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ABSTRACT

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

Due to the explosive demand for Internet 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 systems.
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 moduiators, 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 Gbits (4 x 30 Gbivs)
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 Internet 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 pm according to

(5),
B|B,|L < Y (1.1

where B is the bit rate, 5 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 pum 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 Tbit's OTDM systems [2] as well as ultra high-capacity 64 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 Gbivts 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-retumn-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 Gbivs 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 Gbits 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 Gbit/s _
10 Gbit/s : Eg Fiber i 10 Gbit/s
Ch.1 —»] A '

Ch.2 —»{ 40 Gbit's

Ch.3—»14:1 MUX
Ch.4 —»

MOD|

5 40 Gbivs —* Ch.1
v ‘
REC 1:4 DMUX_3 o2

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: demultiplexer; 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 Gbits
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
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four separate paths, where the 10 Gbit/s channels are encoded and delayed before
recombining into a 40 Gbit/'s OTDM data stream. The 40 Gbit/s data stream is
usually of the RZ format; however, a 40 Gbit/'s NRZ data stream can be realized by

employing time and polarization multiplexing of adjacent channels.

40 Gbit/s

o N LR PEPS Loy
T LD jii e o

3 Qz ........ . !.
10 GHz ’;'O_EJ_@'_T§ | [FIDMUX2F=—=—{ R2 |—> Ch2
e o 0L =l v s
Optical
o= % L=l (] o

10 Gbit/s

10 Gbiv/s
Ch.l1 Ch2 Ch3 Ch4

Figure 1.2 Schematic diagram of a 40 Gbit/'s OTDM based optical system. SPC: short pulse source;
MOD: modulator; DMUX: demultiplexer; Rx: receiver.

The 40 Gbit's OTDM receiver can be realized by RF-driven modulators as
shown in Figure 1.2. The 40 Gbit/s data stream is optically pre-amplified before it
is split into four branches. At each branch, the RF-driven modulator selects one of
the tributary channels by suppressing the other channels. The demultiplexed

10 Gbit/s optical channels are then O/E converted using 10 Gbits receivers.

OTDM systems have the advantage of only requiring electronic and opto-
electronic component bandwidths at the tributary rate since the optical multiplexing
and demultiplexing are performed in the optical domain. Depending on the optical
pulse source and the demultiplexer, OTDM data rates as high as 1.28 Tbit/s can be
realized with an electrical base rate of 10 Gbit/s [2]. Currently, OTDM transmitter
and receiver subsystem technologies are widely used in laboratory demonstrations;

however, they are yet to be commercially deployed due to cost, size and stability

issues.
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1.1.3 Optical Fiber Transmission Demonstrations

To date, several 40 Gbit/s single-wavelength and WDM laboratory and field
trial experiments have been demonstrated using the TDM transmitter and receiver
subsystem technologies described in the preceding sections. In this section, optical
fiber transmission experiments based on (1) single-channel 40 Gbit/s ETDM or
OTDM, (2) single-channel OTDM with bit rates beyond 40 Gbit/s, and (3) WDM
systems with Terabit/s capacity based on 40 Gbit/s or higher TDM are described.

(1) Single-Channel 40 Gbit/s TDM: The first 40 Gbit/s optical fiber transmission
experiments were conducted using OTDM techniques as early as 1992 due to the
lack of high-speed devices [10, 31]. While over 560 km DSF transmission was
achieved with 40 Gbit/'s OTDM [32], the use of DCF allowed for 80 km [33] and
150 km [34] of SMF transmission. A polarization multiplexed 40 Gbit's OTDM
signal achieved 240 km of SMF transmission in conjunction with DCF [35].
Dispersion-compensation by MSSI using FWM in semiconductor optical amplifiers
increased 40 Gbit/s OTDM transmission distances to over 406 km [9] and 434 km
[36] of SMF. Recently, a record distance of 1,220 km dispersion-compensated
error-free SMF transmission of a single-polanization 40 Gbit/'s RZ data stream was
achieved through careful dispersion management [37]. Soliton transmission at
40 Gbit/s over 8,600 km of DSF using periodic dispersion-compensation without
in-line control [38], 10,000 km of DSF using electroabsorption (EA) modulators for
in-line control [39], and over 70,000 km in a 250-km DSF loop using in-line
modulation and optical filtering [40] have also been demonstrated. On the other
hand, the first 40 Gbit/s optical transmission using high-speed ETDM were
demonstrated concurrently in 1997 over 300 km of DSF and RZ format [15], and
148 km of DSF and NRZ format [16]. It should be emphasized that the 30 Gbit/s
ETDM system assembled entirely at the University of California, Santa Barbara
(this work) predates the aforementioned 40 Gbit/s demonstrations (Chapter 2).
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The NRZ and RZ modulation formats have been extensively investigated at
40 Gbit/s for dispersion-managed SMF optical links. Theoretical studies and
computer simulations predict an advantage for the low duty cycle RZ format due to
its robustness to self-phase modulation (SPM) [22, 23]. For lower duty cycles,
pulse broadening and peak power reduction due to dispersion is enhanced in
comparison to the NRZ format. Therefore, SPM influence during fiber propagation
is reduced and higher optical input power levels are allowed, which was verified
experimentally using standard SMF and linear dispersion-compensation for
40 Gbit/s transmission lengths of 432 and 218 km for the RZ and NRZ formats,
respectively [24]. In another experiment, 2.5 ps RZ pulses (10% duty cycle) were
employed to minimize SPM effects by rapid pulse dispersion, and achieve 800 km
of SMF transmission [25]. In contrast to the conventional dispersion-managed
systems where span-by-span compensation allows fiber non-linearity to act in each

span, the dispersion compensation was performed at the end of the 800-kin fiber
link.

(2) Beyond 40 Gbit/s Single-Channel OTDM: Single-channel OTDM transmission
at an aggregate bit rate of 80 Gbit/s has been demonstrated over 80 km .of DSF as
early as 1993 [41]. However, most of the long-haul 80 Gbit/s transmission
experiments have been demonstrated since 1999 (Table 1.1) [41-49]. The longest
transmission distance achieved at 80 Gbit/s is 1,100 km in a dispersion-managed
recirculating loop [49]. Figure 1.3 shows a historical progression of single
wavelength OTDM experiments with capacities beyond 100 Gbivs [2, 50-62],
where the circle and triangle symbols correspond to single and alternate
polarization multiplexing, respectively. The most notable of these experiments are
the 120 Gbit's (4 x 30 Gbit/s) OTDM system demonstration (this work) [53], the
next generation bit rate of 160 Gbit's OTDM transmission over 200 km of DSF
[54], 300 km of NZDSF [55], and 160 km of standard SMF [56]. The 640 Gbit/s
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Company, OTDM ETDM Transmitter & Pattern Length Fiber Link  Ref.
Year Bit Rate  Base Rate Receiver Type (PRBS)
(Gbit's) (Gbit's)

NTT, 80* 10 GS-LD, 2.1 80 km (41)
1993 2 LN MOD DSF
BT, 80 10 2 EA MOD, 2’1 - (42]
1997 EA MOD
Chalmers  80° 10 ML-FRL, 2%.1 172km  [43)
U., 1999 NOLM DSF
H.-H. 80 10 ML-FRL, 2'-1 250km  [44)
Inst., 1999 all-optical SMF
NTT, 80* 40 ML-LD, 2'-1 168km  [45)
2000 EA MOD DF-fiber
Oki, 80° 20 EA MOD, 251 160km  [46]
1998 EA MOD NZDSF
AstonU.,  80° 10 ML-FRL, 2 523km  [47)
1999 EA MOD SMF
Kansai, 80* 10 ML-LD, 25,1 800km (48]
1999 2 EA MOD DSF
NRL, 80 10 ML-FRL, 2'-1 1,100km  [49]
2000 all-optical DM-fiber

Table 1.1 Chronological summary of single-wavelength 80 Gbit's OTDM system and transmission
demonstrations. OTDM channels with alternate polarization multiplexing are denoted by (*). GS-
LD: gain-switched laser diode; LN: LINbO;; ML-FRL: mode-locked fiber ring laser; ML-LD:
mode-locked laser diode; DSF: dispersion-shifted fiber; SMF: standard single mode fiber; DF:
dispersion-flattened; NZDSF: nonzero dispersion-shifted fiber; DM: dispersion-managed.

OTDM experiment was over 40 km of DSF [62] while the recent 1.28 Tbit/s
OTDM data stream transmission was over 70 km of dispersion-flattened (DF) fiber
[2]. The experimental details of the beyond 100 Gbit's OTDM demonstrations
(Table 4.1) and the 120 Gbit's OTDM system experiment [53] are reviewed in
detail in Chapter 4.
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Figure 1.3 Historical progression of > 100 Gbit's OTDM demonstrations. Circle and triangle
symbols correspond to single and alternate polarization multiplexing of adjacent channels.

(3) Terabit/s WDM based on 2 40 Gbit/s TDM: Increasing the channel rate of next
generation WDM systems to 40 Gbit/s or higher is a definite means of satisfying
the demand for high-capacity transmission. Since the first four-channel 40 Gbit/s
ETDM based 160 Gbit's WDM demonstration over 320 km of DSF in 1996 [63],
several beyond 1 Tbit/s capacity WDM experiments with 40 Gbit/s line rates have
been achieved (Table 1.2) [3, 4, 64-73]). The first demonstration was based on
40 Gbit/s (polarization-multiplexed) NRZ format OTDM channels with an
aggregate capacity of 1.4 Tbit's [64). The most notable of these experiments
include 1.28 Tbit/'s transmission (ETDM/RZ) over 1,000 km of NZDSF [68],
3.28 Tbiv's transmission (ETDM/NRZ) over 300 km of NZDSF [72], 5.12 Tbit/s
transmission (ETDM/NRZ) of polarization-interleaved adjacent wavelength
channels over 300 km of NZDSF [73], 6.4 Tbit/s transmission (ETDM/NRZ) with
a spectral efficiency of 0.8 bit/s/Hz over 186 km of dispersion-flattened optical link
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[3], and 7.04 Tbit's bi-directional transmission (ETDM/NRZ) over 50 km of
NZDSF [4]. Several important techniques employed for these demonstrations were

the use of a 40 Gbit's channel rate, transmission in the C- and L-bands over

NZDSF, distributed Raman amplification, and polarization-interleaving of adjacent

wavelength channels to reduce coherent crosstalk and to increase spectral

efficiency.
Company, WDM TDM Channel A Range (nm) A Spacing(GHz) & FiberLink  Ref.
Year Bit Rate  Number & Spectral Efficiency
(Tbivs)  Format (bivs/Hz)

Lucent, 1 25, 1536.7-1560.7 125, 342km  [64)
1999 OTDM/NRZ" 0.32 NZDSF
NTT, 1.2 30, 1560.6-1609.2 200, 375km  [65)
2000 ETDM/RZ 0.4 DF-fiber

Alcatel, 1.28 32, 1529.9-1555.4 100, 300km  [66]
2000 ETDM/NRZ 0.4 NZDSF

Alcatel, 1.28 32, 1542.9-1567.9 100, 250km  [67)
2000 ETDM/NRZ 04 SMF

Nortel, 1.28 32, 1535.0-1559.8 100, 1,000km  [68)
2000 ETDM/RZ 04 NZDSF

Lucent, 1.4 35, 1529.5-1563.5 125, 85 km (69]
1998 OTDM/NRZ" 0.32 SMF

Lucent, 1.6 40, 1530.7-1561.8 100, 400km - [70]
1999 ETDM/NRZ 04 NZDSF

Siemens, 3.2 80, 1531.1-1562.2 1009, 40 km (1)
1999 ETDM/NRZ  1568.8-1601.4 0.4 SMF

Lucent, 3.28 82, 1530.7-1561.8 100, 300km  [72]
2000 ETDM/NRZ  1570.4-1604.9 0.4 NZDSF

Alcatel, 5.12 128, 1529.9-1561-2 50 & 759, 300 km (73]
2000 ETDM/NRZ  1569.6-1692.5 0.64 NZDSF
NEC, 6.4 160, 1529.5-1561.0 50, 186 km (3]
2000 ETDM/NRZ  1570.4-1603.6 0.8 DF-fiber.

Siemens, 7.04 176, 1528.8-1563.5 509, 50 km (4)
2000 ETDM/NRZ  1568.4-1604.9 0.8 NZDSF

Table 1.2 Summary of Terabit's WDM demonstrations with line rates of 40 Gbit's based on
electrical or optical multiplexing. Notes:  Polarization multiplexing of adjacent OTDM channels
employed; ? polarization-interleaving of adjacent wavelength channels employed; @ bi-directional
propagation of wavelength channels constitutes total capacity.



Chapter 1. Introduction 11

Several Terabit's WDM transmission experiments based on greater than
40 Gbit's OTDM channels have also been demonstrated [17, 74-76]. The four
experiments, which are summarized in Table 1.3, were limited to transmission
distances of less than 100 km of DSF while the highest spectral efficiency of 0.4

was achieved by polarization multiplexing of two 40 Gbit's ETDM/RZ channels
[75].

Company, WDM TDM Channel ARange(nm) A Spacing (GHz) & Fiber Link  Ref.

