmission demonstrations [3,
4]. While technological advancements in optical fibers, optical amplifiers, passive
and active optical components as well as electronic and opto-electronic devices
have allowed for the recent high-capacity demonstrations, the concurrent explosive
growth and demand for Intemnet access and traffic has accelerated the research for

these novel technologies.

The introduction of the erbium-doped fiber amplifier (EDFA) with a gain-
band of 1530-1565 nm is a major technological breakthrough for optical fiber
communications. The EDFA extended the range of loss-limited transmission and
reduced the need for electrical repeaters. Fiber transmission length was then
limited by chromatic dispersion induced pulse broadening at 1.55 um according to

(3],
BlB|L < Y (1.1)

where B is the bit rate, S, is the group-velocity dispersion, and L is the fiber length.
For conventional single-mode fiber (SMF) with a dispersion of 17 ps/nm/km, the
dispersion-limited transmission at 1.55 um for 10 and 40 Gbit/s are 60 and 4 km,
respectively. This prompted several technological solutions such as transmission in
dispersion-shifted fiber (DSF) and dispersion compensating techniques including
signal pre-chirping [6], dispersion-compensating fiber (DCF) [7], dispersion-
compensating devices [8], and transmission employing mid-span spectral inversion
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MSSI) [9]. Concurrently, soliton transmission over thousands of kilometers of
fiber became a reality due to optical amplification by EFDA’s [10].

The EDFA also allowed for the simultaneous amplification of multi-
wavelength channels, which consequently lead to an immediate commercial
deployment of wavelength division multiplexing (WDM). While the capacity of
transmitted information was drastically increased by WDM, non-linear channel
interactions, such as four-wave mixing (FWM) and cross-phase modulation (XPM)
induced by the Kerr effect during fiber propagation, posed a severe limitation for
WDM fiber transmission [11]. FWM-induced propagation degradation is
especially pronounced in DSF (at dispersion-zero), which conflicted with single
channel high bit rate (dispersion-limited) and WDM (non-linearity-limited)
transmission. This problem was solved by the proposal of dispersion-managed
optical links, in which fiber non-linearities are suppressed by a high local
dispersion while the total average dispersion of the link is kept low [12]. The
crucial inventions for dispersion-managed systems were the nonzero dispersion-
shifted fiber (NZDSF), which has a dispersion-zero around 1520 nm, as well as the
deployment of DCF [13].

The capacity of WDM systems were further increased by employing the L-
band (1570-1610 nm) transmission window [14] as well as increasing the spectral
efficiency through dense-WDM (DWDM). The spectral efficiency of DWDM
systems can be further improved by increasing the capacity of a single channel by
time division multiplexing (TDM). The guard bandwidth number between adjacent
wavelength channels as well as the amount of WDM transmitters can be reduced by
a factor proportional to the increase in the TDM bit rate, which allows for a better
system management of high-capacity point-to-point links. High-speed TDM
systems can be realized by multiplexing tributary channels either in the electrical
(ETDM) or the optical time domain (OTDM). Over the past decade, intense
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research effort for both TDM techniques has focused on the development of
advanced electronic, opto-electronic and all-optical technologies for various
transmitter and receiver subsystems. The outcome of these developments has
allowed for the demonstration of single-channel 40 Gbit/s ETDM [15, 16} and
1.28 Thit's OTDM systems [2] as well as ultra high-capacity 6.4 Tbits
ETDM/WDM (3] and 3.04 Tbit/'s OTDM/WDM systems [17].

1.1 Overview of TDM Optical Communication Systems
1.1.1 Electrical Time Division Multiplexed Systems

A typical 40 Gbit/s ETDM based optical system is shown in Figure 1.1.
The 40 Gbit/s electrical data stream is generated by multiplexing four tributary
10 Gbit/s channels using a high-speed electrical multiplexer. This data stream is
then amplified to satisfy the drive voltage requirements of the high-speed optical
modulator and encoded onto a CW light to generate a 40 Gbit/s non-return-to-zero
(NRZ) optical signal. It is also possible to generate a 40 Gbit/s return-to-zero (RZ)
optical signal by using an optical short pulse source, such as a mode-locked laser
[18, 19] or a modulator [20], at 40 GHz instead of a CW source. In this case, the
40 Gbit/s electrical NRZ signal is synchronized to the 40 GHz optical pulse
generator such that the data is encoded onto the pulse train. At the expense of a
wider optical bandwidth, the RZ modulation format exhibits an improved optical
sensitivity [21] as well as reduced impact of fiber non-linearities compared to the
NRZ format [22-25]. Multi-level signal modulation [26-28] at 40 Gbit/s by
electrical processing techniques has also been demonstrated for reducing the optical
spectral width, which decreases dispersion-induced broadening [26] as well as
increasing the spectral efficiency of DWDM systems [27].

On the receiver side, a low-noise optical pre-amplifier EDFA and an optical
bandpass filter are used to boost the 40 Gbit/s (NRZ or RZ) optical signal into a
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40 GHz photodetector. The optical-to-electrical (O/E) converted signal is then
usually electrically amplified before a high-speed demultiplexer extracts the four
10 Gbit/s tributary channels. Synchronization of the incoming 40 Gbit/s signal is
achieved by a clock-recovery circuit, which extracts the 40 GHz clock signal from
the high-speed data stream. Since the 40 GHz spectral component is available in
the RZ format, clock-recovery can be achieved using a high-Q bandpass filter. On

the other hand, the NRZ format requires a non-linear circuit to generate the 40 GHz

clock signal.
40 Gbit's Optical 40 Gbiv's :
10 Gbiv's : Eg Fiber : 10 Gbit's
Ch.1 —» E E ........ E é 40 Gbit/s t——s Ch.1
2—] 40 Gbiv's | ¥ : ] v | >
a3 41 MUX MODT— - T LREC 1:4 DMUX 3 &3
Cha—sl | L7 — and CRC |y Ch4

Figure 1.1 Schematic diagram of a 40 Gbit's electrical TDM based optical system. MUX:
multiplexer; MOD: modulator; REC: receiver; DMUX: demuitiplexer; CRC: clock-recovery circuit.

The major drawback of 40 Gbit/'s ETDM systems are the high bandwidth
(> 30 GHz) and constant phase response requirements for all of the electronic and
opto-electronic components in the transmitter and receiver subsystems. Even
though electrical multiplexers and demultiplexers operating at speeds of 80 Gbit/s
[29] and 60 Gbit/s [30], respectively, have been achieved, optical fiber transmission
demonstrations employing full ETDM have been limited to 40 Gbit/s {15, 16].

1.1.2 Optical Time Division Multiplexed Systems

The transmitter and receiver bandwidth limitations of a 40 Gbit/s system
can be eliminated by optical multiplexing and demultiplexing of four 10 Gbit/s
tributary channels in an OTDM system (Figure 1.2). The OTDM transmitter
consists of a 10 GHz short pulse source that is synchronized to the 10 Gbit/s
tributary channels. The optical pulse train is fed into an optical multiplexer with