Year Bit Rate  Number & Spectral Efficiency
(Tbiv's) Format (biv's/Hz)
NTT, 1 10 x 100 Gbit's 1533.6-1562.0 400, 40 km [(74]
1996 (10 x 10 Gbit's) 0.25 DSF
NTT, 1.08 13x80Gbivs, 1542.9-1562.2 200, 89 km (75)
1998 (2 x40 Gbivs)* 0.4 DF-fiber
NTT, 1.4  7x200Gbit's 1529.4-1557.7 600, 50 km (76)
1997 (20 x 10 Gbit/s) 0.33 DSF
NTT, 3.04 19 x160 Gbit's 1540.0-1566.0 480, 40 km (17
1999 (16 x 10 Gbit's) 1570.0-1609.0 0.33 DSF

Table 1.3 Summary of Terabit/s WDM demonstrations based on OTDM channels with line rates
beyond 40 Gbit's. OTDM channels with alternate polarization multiplexing are denoted by (*).

1.2 External Intensity Modulators in Optical Communication Systems

Optical fiber transmission distance for 10 Gbit/s and higher bit rates are
predominantly limited by chromatic dispersion (Eq. (1.1)). The dispersion-induced
pulse broadening is enhanced with a chirped optical source [77], which is
detrimental for high-speed data transmission. Due to their high chirping
characteristics, directly modulated 1.55 pm semiconductor lasers are therefore
unsuitable for high-speed and long-haul data transmission. On the other hand,
external intensity modulators with their high-speed and low-chirp characteristics
are ideal for high-speed data modulation and transmission [78].
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1.2.1 External Intensity Optical Modulators

(1) Electro-Optic Modulators: Electro-optic (EO) modulators are based on the
linear electro-optic effect, or Pockel’s effect, which is the change in the index of
refraction of a material under an applied electric field. In a Mach-Zehnder
interferometer configuration, the optical phase modulation from the change of the
refractive index results in an intensity modulation. Traveling-wave EO modulators
based on LiNbO; are the most common and commercialized types. The highest
electrical 3-dBe bandwidth achieved is 44 GHz [79], and the lowest drive voltage
required for 40 Gbit/s modulation is 1.95 V using a push-pull type modulator [80].

(2) Electroabsorption Modulators: Electroabsorption (EA) modulators are based on
the Franz-Keldysh or the Quantum Confined Stark Effect (QSCE) in bulk and
quantum-well materials, respectively, which is the change of material absorption
under an applied electric field. The highest electrical bandwidth achieved with EA
modulators is 50 GHz [81] while the lowest drive voltage requirement is 0.9 V, for
40 Gbit/s modulation [82].

A comparison of general characteristics of LINbO3 Mach-Zehnder and EA
modulators requires investigation of the drive voltage requirements for a given
bandwidth (modulation efficiency), optical insertion loss, dynamic extinction ratio,
chirp, polarization dependence, and the potential for monolithic integration. The
drawback of LiNbO; modulators are the (1) high drive voltage requirement
(typically 3-6 V), (2) high polarization dependence, (3) unsuitability for monolithic
integration, (4) and bias point drift due to temperature. On the other hand, EA
modulators have the advantage of (1) low drive voltage requirement (typically 1-
3V) due to non-linear absorption, (2) a high maximum extinction ratio, (3)
polarization insensitivity, and (4) potential for monolithic integration. However,
the insertion loss of EA modulators (8-12 dB) is quite high compared to LiNbO3
modulators (4-6 dB). Also, while EA modulators have a fixed chirp, LINbOs
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modulators can have tunable or fixed as well as zero chirp. On the other hand, for
high data rate modulation, due to their higher modulation efficiency, EA

modulators typically have a much higher dynamic extinction ratio.
1.2.2 Optical Processing using EA Modulators

EA modulators were primarily intended for high-speed data modulation as
an alternative to LiNbO3 modulators. However, due to their highly non-linear
absorption characteristic as a function of reverse bias, EA modulators have found
extensive applications for optical processing, especially in OTDM systems. These
applications include optical short pulse generation [20, 83, 84], optical
demultiplexing (85, 86), clock-recovery [87], optical regeneration [88, 89],
wavelength conversion [90, 91], and add/drop multiplexing [92, 93]. These optical
processing techniques in conjunction with simple, stable and compact operation
make EA modulators well suited for high-speed OTDM transmitter and receiver
subsystems [53].

1.3 Traveling-Wave Electroabsorption Modulators

Conventional EA modulators are typically based on a lumped electrode
structure, which are intrinsically bandwidth-limited by the total RC time constant.
Therefore, the device has to be very short (less than 100 pm) in order to achieve
high-speed operation [81]. However, at the expense of high-speed operation, the
extinction ratio and power saturation of the device are reduced while the drive
voltage requirement as well as difficulty in handling and packaging are increased.
On the other hand, longer devices with traveling-wave electrodes can overcome the
RC limitation while potentially having lower drive voltages and higher extinction
ratios [94-97].
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The 25-GHz polarization-insensitive traveling-wave EA modulators [96,
97] described in this section were employed as the fundamental opto-elecwronic
device for the demonstration of various transmitter [20, 98] and receiver
subsystems [92, 99-101] for the 30 Gbit/s ETDM [102] and the 120 Gbit/s OTDM
systems [53] in this dissertation. The 30 Gbit's ETDM transmission experiment
using the traveling-wave EA modulator is the first ETDM experiment over
20 Gbit/s demonstrated by any university while it is also the first modulation
experiment for any traveling-wave EA modulator. Similarly, the 120 Gbit's
OTDM experiment is the first demonstration of the feasibility of using EA
modulators as optical pulse generators and demultiplexers beyond 20 GHz in
conjunction with high-speed ETDM.

1.3.1 Design and Fabrication

The traveling-wave EA modulators are based on a coplanar waveguide
(CPW) electrode structure, which is employed for both the 500-um long
microwave feed lines and the 300-um long optical waveguide region (Figure 1.4).
The ridge is formed by a CH4/Hy/Ar reactive ion etch (RIE), which is followed by a
HCI:H;PO,4 wet etch to reduce the RIE damage. In order to passivate the side-
walls and to reduce the capacitance due to the p-electrode on the optical waveguide,
PMGI bridges connecting the grounds from the sides of the optical waveguide are
formed on both ends. The material structure consists of 0.5-um n*-InP bottom
contact layer, 0.3-um n-InP cladding layer, 10 strain-compensated MOCVD-grown
InGaAsP quantum wells (104 nm, 0.37% tensile strain) and InGaAsP barrier
(7.6 nm, 0.5% compressive strain), 1.5-uym p-InP cladding layer and 0.1 pym p'-
InGaAs top contact layer on the semi-insulating InP substrate. The room

temperature photoluminescence peak of the material is at 1495 nm.
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Figure 1.4 Top-view photograph of the 2-um wide, 300-um long traveling-wave EA modulator
[96).

1.3.2 Static Characteristics

The static fiber transmission characteristics of a 2-um wide, 300-um EA
modulator were measured using a lens pair to couple the CW light in and out of the
device to fiber. High-frequency microwave probes were employed to supply the
reverse bias as well as RF signal for dynamic characterization to be described in the
next section. The fiber-to-fiber transmission as a function of reverse bias is shown
in Figure 1.5 for several wavelengths and the TE and TM polarization states. At
1.55 pm, the drive voltage requirements for 10 and 20 dB extinction ratios are
0.8 V and 1.2 V, respectively, for the TE polanzation. The 20-dB extinction ratio
requirement for the TM mode is 1.28 V, which demonstrates the low polarization
dependence of the device as a result of proper bandgap engineering. It should be
noted that for these initial measurements, the facets were not antireflection (AR)-
coated, and the fiber-to-fiber insertion loss of the device for the TM mode was
13.6dB at 1.57 um. In the high-speed transmission experiments described later in
this dissertation, all the devices were AR-coated and in conjunction with a better
coupling scheme, insertion losses as low as 10 dB were achieved at 1.55 ym. The
static fiber-to-fiber transmission characteristics of the EA modulators used for these

experiments are presented within their respective sections.
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Figure 1.5 Fiber-to-fiber wansmission characteristics of a 300-um long traveling-wave EA
modulator as a function of applied reverse bias for several wavelengths and TE and TM polarization
states. The device facets are not antireflection-coated.

1.3.3 Dynamic Characteristics

The electro-optic frequency response of the EA modulator is shown in Figure
1.6 for three different terminations, which are realized by ribbon-bonded thin-film
resistors. The 3-dBe bandwidths are 10.7, 18, and 25 GHz for no termination,
50Q, and 32 €, respectively. From the 0.4 pF capacitance and 4.6 Q series
resistance of the device deduced from the S;; measurements, the RC-limited
bandwidths are 7.3, 13.4, and 15.8 GHz, respectively, which confirms that the
traveling-wave electrode structure improves the device bandwidth. The reason for
the bandwidth improvement for reduced load terminations is due to the interplay of
multiple microwave reflections between the optical waveguide and the feed lines as
well as between the feed lines and the source and load terminations. Since the

characteristic impedances of the waveguide and the feed lines are about 25 and
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42 Q, respectively, the reflections become weaker for a 50 Q termination (in
comparison to no termination), and negative for a 32 Q load. This leads to a
cancellation of the reflections between the optical waveguide and feed lines, and
consequently to an enhancement of the response at high frequencies. Further
measurements also revealed that the microwave propagation loss was 2 dB at
20 GHz for the 300-um long device.
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Figure 1.6 Electro-optic frequency response of a 2-um wide, 300-um long traveling-wave EA
modulator. The 3-dBe bandwidths are 10.7, 18, and 25 GHz for no termination, 50 Q load, and
32 Q load, respectively.

1.3.4 Chirp Characteristics

For long-haul fiber transmission, it is desirable that the chirp-induced pulse
broadening is low. The small-signal chirp parameter, or the linewidth enhancement
factor a, of the traveling-wave EA modulator was investigated using the fiber

response peak method [103], and the details of this measurement can be found in
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Figure 1.7 Measured linewidth enhancement factor, @, of the 2-um wide, 300-um long traveling-
wave EA modulator as a function of reverse bias at a wavelength of 1542 nm.
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Figure 1.8 Measured linewidth enhancement factor, a, of the 2-um wide, 300-um long traveling-
wave EA modulator as a function of wavelength at a reverse bias of -2 V.
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[97]. The chirp factor as a function of reverse bias at 1542 nm is shown in Figure
1.7. The measured chirp of 1.2 at a reverse bias of -2 V limited the transmission
distance to less than 25 km of SMF at 10 Gbits. Figure 1.8 shows the chirp
parameter as a function of wavelength (EDFA C-band) at a reverse bias of -2 V.

The chirp parameter decreases as the wavelength is decreased.
1.4 Outline of the Dissertation

This dissertation is intended to investigate and demonstrate high-speed
electrical and optical TDM systems, and the underlying transmitter and receiver
subsystem technologies by using high-speed traveling-wave EA modulators for

compact and stable future applications.

Chapter 2 focuses on high-speed ETDM systems beyond 20 Gbit's. A
30 Gbit/'s ETDM optical system assembled at the University of California, Santa
Barbara, with full electrical multiplexing and demultiplexing is presented. This
high-speed optical system predates all of the eventual 40 Gbivs ETDM
transmission demonstrations. A traveling-wave EA modulator, which is also
fabricated at the University of California, Santa Barbara, is investigated at
30 Gbits as a high-speed data encoder, and overall problems and improvements for
future high-speed electrical transmitter and receiver subsystems are analyzed. This
demonstration is also the first high-speed modulation of a traveling-wave EA

modulator.

Chapter 3 is devoted to experimentally demonstrating various optical
processing techniques using EA modulators, primarily intended for high-speed
OTDM system applications. Optical gating of these devices for optical short pulse
generation and demultiplexing is investigated in detail at a modulation frequency of
10 GHz. Novel packaged integrated tandem EA modulators are also presented as
compact and stable 40 Gbit's OTDM receiver subsystems, with applications up to
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80 Gbit/s. The chapter concludes with a novel idea of using an EA modulator for
simultaneous demultiplexing and detection of a single channel from a high-speed
OTDM data stream, with future applications to compact add/drop multiplexers as
well as OTDM demultiplexing receivers.

Chapter 4 investigates next generation high-speed OTDM systems with
aggregate and tributary channel bit rates of over 100 and 20 Gbivs, respectively.
Dual-drive and integrated tandem EA modulators are investigated for short pulse
generation and optical demultiplexing at modulation frequencies higher than
30 GHz. Sub-4 ps optical pulses are achieved at these frequencies, which are the
shortest pulse widths demonstrated to date using sinusoidally driven EA
modulators. Using these devices, a 120 Gbit/s (4 x 30 Gbit/s) OTDM system with

error-free operation is demonstrated.

The dissertation is summarized and concluded in Chapter S.
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CHAPTER 2

High-Speed Electrical Time Division Multiplexed Optical Systems
2.1 Introduction

The speed of optical fiber communication systems based on electrical time
division multiplexing (ETDM) has increased rapidly over the last decade.
Wavelength division multiplexed (WDM) systems operating at 10 Gbit/s are
presently widely deployed while the expected next generation of 40 Gbit/s-per-
wavelength optical communication systems have already been demonstrated in
various laboratory experiments [1-3], in field tnals [4], and are currently being
planned for commercial installation [S]. Whether the goal is to upgrade an existing
10 Gbit's system to 40 Gbit/s or to install a new 40 Gbit/s system, the requirements
for the transmitter and receiver subsystems are quite similar. The most apparent
requirement is to deploy a novel set of very high-speed and broadband electronic
and opto-electronic devices that can accommodate not only 40 Gbit/s data streams,
but also very long pattern lengths. The consequent challenge for each device then
becomes their packaging into high-speed modules that can handle these frequencies
without degrading device performance. Even though broad bandwidth is essential,
from a subsystem perspective, low cost and low power consumption as well as
compactness become the driving force behind novel device technology. A good
example to this is the traveling-wave electroabsorption (EA) modulator [6]
introduced in the preceding chapter, which reduces the microwave power
requirement while maintaining high-speed operation and offering the option of

integration with other system components.

In this chapter, the assembly and investigation of a 30 Gbits ETDM
system, with special emphasis on the high-speed transmitter and receiver

subsystems technologies will be described. This research predates most of the
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subsequent demonstrations at 40 Gbit/s and higher. The 30 Gbit/s system also
forms the basis of the advanced experiments described in Chapter 4. The chapter
concludes with a general analysis of 40 Gbit/s optical transmission systems based
on electrical multiplexing and demultiplexing, and an investigation of future
ETDM systems beyond 40 Gbit/s.

2.2 Overview of 40 Gbit/s Electrical TDM Systems

This section reviews various published device technologies for 40 Gbit's
ETDM systems, including high-speed electrical multiplexers, electrical
demultiplexers, broadband amplifiers (modulator drivers and baseband amplifiers),
40 GHz photoreceivers as well as optical modulators with bandwidths exceeding
30 GHz. Published 40 Gbit/s optical transmission systems employing these

technologies will also be reviewed.
2.2.1 Research in 40 Gbit/s Integrated Circuit Technology

The electrical time division multiplexer is the key component for the
transmitter subsystem of high-speed ETDM systems. Since 1994, there has been
several demonstrations of 40 Gbit/s and higher multiplexers in various device
technologies such as AlGaAs/GaAs heterojunction bipolar transistors (HBT) (7, 8],
Si-bipolar [9], InAlAs/InGaAs/InP high electron mobility transistors (HEMT) [10,
14, 15], GaAs HEMT (12, 16, 19], Si/Ge-bipolar [13, 21], InP/InGaAs HBT [17,
18, 20]), and GaAs MESFET [22]. Table 2.1 summarizes the important
characteristics, such as maximum bit rate of operation, multiplexing configuration,
power consumption and output voltage swing of these multiplexers. The maximum
bit rate achieved is 80 Gbit/s on-wafer [15] and 60 Gbit/s in a high-speed test-
fixture [12], which are both 2:1 multiplexers. On the other hand, the highest
operating speed achieved for a 4:1 multiplexer is 50 Gbit/s [20].
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Company, BitRate IC Technology @ MUX  Power Output Measurement Ref.

Year (Gbivs) Scheme (W) Swing(V)
Toshiba, 40 AlGaAs/GaAs 4:1 0.70 0.80 on-wafer (7]
1994 HBT
Rockwell, 40 AlGaAs/GaAs 4:1 3.50 0.40 on-wafer (8]
1995 HBT
Siemens, 50 Si-bipolar 2:1 0.30 0.60 packaged 9]
1995
NTT, 46 InAlAs/InGaAs 2:1 1.70 0.80 packaged (10]
1996 /InP HEMT
Fraunhofer 45 AlGaAs/GaAs 2:1 0.50 1 on-wafer (1)
Inst.,, 1997 HEMT
Siemens, 60 Si/Ge-bipolar 2:1 0.50 test fixture [12]
1997
NTT, 44 GaAs MESFET 2:1 091 on-wafer (13]
1997
NTT, 64  InAlAsMnGaAs 3, 240 090 on-wafer  [(14]
1997 /InP HEMT
1998 /InP HEMT
Fraunhofer 4 AlGaAs/GaAs 41 0.70 on-wafer (16]
lost, 1998 o5 HEMT 21 150 070
Hitachi, 40 InP/InGaAs 2:1 2.30 0.70 packaged (17]
1998 HBT
CNET, 40 InP HBT 2:1 1 0.40 packaged (18]
1998
Philips, 4“4 GaAs HEMT 2:1 0.50 1 on-wafer (19]
1998
Lucent, 50 InP HBT 4:1 0.80 0.15 on-wafer (20)
1999
Hitachi, 40 Si/Ge HBT 2:1 0.87 0.6 on-wafer (21)
1999
NTT, 70 GaAs MESFET 2:1 0.19 0.13 on-wafer (22]
2000

Table 2.1 Chronological summary of published electrical time division multiplexers with operation
at or higher than 40 Gbit's. MUX: multiplexer.
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The electrical time division demultiplexer is the key component at the
receiver subsystem of high-speed ETDM systems. The device technologies for
40 Gbiv's and higher demultiplexers as well as decision circuits based on D-type
flip-flops (DFF) include InAlAs/InGaAs/InP HEMT [10, 25, 26], Si-bipolar [23],
GaAs MESFET (24, 28], Si/Ge-bipolar [21, 27, 33], InP HBT [19, 29, 32], GaAs
HEMT [20, 31], GaAs HBT [30], and InAlAs/InGaAs HBT [34]. Table 2.2
summarizes the important characteristics, such as maximum bit rate of operation,
demultiplexing configuration, power consumption and input voltage swing
requirements of these demultiplexers. The maximum bit rate of operation achieved
is 60 Gbit/s for a 1:2 demultiplexer configuration in a measuring socket [27] while
40 Gbit/s operation was achieved for 4:1 demultiplexers [32-34]. It should be
noted that some of the listed devices in Table 2.2 are DFF’s, which when driven at
10 GHz are capable of 40-to-10 Gbit/s demultiplexing. Since the DFF has only one

output, individual channels can be selected by varying the phase of the clock signal.

In 40 Gbit's ETDM systems, high-power modulator drivers become very
significant for satisfying the voltage drive requirements of optical modulators by
amplifying the electrical multiplexer output. Modulator drivers with 40 Gbit/s
output voltage swings of about 3 V,, in various technologies including SiGe-
bipolar [35], InP/InGaAs HBT [18], GaAs HEMT [36], and AlGaAs/InGaAs
HEMT [37] have been demonstrated. Recently, a 40 Gbit/s modulator driver was
developed using GaAs p-HEMT technology, which is capable of an output voltage
swing greater than 5 V, [38]. A variety of packaged baseband amplifiers that are
suitable for various 40 Gbit/s applications have also been demonstrated since 1995
[39-43].
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Company, BitRate IC Technology IC Type Power Input  Measurement  Ref.

Year (Gbit's) (W) Swing (V)
NTT, 40 InAlAs/InGaAs 1:2 1.90 0.80 packaged [10]
1996 /nP HEMT :

Siemens, 46 Si-bipolar 1:2 0.83 0.40 packaged [23]
1996
NTT, 40 GaAs MESFET  DFF 0.40 on-wafer [24]
1997
NTT, 40 InAlAs/InGaAs 1:2 3.90 on-wafer [25]
1997 MoP HEMT
NTT, 46 [nAlAs/InGaAs DFF 1.70 0.1 on-wafer [26]
1997 /InP HEMT

Siemens, 60 Si/Ge-bipolar 1:2 1.20 0.30 test fixture (27
1997

CNET, 40 InP HBT 12 250 packaged  [18]
1998
1998
NTT, 40 GaAs MESFET DFF 0.80 on-wafer (28]
1998
Hitachi, 40 Si/Ge HBT 1:2 on-wafer [21]
1999
NTT, 40 InP/InGaAs DFF 0.94 on-wafer (29
1999 HBT
NEC, 40 GaAs HBT DFF packaged [(30]
1999
Fraunhofer 40 GaAs HEMT 12 320 on-wafer 31)
Inst., 1999
NTT, 40 InP/InGaAs 1:4 297 on-wafer (32]
1999 HBT
Hitachi, 40 Si/Ge HBT 1:4 3.20 0.40 on-wafer [33]
2000
Lucent, 40 InP HBT 1:4 1.10 0.30 on-wafer [34)
2000

Table 2.2 Chronological summary of published electrical time division demultiplexers and DFF’s
with operation at or higher than 40 Gbit/s. DFF: D-type flip-flop.
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2.2.2 Research in 40 Gbit/s Opto-Electronic Technology

The receiver subsystem of 40 Gbit/'s ETDM systems requires photoreceivers
that are capable of performing efficient high-speed optical-to-electrical (O/E)
conversion. Several monolithically integrated receiver modules operating at
40 Gbit/s have been demonstrated in various technologies [44-50]. Recently, a
40 Gbit's optical receiver was realized by directly driving the decision circuit with

a 1 Vp, voltage swing generated from an unitraveling-carrier photodetector [51].

High-speed optical modulators can be classified into electro-optic (EO) and
electroabsorption (EA) modulators. Traveling-wave EO modulators with greater
than 30 GHz bandwidth suitable for 40 Gbit/s modulation at 1.55 pm have been
demonstrated using LiNbO; [52-56], and GaAs/AlGaAs [57]. LiNbO; based EO
modulators have reached optical bandwidths of 75 GHz [53] and electrical
bandwidths of 44 GHz [52]. On the other hand, the lowest drive voltage of 2.9 V
has been achieved for a 30 GHz device [55] while a push-pull type ridged
Ti:LiNbO; optical modulator required a half-wave voltage of 1.95 V in push-pull
operation [54]. In the past decade, EA modulators have emerged as alternative
external modulators due to their high bandwidth and low drive voltage
requirements [58-67]. Table 2.3 summarizes the bandwidth, optical insertion loss,
and extinction ratio of these EA modulators. The highest electrical bandwidth
achieved is 50 GHz [60] while the lowest drive voltage required for 40 Gbit/s
modulation is 0.9 Vi [61]. These EA modulators are also suitable for integration
with other optical devices, such as DFB lasers [63] and semiconductor optical

amplifiers (SOA) [66] resulting in low optical insertion loss.
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Company, Material System f3 aBe Insertion Static Dynamic Ref.
Year (GH2) Loss (dB) Extinction Extinction
Ratio Ratio

CNET, InGaAs/InAlAs 42 10 20dB (58]
1995 @24V

Alcatel, InGaAsP 42 16 dB [(59]
1995 @25V

Hitachi, InGaAs/InAlAs 50 8 15dB [60]
1995 @28V

NTT, InGaAs/InAlAs 40 9 >15dB [61]
1996 @25V

CNET, InGaAsP 42 [62]
1997

NTT®, InGaAsP >30 Pow = 23dB 14dB [63]
1998 -3dBm @4V @3V

NTT, InGaAs/InAlAs 42 8 20dB >15dB [64]
1998 @1V @3V

Lucent, InGaAsP 43 15 20dB 6dB (65]
1999 @6V @3V

OPTO+, InGaAsP 36 0 >18dB 10dB [(66]
2000 @45V @2V

Hitachi, InGaAs/InAlAs 40 11.5 15dB 11dB [67]
2000 @17V @23Vy

Table 2.3 Chronological summary of published electroabsorption (EA) modulators with bandwidths
higher than 30 GHz. (*) indicates integrated EA modulator with DFB laser. fig.: 3-dB electrical
bandwidth.

2.2.3 40 Gbivs Electrical TDM System Demonstrations

Single-channel and multi-wavelength optical fiber transmission experiments
based on 40 Gbit's line rates have been extensively investigated and demonstrated
in the past decade (Chapter 1). In these experiments, various transmitter and
receiver subsystems have been employed, including electrical or optical
multiplexing and demultiplexing for the optical transmission of 40 Gbit/s non-
return-to-zero (NRZ) and return-to-zero (RZ) modulation schemes. In this section,
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40 Gbit/s optical systems with the following specific characteristics will be
reviewed: 1) 40 Gbits electrical transmitter employing either EA or LiNbO;
modulators, and 2) receiver subsystems based on 40 Gbit/s electrical or optical
demultiplexing [1-3, 68-76]. Table 2.4 summarizes the transmitter and receiver
subsystem characteristics of 40 Gbit/s electrically multiplexed TDM systems in
chronological order. References are provided for the electrical IC’s and modulators
used (refer to Tables 2.1-2.3).

The first 40 Gbit/s optical transmission using full electrical time division
multiplexing and demultiplexing was demonstrated in 1997 at Siemens, Germany
[1]. In this experiment, the electrical 40 Gbit/s 2'-1 data stream of 7 Vpp Was
applied to a 20 GHz LiNbO3; Mach-Zehnder modulator, and error-free transmission
over 148 km of dispersion shifted fiber (DSF) with an average receiver sensitivity
of -23.2 dBm was achieved. Concurrently, at NIT Laboratories, Japan, an
electrically multiplexed 40 Gbit/s 2’-1 data stream of 3.3 Vpp Was applied to a
Ti:LiNbO; modulator, and electrically demultiplexed using a DFF selector with an
average receiver sensitivity of -24.3 dBm [68]. Recently, a 40 Gbit's ETDM
system prototype based on 40 Gbit/s electrical multiplexer and demultiplexer was
demonstrated, which achieved a receiver sensitivity of -25.1 dBm for a pseudo
random bit stream (PRBS) of 2’-1 [72). An automatic bias controller was used to
compensate for the DC drift of the LiNbO; modulator. A 3-dB optical power
penalty was acquired for longer pattern lengths (2'*-1), which was attributed to (1)
the degraded input sensitivity of the decision circuit, (2) accumulation of pattern
jitter, and (3) intersymbol interference in the process of E/O conversion in the

transmitter and O/E conversion in the receiver.
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Company, Electrical Optical Demultiplexer ~ Pattern  Sensitivity  Ref.
Year Multiplexer Modulator, (DMUX) Length (dBm) @
(MUX) Viive (PRBS) BER=10"°
NTT, 2:1MUX  EA26GHz optical DMUX 21 -26 (2)
1996 (10) 2V,
Siemens, 4:1MUX LN20GHz 1:2DMUX([23] 2’1 -23.3 ()
1997 (12] 7V
NTT, 2:1 MUX LN 53] DFF [26] 2’41 -24.8 (68]
1997 (14] 33V,
NTT, 2:1 MUX LN [54) optical DMUX 2’41 -26 (69]
1998 (14] 3V,
Alcatel, 2:1 SiGe EA [59) DFF 2.1 -23.2 (70]
1999 MUX 3V,
NEC, 2:1 MUX LN [56) DFF [30) 2’41 246 (71]
1999
NTT, 2:IMUX LN[55) 1:2DMUX[10] 271 -24.1 (72)
2000 (15) 3V 2.1 21
NTT, 2:1 MUX LN [55] DFF [26) 221 -24 (73)
2000 (14)
Nortel, GaAs HBT LN opticalDMUX  2°'-1 Q>7 (74)
2000 MUX
Lucent, electrical LN optical DMUX 2 <10 (3]
2000 MUX
Oki, electrical EA optical DMUX  2%.1 (75)
2000 MUX 3V,
Alcatel, 2:1 SiGe LN DFF 2.1 (76)
2000 MUX 5-6 Vyp
Hitachi, 2:1 MUX EA [67) DFF 21 25 (67)
2000 (17) 23V,

Table 2.4 Chronological summary of published 40 Gbit/'s ETDM optical transmission experiments.
MUX: multiplexer; DMUX: demultiplexer; LN: LiNbO; modulator; PRBS: pseudo random bit
stream; BER: bit error rate.

As it can be seen from Table 2.4, both LINbO; and EA modulators were
employed as 40 Gbit/s optical modulators. The lowest drive voltage requirements
were 2 V, for an EA modulator [2] and 3 Vp, for a LINDO; modulator [69]. Most
of the recent very high capacity WDM experiments employed LiNbO; modulators
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since they exhibit less wavelength dependence in comparison to EA modulators. It
should be noted that in these WDM laboratory experiments, typically a single
modulator is used to encode data onto all the wavelength channels, which puts
stringent requirements on the modulator. In a real communication system, each

wavelength channel would require separate optical modulators.

The receiver subsystems in the 40 Gbit/s experiments listed in Table 2.4
consist of high-speed 40 Gbit/s electrical demultiplexers, 40 Gbit/s DFF’s
employed as channel selectors, and optical demultiplexing techniques. It is
interesting to note that only two research groups have employed a full 40 Gbit/s
electrically multiplexed and demultiplexed system [1, 72]. Both systems were
limited to pattern lengths of 2”-1. The longest pattern length of 2*'-1 was employed
only in optically demultiplexed systems [3, 74]. On the other hand, the 40 Gbit/s
WDM field trial operated at a PRBS of 22-1, which employed a DFF as the
electrical demultiplexer [73].

In the next section, a 30 Gbit's electrically multiplexed and demultiplexed
optical system with both EA and LiNbO; modulators will be described. The
requirements and operation of the 30 Gbit/s subsystem technologies are comparable
to 40 Gbit/s systems.

2.3 30 Gbit/s Electrical Time Division Multiplexed System Set-up

This research began in 1995 when no electronic or opto-electronic devices
were available for bit rates greater than 20 Gbit/s. The 30 Gbit/'s ETDM set-up was
entirely assembled using electronic integrated circuits (IC) from Rockwell Science
Center and opto-electronic devices from the University of California, Santa
Barbara. These devices in chip form were packaged into modules using the
microwave packaging technology described in Appendix A. Recently, some of

these devices have become commercially available. The system was then used to
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investigate the high-speed operation of the traveling-wave EA modulator
introduced in Chapter 1. A commercially available LINbO; modulator was also
used to compare the performance of the EA modulator. The current problems and

future improvements for the 30 Gbit/s ETDM link are discussed in the next section.
2.3.1 30 Gbits Electrical Components

The 30 Gbit's ETDM system requires a variety of high-speed electrical
components. The most significant of these devices include the 30 Gbits
4:1 multiplexer [8], the 20-kHz to 50-GHz amplifiers [43], the 30 GHz optical
receiver [77], and the 30 Gbits 1:4 demultiplexer and clock-recovery circuit [78].
It is imperative for repeatable and stable system demonstrations that all of these
devices are packaged in modules with high-speed connector interfaces. Therefore,
a high-speed microwave packaging technology was established [79], which was
also applied to the design and fabrication of bias-tees and low-pass filters as well as
prototype EA modulator modules (Appendix C).

The microwave packages were designed to accommodate 40 Gbit/s digital
circuits with minimized microwave insertion losses at 40 GHz. For such high
frequencies, the right choice of microwave connectors as well as transmission line
designs are required to provide a high-speed interface between the electronic
circuits and subsequent modules. A coplanar waveguide (CPW) transmission line
was chosen for ease of providing a low-inductance ground between the chip and the
surface ground of the substrate. In order to minimize CPW radiation and skin
losses, quartz substrates with a low dielectric constant (g, = 3.92) were used.
Cavity resonances and microstrip modes were suppressed by suspending the quartz
substrate over an air gap with a microwave absorber. A detailed discussion and

design of these packages are presented in Appendix A.
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(1) 30 Gbit/s Electrical 4:1 Multiplexer: The building point of any high-speed
TDM system is the electrical time division multiplexer, which multiplexes 2 or
more tributary data channels in the electrical time domain into one high-speed data
stream. The most common multiplexing configurations are 2:1 and
4:1 multiplexing (Table 2.1) with the former having a relative simplicity and high-
speed potential. Since most system applications require a four-fold capacity
increase, three separate 2:1 multiplexer modules would be required to accomplish
this task, which would potentially increase the cost, size and the power
consumption of the transmitter subsystem. Therefore, a 4:1 multiplexing scheme is

akey approach for a compact and cost-effective transmitter.

The 30 Gbits 4:1 multiplexer IC used in the system experiments were
fabricated at the Rockwell Science Center on MOCVD grown epitaxial wafers
using a self-aligned AlGaAs/GaAs HBT technology [8). The 4:1 multiplexer
circuit occupies an area of 1 x 2 mm? and dissipates 3.5 W for a power supply
voltage of -7.5 V. The device operates at a maximum bit rate of 30 Gbit/s, with
data input levels of 150 mVy, per channel and a differential clock input of
500 mV,,. The multiplexer is capable of handling four simultaneous single-ended
data channels while the system clock is half of the bit rate.

The 30 Gbit/'s multiplexer IC’s were packaged in a hexagonal module using
the technology described in Appendix A. A hexagonal design was used to equalize
the package delays for each of the 10 RF interconnections (four 7.5 Gbit/s tributary
data inputs, two complementary 15 GHz clock inputs, two complementary 7.5 GHz
clock outputs and two complementary 30 Gbits data outputs). Figure 2.1 shows a
picture of the packaged multiplexer. The CPW transmission line length from the
IC to the K-connector interface is 1” long. Figure 2.2 is a close-up picture of the
packaged multiplexer IC. In order to achieve low inductance interconnections,

very short ribbon bonds were used for the chip-to-substrate interface (Appendix A).
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Figure 2.1 Picture of the hexagonal 30 Gbit/s 4:1 electrical multiplexer module. The multiplexer IC
is mounted in a brass package and surrounded by a quartz substrate.

4

:
Y

]
>

Figure 2.2 Close-up picture of the packaged 30 Gbits 4:1 electrical multiplexer IC. The
multiplexer IC is ribbon-bonded to the quartz substrate transmission lines.

The 30 Gbit/s multiplexer set-up used in the optical transmission
experiments is schematically shown in Figure 2.3. A 12 Gbit/s pattern generator
was used to generate the 7.5 Gbit/s data pattern. This data pattern was split four
times and delayed with respect to each other using different cable lengths in order
to ensure decorrelation between the four input data channels. Sufficient
decorrelation between the four channels is necessary in order to preserve a true

PRBS multiplexed output with the right spectral content. At the input to the
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multiplexer, 1-dB electrical attenuators were employed to minimize the effects of
possible reflections, which could deteriorate device operation. Similarly, a 15 GHz
RF source, which was generated either by an external RF synthesizer or by the
frequency multiplied 7.5 GHz clock output of the pattern generator, was used to
drive the multiplexer. Electrical phase shifters were employed for the alignment of
the data inputs and the complementary clock inputs for best operation. Figure
2.4(a)-(e) show the four 7.5 Gbit/s input data pattemns to the multiplexer as well as
the multiplexed 30 Gbit/s output. Each channel was delayed by at least 10 bits (or
by 1.33 ns) with respect to each other. The complementary 30 Gbit/s eye diagrams
are shown in Figure 2.5. The slight eye closure on every other channel is believed

to be due to an on-chip clock-phase alignment problem in the electrical multiplexer.

T 30 Gbit's | 30 Gbit/s
4:1 MUX Output
15 GHz
Clock
Tyl [T [T3] T4
Pattern
Generator
. \ Power

7.5 Gbit/s Dividers
Data Out

Figure 2.3 Schematic diagram of the 30 Gbit/s multiplexer set-up.
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Figure 2.4 Data patterns of (a)-(d) the four 7.5 Gbit/s input channels to the multiplexer, and (e) the
30 Gbit’'s multiplexed output (200 ps/div).

The voltage level of the multiplexer output was typically 300 mV,,. Amplifiers are
required to boost the drive signal and also to amplify the detected signal. The
packaged amplifiers are described in the next section.

79.0949 ns T9.T540 ns 19,5940 ns

Figure 2.5 The 30 Gbit/s eye diagrams of the complementary outputs of the multiplexer (20 ps/div).
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(2) 20-kHz to 50-GHz Amplifiers: Electrical amplifiers play a very significant role
in various parts of high-speed electrical links. In the transmitter subsystem, high
power modulator drivers amplify the electrical multiplexer output to satisfy the
drive voltage requirements of the optical modulator. In the receiver subsystem,
amplifiers are deployed as low-noise electrical pre-amplifiers and receiver post-
amplifiers. These receiver amplifiers are responsible for providing enough voltage
swing input to the decision circuit without introducing excess noise to the received
photodetector output. For all three applications, a linear response with little
magnitude variation and a constant group delay over a broad bandwidth is essential

for low bit error rates with long pattern lengths.

Input AC-coupling
Quartz substrate capacitor combination
Traveling-wave Saciuie ‘ '
Amplifier IC ate low-frequency
extension
Drain Bias Circuit Lo
(shown partly) Drain Bias

de-coupling

Low-frequency
gain reduction
thin-film resistor

Drain low-frequency K-connector Output AC-coupling
extension launch capacitor combination

Figure 2.6 Close-up picture of the packaged S0 GHz amplifier [43).

In order to satisfy both the transmitter and the receiver amplification
applications in the 30 Gbit/s ETDM set-up, a commercially available medium-
power traveling-wave amplifier with an on-chip bandwidth of 2-50 GHz was
employed [80]. The packaged amplifier modules were designed to reduce the
overall microwave insertion losses and to extend the low-frequency cut-off of the

amplifier to 20 kHz while maintaining gain-flatness over a broad bandwidth [43].
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Figure 2.6 shows a photograph of the packaged IC while extensive detail of the

amplifier module design is given in Appendix B.

Response (dB)

Frequency (GHz)

Figure 2.7 Measured frequency response of the packaged 50 GHz amplifier module.

Figure 2.8 Eye diagrams of (a) the 30 Gbit/s input (100 mV/div; 13 ps/div), and (b) the 3 Vpp
output of three cascaded amplifiers (750 mV/div; 20 ps/div).

Figure 2.7 shows a typical frequency response of the packaged amplifiers
with an average gain of 8.5 dB and a gain-flatness within +1.5 dB from 20 kHz to
50 GHz. The packaged amplifier’s response is in good agreement with the chip
performance with the exception of some deterioration of the retumn losses, which is

believed to be due to the ac-coupling capacitors. Figure 2.8 shows (a) the 30 Gbit/s
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input and (b) the 3 Vp, output of three cascaded amplifier modules. No significant
degradation of the eye is observed. These amplifiers were also used as receiver
post-amplifiers in the 30 Gbit/'s ETDM set-up.

() 30 Gbit/s 1:4 Demultiplexer and Clock-Recovery Circuit: As the electrical
multiplexer is the starting point for a high-speed optical system, the electrical
demultiplexer at the receiver subsystem is the final high-speed section. The
electrical demultiplexer separates the high-speed electrical data stream back into
the tributary channels while the clock-recovery circuit recovers the clock from the
incoming data stream for re-timing and decision purposes. Figure 2.9

schematically describes the demultiplexer and clock-recovery circuit set-up.

...................................................................................

.| Loop 15 GHz
| Filter vCo
Phase ; Doubler
Detector | xr
T
Delay & Clock-Recovery
Multiply Circuit
30 Gbivs | 30Gbivs [ L~ "

[

Input — 1:4 DMUX

7.5 Gbit/s Data Out

Figure 2.9 Schematic diagram of the 30 Gbit/s demultiplexer and clock-recovery circuit set-up.
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Similar to the electrical multiplexer, a 1:22 or 1:4 demultiplexing
configuration is most common for high-speed demultiplexers (Table 2.2). The
30 Gbit's 1:4 demultiplexer IC’s [78] used in the system experiments were
fabricated using the AlGaAs HBT technology at Rockwell Science Center as
described in the multiplexer section. The 1:4 demultiplexer circuit occupies an area
of 1 x 2 mm’, and dissipates 3.1 W for a power supply voltage of -7.7 V. The
device operates at a maximum bit rate of 30 Gbit/s, with complementary data input
levels of 250 mVy, and a differential clock input of S00 mV,. The device outputs
four simultaneous single-ended data channels while the system clock is half of the
bit rate. The demultiplexer IC’s were packaged in a similar hexagonal package as
the electrical multiplexer. An automatic gain control (AGC) amplifier [81] was

used to ensure complementary data input to the demultiplexer.

The clock signal required for the demultiplexer was extracted using a
30 GHz clock-recovery circuit based on a phase-locked loop (PLL) [78]. A non-
linear delay and multiply circuit was employed to recover the spectral clock
component from the incoming 30 Gbit/s NRZ data stream. The PLL consists of a
phase detector that functions as a high-speed mixer, a loop filter and a 15 GHz
voltage controlled oscillator (VCO). The 15 GHz output of the VCO was fed into
the 30 Gbits demultiplexer as well as a microwave doubler that generated a
30 GHz clock signal into the phase detector. Bit error rate measurements at
30 Gbivs, which are presented in Section 2.3.2, revealed that there was only 0.3 dB
receiver sensitivity degradation with the clock recovery circuit operating compared

to using a clock signal directly from a synthesizer to drive the demultiplexer.
2.3.2 30 Gbit/s Operation of Electroabsorption Modulator

Electroabsorption modulators with their low driving voltage requirement,

high modulation efficiency, polarization insensitivity and potential for integration
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with lasers make them an attractive transmitter for 40 Gbit/s applications. EA
modulators employing a traveling-wave electrode structure potentially have an
increased extinction ratio with lower drive voltages by overcoming the bandwidth
limiting RC time constant [6]. The high-speed operation of the 26 GHz traveling-
wave EA modulator, fabricated at the University of California, Santa Barbara, was
investigated by employing the 30 Gbit/'s ETDM system components described in
the preceding section. The fiber-to-fiber transmission characteristics of the 2-um
wide, 300-pm long traveling-wave EA modulator used in the 30 Gbit's ETDM
system is shown in Figure 2.10. The insertion loss was 15 dB at 1542 nm while a
maximum extinction ratio of 25 dB at a reverse bias of -3.8 V was achieved for the
TE mode. The traveling-wave electrode was terminated by a 32 Q thin-film
resistor, which extended the bandwidth of the device to 26 GHz (Figure 2.11).
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Figure 2.10 Fiber-to-fiber transmission characteristic of the EA modulator used in the 30 Gbit/s
ETDM experiment as a function of reverse bias at a wavelength of 1542 nm for both TE (dashed
line) and TM (solid line) polarization modes.
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Figure 2.11 Electro-optic frequency response of the EA modulator used in the 30 Gbit's ETDM
experiment at 1542 nm.

Transmission experiments at 30 Gbit/s were carried out using the set-up
shown in Figure 2.12 [82]. The 30 Gbits NRZ electrical data stream was
generated by multiplexing four 7.5 Gbit/s 2’-1 PRBS delayed by 10 bits from each
other using the 30 Gbit/s 4:1 multiplexer. A voltage swing of 2 V,, was applied to
the EA modulator by high-speed probes. A DFB laser operating at 1542 nm
followed by a polarization controller was used as the light source into the EA
modulator. Two lens pairs were used to couple the light in and out of the
modulator. The output signal from the EA modulator was amplified by a booster
erbium-doped fiber amplifier (EDFA) before it was launched into 50 km of DSF

with a zero-dispersion wavelength at 1540 nm.
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51 km DSF
15a2nm|_| EA X ® n__[060am| | PIN
DFB MOD ; OBPF [ | Rx

- received
Bias- power
Tee

Clock

Recovery
Circuit

Ch.l —» —> Chl
7.5 Gbivs Ch.2 —»| 30 Gbits 30 Gbit's |—p Cp2
PRBS 2-1 Ch3 —¢| 4:1MUX 14 DMUX!—p cp3

Figure 2.12 Set-up for the 30 Gbit's ETDM transmission experiment. MUX: multiplexer; AMP:
50 GHz amplifier; DSF: dispersion-shifted fiber; OBPF: optical bandpass filter; PIN Rx: pin-based
receiver; AGC: automatic gain control amplifier; DMUX: demultiplexer.

At the receiver end, an EDFA followed by a 0.6 nm optical filter was used
as an optical pre-amplifier into the packaged receiver with a 30 GHz bandwidth
[77]. Broadband electrical amplifiers followed the optical receiver before the
signal was electrically demultiplexed. The high-speed signal was fed into the
30 Gbit/s 1:4 demultiplexer and the clock-recovery circuit. A 15 GHz VCO was
phase-locked to the incoming 30 Gbit's NRZ data stream. The output voltage

swing of 300 mVp, at 7.5 Gbits from the demultiplexer was then fed into the bit-
error rate tester.

Figure 2.13 shows (a) the 30 Gbit/s output of the 4:1 multiplexer, (b) the
received 30 Gbit/s signal after back-to-back transmission, and (c) after transmission
over 50 km of DSF (mean dispersion of 0.16 ps/nm/km). In the case of back-to-
back transmission, the booster EDFA was not used. The a parameter of the
modulator was +1.2 at the operating bias of -2 V. The extra noise on the eye
diagram after 50 km transmission is due to the high noise figure of the booster
EDFA. No pulse shape degradation is observed after the transmission. Figure
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2.13(d) shows the demultiplexer output at 7.5 Gbits after SO km of DSF
transmission.

(a)

(b)

(©

(d)

(e)

L 21 20€0 na 31.2568 ns 31.5800 ns

Figure 2.13 Measured eye diagrams of (a) the 30 Gbits electrical output from the multiplexer (13
ps/div), (b) the received 30 Gbit/s signal after back-to-back transmission (13 ps/div) and (c) after
transmission over 50 km of DSF (13 ps/div), (d) the demultiplexed 7.5 Gbit/s channel after
transmission (150 ps/div), and (e) the 30 Gbit/s multiplexer output (150 ps/div).

The bit error rate (BER) performance of the traveling-wave EA modulator
is shown in Figure 2.14. BER measurements in the back-to-back measurement
revealed that there was only 0.3-dB receiver sensitivity degradation with the clock-
recovery circuit operating compared to using a clock signal directly from a
synthesizer. A 30 Gbit/s receiver sensitivity of -20.2 dBm and -16.5 dBm were
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achieved for back-to-back and over 50 km of DSF transmission, respectively, for
the best demultiplexed channel. In the back-to-back measurement, the booster
EDFA was not used and error-free operation was achieved. However, a 3.7 dB
power penalty and an error floor were observed in the fiber transmission using the
booster EDFA. The optical input power to the booster EDFA was -18.3 dBm,
which is within 3 dB of the back-to-back system sensitivity. In a separate back-to-
back measurement including the booster EDFA, the same power penalty and error
floor were observed (Figure 2.14). This verified that the penalty and the error floor
are due to the high noise figure and the low optical input power to the booster
EDFA. The EA modulator insertion loss was approximately 20 dB at the bias point
including the fiber coupling losses, which is the major contributor to the low input

power into the booster EDFA, and hence the lower optical sensitivity.
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Figure 2.14 BER measurements at 30 Gbit/s. Triangles: Back-to-back with no clock-recover circuit;
filled circles: back-to-back with 30 GHz clock-recovery circuit; squares: back-to-back with clock-
recovery circuit and booster EDF A; open circles: 51 km of DSF transmission with clock-recovery
circuit and booster EDFA.
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Transmission experiments using the traveling-wave EA modulator were
also carried out at 10 Gbit/s (2*'-1 pattern length) using commercially available
components. Figure 2.15 shows the schematic diagram of the 10 Gbit/s
experimental set-up. A DFB laser operating at 1542 nm followed by a polarization
controller was used as the light source into the EA modulator. The input to the
modulator was 3.4 dBm. The output signal from the EA modulator was amplified
by an EDFA before it was launched into 150 km of DSF with a mean dispersion of
-0.93 ps/nm/km.

150 km DSF
1542om).| EA () . [0.6nm| [ PN
DFB MOD : OBPF Rx
.T received
Bias- power
Tee %7
P
10 Gbit/s Received
PRBS 23!-1 Bit Error | 10 Gbiv's
Rate Tester

Figure 2.15 Experimental set-up for the 10 Gbit/s transmission using the EA modulator. DSF:
dispersion-shifted fiber; OBPF: optical bandpass filter; PIN Rx: pin-based receiver.

Figure 2.16 shows the BER performance of the EA modulator for back-to-
back and over 150 km of DSF transmission. In the back-to-back measurements,
error-free operation and a receiver sensitivity of -31.2 dBm were achieved for both
the TM and the TE polarizations without changing the operating conditions of the
modulator. This indicates that the polarization-dependence of the EA modulator is
very low. An improved sensitivity of -32.8 dBm was observed after 150 km of
DSF transmission due to the interplay between the positive chirp of the modulator
and the slightly negative dispersion of the fiber. Contrary to its effect in the



54 Chapter 2. High-Speed Electrical Time Division Multiplexed Optical Systems

30 Gbiv/s transmission, the booster EDFA did not degrade the system performance
since the optical output power from the EA modulator was significantly higher than

the 10 Gbit/s system sensitivity.
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Figure 2.16 BER measurements at 10 Gbit/s. Triangles: Back-to-back TE polarization; circles:
back-to-back TM polarization; squares: 150 km of DSF transmission TM polarization.
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Figure 2.17 Measured 10 Gbit/s eye diagrams for (a) back-to-back and (b) after 150 km of DSF
transmission (20 ps/div).
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Figure 2.17 shows the received eye diagrams for (a) back-to-back, and (b)
after transmission over 150 km of DSF. The long pattern length used in this
transmission experiment indicates good low-frequency characteristics for this
modulator. This is also a good indication that the pattern length limitation in the
30 Gbit/s transmission is due to the ETDM system, which is investigated in the

next sections.
2.3.3 30 Gbit/s Operation of LiNbO; Modulator

In order to evaluate the performance of the EA modulator, the same
30 Gbit/s experimental set-up (Figure 2.12) was employed using a commercially
available fiber-coupled LiNbO; modulator with a 3-dB electrical bandwidth of
20 GHz [83]. The device reaches a maximum extinction of 35.5 dB for a static V,
of 4.65 V while the optical insertion loss is 6 dB at 1542 nm. A 30 Gbits drive
voltage of 3 Vi, generated by the electrical multiplexer and the cascade of
amplifiers, was applied to the LiNbO; modulator biased at -2.64 V. The
polarization of the optical input light was optimized and back-to-back BER
measurements at 30 Gbit/s were performed using the same receiver subsystem as in
Figure 2.13. The 30 Gbits BER measurements for the LiNbO; modulator
performance are shown in Figure 2.18. A receiver sensitivity of -16.4 dBm for a
BER of 10” was achieved. Also shown in Figure 2.18 for comparative purposes is
the back-to-back BER measurement using the EA modulator. The optical power
penalty incurred with the LiNbO; modulator is 3.8 dB for a BER of 10°. This
penalty is predominantly due to the lower bandwidth and the high drive voltage
requirement of the commercial LiNbO; modulator, which confirms that the
traveling-wave EA modulator is a good candidate for future high-speed optical

communication systems.
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Figure 2.18 BER measurements at 30 Gbits for the traveling-wave EA modulator (triangles) and
the LiNbO, modulator (circles).

2.4 Discussion and Analysis of the 30 Gbit/s Electrical TDM System

In the previous two sections, the high-speed performance of the traveling-
wave EA modulator was investigated and determined to be superior over a
commercially available LINbO; modulator. A better receiver sensitivity for the EA
modulator was achieved due its nonlinear absorption characteristic, lower drive
voltage requirement and higher bandwidth. Also, the EA modulator’s low
polarization dependence as well as its potential for integration provides additional
advantages over the LiNbO; modulator. However, the overall 30 Gbit/s optical
system exhibited two significant problems: (1) a high experimental receiver
sensitivity of -20.2 dBm, and (2) a poor performance for long pattern lengths (2°'-
1). Therefore, an investigation and characterization of the overall 30 Gbit/s system

performance is required.
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2.4.1 Optical Demultiplexing using EA Modulator

In order to assess the performance of the 30 GbitUs receiver subsystem,
optical demultiplexing using an EA modulator, which will be described in detail in
Chapter 3, was employed. The EA modulator was driven at 7.5 GHz and an optical
transparency gate for the selection of any of the four channels was generated. The
main advantage of this demultiplexing scheme in comparison to its ETDM
counterpart is that the receiver subsystem requires a bandwidth of less than
7.5 GHz. Therefore, this technique eliminates any bandwidth-dependent penalty
that might occur from the 30 Gbit/s receiver subsystem and can be constructed with

commercially available 10 Gbit/s components.

1 30 Gbit's EA modulator |
back-to-back demultiplexer/receiver
1555 nm|__|LiNbO; E

EDEA06 nm|_| EA o PIN | i
DFB MOD : OBPF| [MOD Rx | !
T rece'ivé& ------------------------ T"“““"""""".l ------

30 Gbivs power 7.5 GHz 7.5 Gbiv's
datain RF data out

Figure 2.19 Schematic of the 30 Gbit/s experimental set-up using an EA modulator as the optical
demultiplexer. OBPF: optical bandpass filter; PIN Rx: pin-based receiver.

A schematic diagram of the experimental set-up including the EA
modulator based receiver is shown in Figure 2.19. A low-noise EDFA (noise
figure of 4 dB) was used as the optical pre-amplifier input to the EA demultiplexer
while the receiver sensitivity was measured at the input of the pre-amplifier EDFA.
For ease of experimental set-up, the fiber-coupled LiNbO; modulator was used as
the optical data modulator in this experiment. This allowed for a direct comparison
of 30 Gbit/s receiver sensitivities. The EA modulator was reverse biased at 4.5 V
and driven with a 6 V,; 7.5 GHz RF signal to generate the optical demultiplexing

window. Any of the four input channels can be selected by using an electrical
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phase delay. Due to the optical insertion loss of the EA modulator, the
demultiplexed optical channel was then amplified by an EDF A before detected by a
commercial 10 Gbit/s receiver. The O/E converted signal was then electrically

amplified for BER measurements.

(a)

(b)

(c)

(d)

(e)

Figure 2.20 Measured eye diagrams of (a) the 30 Gbits optical signal and (b)-(e) the four
demultiplexed 7.5 Gbit/s optical channels (13.3 ps/div).

Figure 2.20 shows (a) the 30 Gbit/s optical eye diagram and (b)-(e) the four
demultiplexed 7.5 Gbit/s optical channels measured with a 30 GHz photodetector.
Clear eye opening is observed for all four channels. The demultiplexed and O/E
converted 7.5 Gbit/s tributary channel is simultaneously shown with the 30 Gbit/s
optical eye diagram in Figure 2.21.



Chapter 2. High-Speed Electrical Time Division Multiplexed Optical Systems 59

T ST AT IR ey AP AT NS O LR P

(a)

G}, Wi

Figure 2.21 Measured eye diagrams of (a) the 30 Gbit/s optical signal and (b) the demultiplexed
and O/E converted 7.5 Gbit's electrical channel (26.6 ps/div).
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Figure 2.22 BER measurements at 30 Gbit/s for all four channels using the EA modulator based
optical demultiplexer. Also shown is the 30 Gbit's BER measurement using the 30 Gbit's ETDM
receiver subsystem (triangles).
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The 30 Gbit/s BER measurements for all four channels are presented in
Figure 2.22 for a pattemn length of 2’-1.  Error-free operation is achieved for all
four channels with an average 30 Gbit/s receiver sensitivity of -25 dBm for three of
the channels. Channel 2 exhibited a comparatively higher sensitivity (-22.2 dBm),
which is attributed to a change in the operating conditions of the system during
BER measurements. Also shown in Figure 2.22 is the BER measurement using the
30 Gbit/s ETDM receiver subsystem (Section 2.4.3). An average improvement of
8.6 dB in 30 Gbit/s receiver sensitivity is observed using the EA modulator based

optical demultiplexer.
2.4.2 Investigation of Optical Power Penalties

The receiver sensitivities obtained from the 10 and 30 Gbit/s back-to-back
experiments using the EA and LiNbO; modulators as well as different set-ups were
compared to assess the optical power penalties (Table 2.5). The BER can be
obtained by,

,d 2
BER = 5 erf{ﬁ) (2.1)

where the Q-factor is given by,

Q_ II_IZ

= (2.2)
O'l + 0’2

The signal current I; for an optically pre-amplified receiver is given by,

I, =RGP, (x=0,}) (2.3)
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BitRate Modulator Transmitter EDFA  Receiver  sensitivity @ Section

(Gbivs) (NF) 10° (dBm)
(a) 10 EA commercial 7 commercial -31.2 23.2
-32.8°
(b) 30 EA 30 Gbit's 7 30 Gbiv's -20.2 232
(c) 10 LiINbO;  commercial 4 commercial -36
7 -33
(d) 30 LiNbO, 30 Gbit's 7 30 Gbit's -16.4 233
(e) 30 LiNbO, 30 Gbit's 7 EA DMUX -25 24.1

Table 2.5 Summary of 10 and 30 Gbit/s system sensitivities using different transmitter and receiver
subsystem configurations. (*) denotes chirp compensated transmission.

where G is the optical amplifier gain and R is the responsivity of the photodetector.
Neglecting the photodetector thermal noise (o), shot noise (o3), and spontaneous-
shot beat noise (0;.55), the noise current contributions are signal-spontaneous (Oy;g.

sp) and spontaneous-spontaneous (0;,-5p) beat noises given by,

- =(qnGF, ) Av,,, A1 (2.4a)
2
e =2V £ p s 2.46)

where 7 is the photodetector quantum efficiency, F, is the optical amplifier noise
figure, Av,, is the optical filter bandwidth, and Af is the electrical bandwidth.
Assuming infinite extinction ratio and balanced photodetection, Eq. (2.3) and (2.4)

can be written as,

I, =2RGP_and I,=0 (2.5a)
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2 _ 2 2 =
0, =04 ,+6,, and o,=0, (2.5b)

The receiver sensitivity P, is obtained by substituting Eq. (2.5) in Eq. (2.2) and
solving for Py,,:

F. =thAf(Q’ + Q)27 Af) (26)

(1) Optical Pre-Amplifier EDFA: From Eq. (2.6), it can be seen that the noise
figure of the optical pre-amplifier is directly proportional to the received power.

An optical power penalty, 5pr4, due to the EDFA noise figure can be defined as,
8cprs =1010g(F,) (2.7

From the measurements in Table 2.5(b), a 3-dB noise figure difference in the
10 Gbit/s measurements resulted in a 3-dB optical power penalty. Therefore, a 3-
dB improvement in receiver sensitivity would be expected in the measurements of
(a), (b), and (d) (Table 2.5). This would result in an improved 30 Gbit/s receiver
sensitivity of -23.2 dBm and -19.4 dBm for the EA and the LiNbO; modulators, -

respectively.

(2) 30 Gbit/s Electrical Receiver Subsystem: The 30 Gbit/s BER measurements
employed with the LiNbO; modulator using the 30 Gbit/s electrical receiver
subsystem (d) and the optical demultiplexer (e) allow for a direct assessment of the
electrical receiver subsystem performance. By subtracting the power penalty
incurred from the optical pre-amplifier EDFA, a power penalty (Jgx) of 5.6 dB is

observed for the 30 Gbit/s receiver subsystem. This penalty is believed to be due to
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several factors: (1) the microwave reflections between the receiver and the post-
amplifiers, (2) the added extra noise and microwave reflections within the cascade
of three post-amplifiers, and (3) the decision capability of the 30 Gbits
demultiplexer. The 30 Gbit/s receiver sensitivity of the EA modulator in Table
2.5(b) would therefore increase to -25.8 dBm (only Jry) and -28.8 dBm (ry &

OEDF4)-

(3) 30 Gbit/s Electrical Transmitter Subsystem: When the 30 Gbit/s experiment in
Section 2.4.1 using the LiNbO; modulator and the optical demultiplexer was
repeated for a pattern length of 2*'-1, an error floor was observed at a BER of 10*.
Since the commercial receiver and amplifier have low-frequency cut-offs below
100 kHz, this indicates that the pattern-dependent effect is due to the transmitter,
which consists of the 30 Gbit/s 4:1 electrical multiplexer, a cascade of broadband
amplifiers and the LiNbO; modulator. It is informative to look at the electrical
30 Gbit/s eye diagrams at the input to the modulator, which are shown in Figure
2.23 for (a) 2’-1 and (b) 2°'-1 pattern lengths. The noise build-up is clearly more
apparent for the longer pattern length. This is attributed to (1) the 4:1 multiplexer

operation and timing alignment, (2) microwave reflections within the amplifier
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Figure 2.23 Measured eye diagrams at 30 Gbits at the output of the transmitter amplifier cascade
for pattern lengths of (a) 2’-1 and (b) 2*'-1 (13.3 ps/div).
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cascade as in the receiver subsystem, and (3) the saturated operation of the last

amplifier in the cascade.

(4) Modulator Extinction Ratio: The performance of optically pre-amplified
systems can be significantly degraded by the finite extinction ratio (r.,) of the input
optical signal. Extinction ratio is defined as,

r = % 2.8)

The signal currents and the noise current contributions (neglecting o;,.,) for a

finite extinction ratio are given by,

I = 2 RGP, and I,=r, (2.9a)
l+r,
: _{_4 @nG) ;-\
o, = Tor. ) hv FAP,. and o,=r.0o, (2.95)

The receiver sensitivity is obtained by substituting Eq. (2.9) in Eq. (2.2) and

solving for P.:

— 1+r 1+\/;,: )
P,= £ hvF, 2.10
rec (l—ra)(l—,/a] A0 (2.10)

An optical power penalty,d,,, due to the finite extinction ratio can be defined as,

5, = 1010{(132 J(:t%ﬂ @.11)
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Figure 2.24 Simulated optical power penalties for a BER of 10~ as a function of finite transmitter
extinction ratio for an optically pre-amplified receiver. Also shown are experimental and predicted
best operating points for the EA and LiNbO; modulators used in the 30 Gbit/s experiments.

Figure 2.24 demonstrates how the power penalty increases for degraded
extinction ratios in an optically pre-amplified system. Also shown in the plot are
the predicted power penalties for both of the modulators from their maximum static
extinction ratios. A power penalty of less than 0.15 dB and 0.5 dB would be
expected if the drive voltage swing corresponded to the maximum static extinction
ratios of 35.5 dB for the LiNbO3; modulator and 25 dB for the EA modulator,
respectively. However, the modulation efficiency is degraded for high-speed
operation due to the bandwidth limitations of the modulator. From the 20 GHz 3-
dBe bandwidth of the LiNbO; modulator, the applied 3 Vp, drive voltage is reduced
to 1.68 Vpp at 30 Gbit/s. At the bias point of -2.64 V, the attenuated voltage swing
corresponds to an extinction ratio of 11.4 dB resulting in a power penalty of 3.4 dB
(Figure 2.24). A similar analysis for the EA modulator would yield an extinction
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Figure 2.25 Predicted 30 Gbit/'s BER curves with respect to the measured BER for the traveling EA
modulator by taking into account the EDFA, 30 Gbit's ETDM receiver subsystem, and finite
transmitter extinction ratio optical power penalties.

ratio of 16.3 dB and a power penalty of 1.5 dB for a 2 V,,, voltage swing. Since the
best achievable extinction ratio results in a power penalty of 0.5 dB, the real power

penalty due to the finite extinction ratio of this device is 1 dB.

The overall effects of the power penalties due to the EDFA, &gpry, the
30 Gbit/s receiver subsystem, Jry, and the finite extinction ratio, &,, are
summarized in Figure 2.25 together with the 30 Gbit/'s BER measurements. A
30 Gbit/s receiver sensitivity of -29.8 dBm would be expected by using the

traveling-wave EA modulator after elimination of the power penalties.

In a different analysis, the obtained sensitivity using the EA modulator at
10 Gbiv's is -34.2 dBm when the EDFA penalty of 3 dB is subtracted from the
measured result (Table 2.5 (a)). For a 10 Gbit/s and 30 Gbit/s signal to achieve the
same BER, an extra amount of 4.6 dB optical power is required at 30 Gbit/s (by Eq.
(2.6)). This would mean that the predicted 30 Gbit/s sensitivity from the 10 Gbit/s
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BER measurements would be -29.6 dBm, which is in very good agreement with the

sensitivity obtained in the preceding analysis.
2.4.3 Future Improvements and Conclusions

The 30 Gbit/s experimental results using the LINbO; and EA modulators as
well as the optical power penalty analysis in the preceding section allow for the
generalization of several improvements and requirements for future 40 Gbit/s

transmitter and receiver subsystems:

(1) 40 Gbit/s Transmitter Subsystem: The major problem with the electrical
transmitter subsystem was its poor performance for long pattern lengths. One of
the reasons for this is the contradicting demand of high-speed operation and high
voltage drive requirement of the modulator, which leads to the saturated operation
of the electrical amplifiers. Also, microwave reflections due to improper
impedance matching between the electrical components as well as the modulator
cause double reflections and increased intersymbol interference and timing jitter. A
cascade of electrical amplifiers should be avoided and replaced by a single high-
power amplifier. However, this does not alleviate the reflections between the
amplifier and the modulator. For a 20-cm long cable used in the 30 Gbits
experiments, double reflections occurring at the modulator and the driver results in
a 2 ns (61 bits) time delay. Therefore, the modulator driver [35] or a power
multiplexer [84] should be directly bonded to the device, which would not only
eliminate any external components such as K-connector interfaces, but also reduce
the reflection induced time delay to less than 1 ps. Monolithic integration of an EA

modulator with a modulator driver or a multiplexer would be the ideal solution.

(2) 40 Gbit/s Receiver Subsystem: The 30 Gbit/s experimental analysis showed that
an optical pre-amplifier EDFA with very low noise figure is essential for improved

sensitivities. The high receiver power penalty induced by the electrical components
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(as in the transmitter subsystem) reveal that external electronic amplification
should be avoided. A high-gain optical pre-amplifier coupled with a very high-
efficiency (high output voltage) photodetector could be used to directly drive the
electrical demultiplexer [S1], which would avoid the signal distortions and excess
noise added by electrical amplifiers. This concept could be implemented either by
directly bonding the photodetector to the demultiplexer or by monolithically

integrating the receiver [50].

A schematic diagram of the ideal 40 Gbit/s transmitter and receiver
subsystems is shown in Figure 2.26. Note that the external 40 Gbit/s high-speed
interfaces are completely removed. This implementation could also allow for the
realization of future 160 Gbit/s ETDM systems based on 40 Gbit/s base rate.

10 (40) Gbit/s ch.] —f==-------- —
10 (40) Gbit/s ch.2—#140 (160) Gbit/s ;%
10 (40) Gbit/s ch.3 MUx i S L
T L TS W e e — EDFA
pD 1510 (40) Gbit/s ch.1
1y 40 (160) Gbit's {t-» 10 (40) Gbivs ch.2
.0 1 DMUX 110 (40)Gbit/s ch.3
pre-amp Loroesraseninianens H 10 (40) Gbit's ch.4

EDFA

Figure 2.26 The ideal 40 Gbit's (and 160 Gbit's) ETDM based optical system with integrated
transmitter and receiver subsystems. The outer interfaces are at the tributary channel speed of 10
Gbit/s (40 Gbit/'s). MUX: multiplexer; DMUX: demultiplexer; PD: photodetector; EA: modulator.
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2.5 Summary and Conclusions

In this chapter, an electrically multiplexed and demultiplexed 30 Gbit's
TDM system was introduced while the application of EA and LiNbO; modulators
for high-speed TDM systems were discussed. It was experimentally identified that
electrical TDM systems suffer optical power penalties and pattern length
limitations due to microwave reflections between E/O and O/E interfaces, long
electrical amplifier chains, and saturated operation of modulator drivers. The
traveling-wave EA modulator with its non-linear attenuation characteristic showed
superior operation over a commercial LINbO3; modulator due to its high bandwidth,
low drive voltage requirement, low polarization sensitivity, and potential for
integration. The 30 Gbit/s experimental analysis revealed that monolithic
integration of various electronic and opto-electronic devices would improve system

performance and result in compact size as well as low power consumption.

Future 160 Gbit/'s ETDM systems will require novel device technologies
that can overcome the problems observed in 40 Gbit/s subsystems. It is quite likely
that at 160 Gbit/s, the transmitter and receiver subsystems will require complete
monolithic integration between the electrical tributary channels and the multiplexed
high-speed optical channel. This will eliminate any high-speed electrical
connections with the benefit of reduced microwave reflections and system
degradation while the only interfaces would be at the tributary speed. For the
future integrated high-speed electrical TDM system, EA modulators will be strong

candidates due to their potential for monolithic integration.
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7
CHAPTER 3

Optical Processing using Electroabsorption Modulators
3.1 Introduction

With the increasing demand for information bandwidth in optical
communication systems, the transmission capacity of optical fibers will be utilized
to its full extent. Since the speed for electronic signal processing is limited by the
well know electronic bottleneck, all-optical solutions have emerged over the past
decade. Wavelength division multiplexing (WDM) is already commercially
deployed while intense research in optical time division multiplexing (OTDM)
provides an alternative upgrade solution for future ultra-high-capacity optical
systems. In order to increase the capacity of point-to-point OTDM systems, high-
speed optical processing using all-optical and electro-optic techniques has become
a key area of research. Optical short pulse generation and optical demultiplexing
are the underlying technologies for realizing very high-speed OTDM systems. The
point-to-point systems can then be implemented into scalable and reconfigurable
OTDM networks [1]. In addition to possessing the point-to-point system
technologies, each network node also requires an add/drop multiplexing
functionality for dropping channels from the incoming data stream while inserting
new channels into the vacant time slots (Figure 3.1). As these OTDM networks are
scaled further by WDM, the optical processing technologies have to maintain

wavelength and polarization insensitivity.

Optical processing technologies such as short pulse generation, optical
demultiplexing, clock-recovery and add/drop multiplexing have been widely
demonstrated using all-optical fiber techniques, semiconductor optical amplifiers
(SOA) and electroabsorption (EA) modulators. Even though EA modulators were

primarily intended for high-speed data modulation (Chapter 2), various optical
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Transmitter Receiver
Node Node
» OADM
Intermediate;
User

Figure 3.1 A simple OTDM network architecture with an optical add/drop multiplexing (OADM)
node. '

processing techniques using compact and stable EA modulators have recently been
demonstrated [2-12]). These include optical short pulse generation (2, 3], optical
demultiplexing [4, 5], clock-recovery [6], optical regeneration [7, 8], wavelength
conversion [9, 10], and add/drop multiplexing [11]. In this chapter, optical gating
applications for short pulse generation and demultiplexing as well as a novel
simultaneous optical demultiplexing and detection technique for high-speed OTDM
transmitter and receiver subsystems using the traveling-wave EA modulator [12]

will be described.
3.2 Optical Gating using EA Modulators

Over the past decade, EA modulators have attracted a lot of interest for
optical gating applications such as optical short pulse generation [2, 3] and optical
demultiplexing [4, 5]. Due to the nonlinear attenuation characteristic of the EA
modulator, optical transparency gates of different durations can be achieved as a
function of the applied sinusoidal RF drive and varied reverse biases. Figure 3.2
shows the operation principle of optical gating using an EA modulator. An optical

input (CW light or data stream) is coupled into the modulator and a large sinusoidal
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Figure 3.2 Operation principle of optical gating using EA modulators under sinusoidal RF
modulation.

voltage signal under reverse bias drives the device. As a result of the pulse
compression due to the nonlinear attenuation characteristic of the EA modulator,
optical gates of different duty ratios corresponding to different reverse biases and
the sinusoidal modulation can be generated. It is important to note that the optical
gating mechanism is independent of the 3-dBe bandwidth of the EA modulator
since the nonlinear absorption characteristic dictates the pulse shape and pulse
width. Supplying sufficient RF power at the modulation frequency can simply
compensate for the drop in frequency response. Typically, extinction ratios of
greater than 20 dB can be achieved for the optical gates due to the high absorption
characteristic of EA modulators at large reverse biases. Figure 3.3 schematically
shows (a) the optical short pulse generation and (b) the optical demultiplexing

applications using a sinusoidally driven and reverse biased EA modulator.
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Figure 33 (a) Optical short pulse generation, and (b) optical demultiplexing using sinusoidally
driven and reverse biased EA modulators.

3.2.1 Optical Short Pulse Generation

Optical short pulses are necessary in the transmitter subsystem of optical or
electrical TDM systems employing the return-to-zero (RZ) format. Due to the
flexible operation of EA modulators, Gaussian, super-Gaussian or sech (for soliton
transmission) pulse shapes with different pulse widths can be generated. In order
to avoid pulse overlap in OTDM transmitter applications, it is sometimes necessary
to generate shorter optical pulses than can be generated using single frequency
sinusoidal modulation. Several techniques, which are summarized schematically in

Figure 3.4, can be employed to achieve small duty ratio pulse trains.

(1) Harmonic Modulation: The optical short pulse generation capability of an EA
modulator depends strongly on its nonlinear absorption characteristic. Assuming
negligible dependence on the bandwidth of the device, the output pulse width of a
sinusoidally driven EA modulator is inversely proportional to the modulation
frequency (the bandwidth limitation can be compensated with sufficient RF power).
This results in halved pulse width generation at doubled frequency operation.
Therefore, an EA modulator driven with a RF modulation source consisting of the
fundamental frequency and its higher harmonics can generate shorter pulses at the
fundamental repetition rate [13]. The comb-like RF modulation signal can be

generated either by an impulse generator or by superimposing the fundamental
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sinusoidal frequency and its second harmonic (Figure 3.4(a)). This technique can
also be employed in conjunction with the pulse width shortening methods described

below.
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Figure 3.4 Optical short pulse generdtion techniques: (a) harmonic RF modulation, (b) tandem EA
modulators, (¢) linear chirp compensation, and (d) non-linear pulse compression. DCF: dispersion-
compensating fiber; DSF: dispersion-shifted fiber; OBPF: optical bandpass filter.
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(2) Tandem Operation: A series cascade of two or more RF driven EA modulators
is another method for generating shorter optical pulses (Figure 3.4(b)) [14-17].
Since each device generates an optical gate, the optical output of the cascade of EA
modulators is the logical product of the individual optical gates. The final pulse
width depends on the temporal intensity profile of the individual EA modulator
switching windows. Assuming identical Gaussian intensity profiles for a cascade
of N EA modulators, a factor of VN reduction is expected in the overall pulse width,
which is illustrated in Figure 3.5 for a tandem. For practical applications, the
cascade of EA modulators is typically limited to two devices since the optical
insertion loss becomes excessively large. The tandem scheme not only shortens the
optical pulse widths, but effectively doubles the dynamic extinction ratio compared
to a single device. Using the tandem scheme, even shorter pulses can be realized
by offsetting the phases of the two optical gates at the expense of optical output
power. For two Gaussian transmission windows, the effect of adjusting the relative
phase is to reduce the peak transmitted power while the pulse duration is unaltered
compared to the case when both are in phase. However, for a super-Gaussian
transmission profile, offsetting the relative phases results in a reduction of pulse
width (Figure 3.6(a)). A comparison between a super-Gaussian optical window for
a single device, the resultant optical gate from synchronous phase delay, and the
shortened optical pulse due to the phase offset is shown in Figure 3.6(b). It should
be emphasized that shorter optical pulse widths can be achieved by larger phase
offsets at the expense of optical output peak power. The ultimate limit would be
determined by the overall system requirement. Finally, the tandem scheme can be
realized by integrating the two EA modulators on a single chip [14-16], or by
employing two separate fiber-coupled EA modulators and optical amplifiers [17].
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Figure 3.5 Pulse width reduction of a Gaussian pulse in a tandem configuration.
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Figure 3.6 (a) Pulse width reduction of a super-Gaussian pulse in a tandem configuration with a
0.6T phase off'set, (b) pulse shape and pulse width comparison for normalized single super-Gaussian
pulse (solid line), tandem with synchronous phase (long dashed line), and tandem with phase off'set
(short dashed line).

(3) Linear Chirp Compensation: It is desirable for system applications that the
generated optical pulses have the narrowest optical spectrum, i.e., the pulses are
transform-limited. However, due to the initial frequency chirping, C, of EA
modulators (Chapter 1), the spectral width is enhanced by a factor of (I+C7)'?
assuming Gaussian pulses (Figure 3.4(c)). The linear chirp can be compensated by
following the EA modulator with dispersion-compensating fiber (DCF) of specific
length, L, given by [18],
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where T is the half-width at //e-intensity point of the chirped pulse, and f; is the

group-velocity dispersion parameter. Linear pulse compression by Eq. (3.1) is
valid only for the condition that 5,C<0 is satisfied. The minimum pulse width,

Tomin, is then given by,

T, =0 (32)

v1+C?

(4) Non-Linear Pulse Compression: Optical pulses generated by EA modulators
can be significantly reduced to short pulse widths by employing non-linear pulse
compression techniques using dispersion decreasing fiber [19], or self-phase
modulation (SPM) in dispersion shifted fiber (DSF) with subsequent optical
filtering (Figure 3.4(d)) [20]. The optical pulses generated by the EA modulator
require significant amplification to high optical peak powers to achieve spectral
broadening by SPM in a specific length of DSF. The output pulses are transform-
limited and the optical pulse widths are determined by the optical filter spectral
bandwidth.

There have been several optical short pulse generation demonstrations at
modulation frequencies of 10 and 20 GHz by utilizing the preceding pulse
compression methods. By employing the dual-frequency technique on a single EA
modulator and linear chirp compression, optical pulse widths of 4.1 ps were
achieved for a repetition rate of 10 GHz [21]. At 20 GHz modulation, a very small
pulse duty ratio of 7.2% was achieved due to the low drive voltage requirement of

the EA modulator [22]. On the other hand, 1.8 ps transform-limited pulses were
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realized at 20 GHz by nonlinear compression of 7 ps optical pulses generated from
an EA modulator [20]. Optical pulse generation demonstrations beyond 20 GHz
will be reviewed in Chapter 4.

The major drawback of pulse generation using EA modulators is the high
optical loss. The fiber-to-fiber insertion loss, which is mainly due to optical
coupling losses, contributes 8-12 dB loss for state-of-the-art EA modulators. On
the other hand, the optical loss associated with the pulse shaping process is
inherently dependent on the duty ratio of the optical pulses. For very short optical
pulses, most of the optical input power is absorbed, which requires compensation
by using an external optical amplifier. Even though very short optical pulses can
be realized under high reverse bias and large signal modulation, the average optical
output power has to exceed the optical system signal-to-noise ratio (SNR)
requirement. Therefore, it is imperative that the EA modulator has a high
saturation input power. Monolithic integration of the EA modulator with a DFB
laser [23, 24) and/or a SOA [25] can also compensate the optical losses by

eliminating input or output coupling losses.
3.2.2 Experimental 10 GH? Optical Switching

The optical switching performance of a 2-pm wide, 300-um long traveling-
wave EA modulator was investigated at a modulation frequency of 10 GHz over
the erbium-doped fiber amplifier (EDFA) gain band (1530-1565 nm). The optical
transmission characteristics for the device as a function of reverse bias for several
wavelengths are shown in Figure 3.7. For these measurements, a tunable laser with
an output power of -5.1 dBm in conjunction with a polarization controller was used
as the optical source input to the EA modulator while the output was monitored on
an optical power meter. At zero bias (on state) for the TE polarization, the device

insertion loss ranges from -12.4 dBm to -9.8 dBm for the wavelengths of 1535 to
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1565 nm, respectively. The average polarization dependent loss at zero bias is
1 dB over the whole wavelength band. On the other hand, the device achieves a
maximum extinction ratio of 39.5 dB at 1535 nm and a minimum of 33.4 dB at
1565 nm.

aaa b2 sy

Optical Transmission (dB)

Reverse Bias (V)

Figure 3.7 Fiber-to-fiber transmission characteristics as a function of reverse bias of the traveling-
wave EA modulator for several wavelengths and polarization modes within the EDFA gain band.

The optical switching performance of the EA modulator was first
investigated with an optical input power of +8 dBm at 1555 nm. The device was
driven by a 10 GHz sinusoidal 9.5 V,, RF modulation signal. The optical output of
the EA modulator was monitored using an in-line optical power meter. The optical
pulses were then amplified using an EDFA followed by a 2.4 nm optical bandpass
filter, and fed into a 40 GHz photodetector and 50 GHz oscilloscope. The impulse
response of the detection system was measured to be 12.84 ps for less than 1 ps
pulses generated from a femtosecond pulse laser. The measured optical pulse
widths were then deconvolved to obtain the actual pulse widths assuming a

Gaussian pulse shape. The obtained optical gate width variation as a function of
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Figure 3.8 Optical gate widths and corresponding total optical loss for 10 GHz modulation of the
EA modulator as a function of reverse bias for a CW light input of +8 dBm at 1555 nm. Closed
symbols: pulse width; open symbols: total optical insertion loss.

reverse bias is shown in Figure 3.8 for both polarization states. Optical gates as
short as 10.8 ps were achieved at -8.5 V while the duty ratios varied from 50% to
10.8% by varying the reverse bias voltage. As a reference, the total optical loss due
to insertion loss and optical pulse shaping is shown in Figure 3.8 as well. As
intuitively expected, the optical loss increases quite rapidly at higher reverse biases
when shorter optical pulses are generated. For a fixed reverse bias, the TE
polarization exhibits only a 2 ps wider optical gate width in comparison to the TM
mode. However, it should also be noted that for a 0.5 V higher reverse bias, the TE
polanization achieves the same pulse width and total optical insertion loss as the
TM mode. This difference is simply due to the faster non-linear response onset of
the TM polarization mode for increasing reverse bias (see Figure 3.7). The
obtained optical gates as a function of increasing reverse bias (-3 V to -8 V) for the
TE polarization are presented in Figure 3.9. The observed satellite peaks are due to
electrical reflections within the 40 GHz photodetector. An enhancement in
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dynamic extinction ratio can be observed from -3 V to -8 V due to the higher

absorption achieved during the negative voltage swing of the sinusoidal

modulation.
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Figure 3.9 Reverse bias-dependence of measured optical gate shapes for 10 GHz sinusoidal 9.5 V,,
RF modulation at 1555 am, (8) -3V, (b) 4 V,(c) -5 V,(d) -6 V, (e) -7 V, and (f) -8 V (20 ps/div).

The optical gate widths were also measured for varying 10 GHz drive
voltages (5 Vpp to 9 V) as a function of reverse bias for the TE polarization at
1555 nm (Figure 3.10). For a fixed reverse bias, the optical pulse width widens as
the drive voltage is increased. This is expected since the positive swing of the
sinusoidal modulation is larger. On the other hand, as the reverse bias is increased
for a fixed drive voltage as in Figure 3.8, the optical gate widths get shorter. It is
also important to investigate the optical insertion loss behavior as the drive voltage
and reverse bias are varied (Figure 3.10). At a reverse bias of -6 V, as the optical
pulse width varies from 15 ps to 18 ps for drive voltages of 5 to 9 Vp, the optical
insertion loss decreases from 37 dB to 24 dB, respectively. An optical power loss
difference of 13 dB is detrimental for system performance. Therefore, in order to

achieve the shortest optical pulses for acceptable SNR, the EA modulator should be



Chapter 3. Optical Processing using Electroabsorption Modulators 89

biased at the largest reverse voltage, and the drive voltage should be chosen

accordingly for a trade-off between required optical output pow

er and pulse width.
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Oscilloscope traces of harmonic (upper) and sinusoidal (lower) pulses (20 ps/div).
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Shorter optical pulse generation by employing the dual-frequency
modulation technique of the EA modulator was also investigated. A 9 Vp, 10 GHz
signal and a 6 V; 20 GHz signal were phase delayed and combined to generate a
6.5 Vg 10 GHz comb-like RF drive, which was fed into the EA modulator. The
optical input to the device was +8 dBm at 1555 nm. The obtained optical pulse
widths are shown in Figure 3.11 for the TE polarization state. Optical pulse widths
as short as 8.8 ps were achieved. As a comparison, the pulse widths obtained with
only the 10 GHz sinusoidal RF modulation are presented as well. The optical

pulses measured at a reverse bias of -6 V are shown as an inset to Figure 3.11.
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Figure 3.12 Optical switching performance of the EA modulator at 10 GHz sinusoidal modulation
for several wavelengths in the EDFA gain band.

The optical switching performance of the EA modulator was also
investigated for several wavelengths in the EDFA gain band. A tunable laser
followed by an EDFA and a polarization controller were used as the optical input to
the EA modulator. The optical input power was adjusted to +7 dBm while the
10 GHz RF drive was 7 V. The optical pulse width results as well as the total
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optical insertion loss for the TE polarization are shown in Figure 3.12. It can be
observed that for a given reverse bias, the shortest optical pulses are achieved at
lower wavelengths, which is simply due to the faster onset of nonlinear absorption
as a function of reverse bias for shorter wavelengths (see Figure 3.7). However, the
total optical loss is also larger for shorter wavelengths due to the higher optical

insertion loss and shorter optical pulses at these wavelengths.
3.2.3 Simulated 10 GHz Optical Switching

The 10 GHz optical switching response of the EA modulator at 1555 nm
was simulated using the absorption curves presented in Figure 3.7. For the
simulation, dynamic characteristics such as microwave insertion loss or reflections
within the device were ignored, and a 10 GHz 9.5 Vp; sinusoidal modulation was
applied. The simulated pulse widths and total optical losses for the TE polarization
are plotted in Figure 3.13 in conjunction with the observed experimental results
(from Figure 3.8). The simulated results are in close agreement with the
experimental measurements in the 5-8 V reverse bias range. Similar agreement
was observed for the TM polarization as well. For the experimental results, it
should be noted that due to slight microwave losses and reflections, ‘the drive
voltage on the EA modulator is less than the applied 9.5 Vpp, Which is the reason

for the experimentally observed shorter pulses.

The 10 GHz results could be used to predict the obtainable pulse widths at
higher frequencies by the inverse relationship of pulse width and modulation
frequency (Section 3.2.2). In that case, for a 9.5 V,p, 40 GHz modulation drive,
optical pulses as short as 3 ps at a reverse bias of -8 V should be expected.
However, at these high frequencies, the microwave insertion losses and reflections
as well as the walk-off between the optical and microwave pulses need to be
considered. The higher speed switching performance of the traveling-wave EA

modulator will be discussed in detail in Chapter 4.
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Figure 3.13 Simulated (square) and experimental (circle) optical switching performance of the EA
modulator at 10 GHz modulation of 1555 nm wavelength.

3.2.4 Optical Demultiplexing

High-speed demultiplexing is one of the key features in high bit-rate TDM
transmission systems. Demultiplexing based on high-speed integrated circuit (IC)
technology has been demonstrated at 60 Gbit/s [26]; however, it has been limited to
40 Gbit/s in fiber transmission experiments [27, 28]). On the other hand, optical
demultiplexing using a sinusoidally driven EA modulator has emerged as an
alternative approach to electrical demultiplexing [4], with demonstrations beyond
100 Gbit/s [20, 29]. The optical data input is coupled into the modulator, and a
sinusoidal RF voltage, which is chosen to be at the desired tributary data rate,
drives the device. The generated optical transparency gate allows for the selection,
or demultiplexing, of any of the TDM channels. The demultiplexed optical channel
is then optically amplified and fed into an optical-to-electrical (O/E) converter. In
contrast to high-speed electrical demultiplexing which operates at the aggregate

data rate, receiver subsystems based on optical demultiplexing using EA



Chapter 3. Optical Processing using Electroabsorption Modulators 93

modulators require only the tributary bandwidth. Any of the tributary channels
can be selected by synchronizing the optical transparency gate using an electrical
phase shifter at the RF drive input. This technique was previously demonstrated in
the 30 Gbit/'s ETDM system in Chapter 2. The EA modulator was reverse biased at
-4.5 V and driven with a 7.5 GHz RF signal allowing error-free operation for all

four channels.
3.3 Integrated 40 Gbit/s Demultiplexer/Photodetector

The major drawback of optical demultiplexing using EA modulators is the
high optical insertion loss associated with the device. Due to the fiber coupling
losses, the demultiplexed optical channel requires external optical amplification
before O/E conversion can be performed. There are two consequences to this: (1)
each channel to be demultiplexed requires an optical amplifier and a receiver,
which increases the cost, size and complexity of the receiver node, and (2)
environmentally induced timing jitter between the demultiplexer and the clock-
recovery unit can lead to possible SNR deterioration. Therefore, it is desirable to
integrate the EA modulator based demultiplexer and the photodetector, which not
only allows for a compact receiver, but it also provides efficient coupling without
the need for additional optical components. For this purpose, novel integrated
tandem EA modulators, fabricated and packaged at the University of California,
Santa Barbara, were employed and error-free 40 Gbit/s operation was
demonstrated [30]. The feasibility of this demultiplexing receiver for 80-to-
20 Gbit/s demultiplexing and detection is also investigated [30].

3.3.1 Integrated Tandem EA Modulators Characteristics

The demultiplexing receiver consists of 2-um wide, 300-um and 400-um
long EA modulators, which were cleaved as a tandem (Figure 3.14(a)) [30]). Since

the 400-pm long device achieved a maximum extinction ratio of 38 dB (see Figure
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4.10), it was employed as the RF modulated optical demultiplexer. The 300-um
long device was used as a reverse biased photodetector with a responsivity of 0.5
A/W and a photodetection bandwidth of 18 GHz, which is suitable for 20 Gbit/s
detection applications. For this application, low microwave-crosstalk between the
two devices is required since modulation of the photodetector results in decreased
absorption of the desired channel. Therefore, the 20-um long optical waveguide
between the two modulators was defined by H' ion implantation. An impedance of
50 kQ and microwave crosstalk of less than -30 dB between the two devices were
measured. However, the ion-implantation also introduced an additional optical
insertion loss of about 2.3 dB. Both modulators were terminated in a 50 Q thin-
film resistor and a dielectric capacitor (Appendix C), which reduced heating effects
and allowed for long-term operation of the demultiplexing receiver without any

external temperature cooling (Figure 3.14(b)).

optical input

(b)

180pF 5S0Q tandem

. capacitor resistor  device
optical output

Figure 3.14 (a) Picture of integrated tandem EA modulators (white dashed region denotes the H*
ion-implanted regions), (b) picture of packaged tandem EA modulators (30].

3.3.2 Experimental Set-Up and Results

The experimental set-up for the 40 Gbit/s demultiplexing and detection is
schematically shown in Figure 3.15. An EA modulator was harmonically driven at
10 GHz to generate 8 ps pulses at 1555 nm. This pulse train was encoded with a
10 Gbivs data stream (2’-1 pattern length) using a LiNbO; modulator. The
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40 Gbit/'s OTDM data stream was realized by passively multiplexing the 10 Gbit/s
optical pulses using fiber delay lines. The 40 Gbit/s data stream was then optically
pre-amplified before it was coupled into the tandem receiver. The 400-um EA
modulator was reverse biased at -4.8 V and driven by a 6 Vi, 10 GHz RF signal to
generate a 14 ps switching window, which was synchronized to the desired optical
channel by an electrical delay line. The demultiplexed optical channel was then
detected by the 300-um device biased at -8 V.

. [1555am| [ EA ~__|LINbO, 2l
DFB MFD M?D 0-MUX
10 & 20 GHz 10 Gbiv's
PRBS
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10 Gbit/s / S 10 GHz received
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Photodetector | Demultiplexer| pCc |OBPF

Figure 3.15 Experimental set-up for the integrated 40 Gbit/s demultiplexer/photodetector. O-MUX:
optical multiplexer; OBPF: optical bandpass filter; PC: polarization controller.

Single channel 10 Gbit/s bit error rate (BER) measurements were performed
in order to determine the photodetection performance of the tandem device, where
the average received optical power was determined at the input of the optical pre-
amplifier. The plot in Figure 3.16 shows the average received power required for a
BER of 107 as a function of the optical input power into the tandem. Degradation
in receiver sensitivity is observed for low input powers due to the low SNR at the
photodetector while no power penalty is acquired at higher input powers. It is
important to mention that a 2-dB optical power penalty was observed for a pattern
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Figure 3.16 Single-channel 10 Gbiv's performance of demultiplexing receiver for a BER of 10° as a
function of optical input power to the integrated receiver.
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Figure 3.17 BER measurements for 10 Gbit/s single channel (circle) and 40 Gbit/s (square) data
stream with a 2”-1 pattern length (9.2 dBm optical input power to the tandem device).
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length of 2°'-1, which was determined to be due to electrical reflections from the
RF termination of the 300-um photodetector device. Figure 3.17 shows the BER
measurements at 10 and 40 Gbit/s, where the average received power was
determined at the input of the optical pre-amplifier. Error-free operation with a
pattern length of 2’-1 was achieved for 40 Gbit/s operation with a receiver
sensitivity of -27 dBm. The 40 Gbit/s optical input data stream and the received
electrical 10 Gbit/s channel are shown in Figure 3.18.

(a) ‘.: . - - - - - = . . . ;".V

Figure 3.18 Eye diagrams of (a) 40 Gbit/s optical input (20 ps/div), and (b) 10 Gbit/s demultiplexed
and received channel (50 ps/div).

In order to investigate the possibility for 80 Gbit/s operation, the 400-um
demultiplexing modulator was driven with a 6.4 Vi, 20 GHz RF signal. The
widths of the optical pulses were measured using a second harmonic generation
autocorrelator and deconvolved assuming a Gaussian pulse shape as inferred from
the optical spectrum measurements. The obtained pulse widths as a function of
reverse bias for a CW input of 1555 nm are presented in Figure 3.19. Pulse widths
as short as 6 ps were achieved, which indicates that penalty-free demultiplexing of
80 Gbit/s data stream is possible [21].
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Figure 3.19 Pulse width as a function of reverse bias at 20 GHz modulation for the 400-um EA
modulator (1555 nm). Inset: Oscilloscope trace of pulses measured using a 40 GHz photodetector
(20 ps/div).

3.4 Simultaneous Demultiplexing and Detection

The ability to drop a single channel from a high-speed OTDM data stream
is significant for future OTDM network nodes since optical demultiplexing is
performed while still transmitting the other channels in an optically transparent
manner for further optical processing (Figure 3.1). This has the advantage of
optical power conservation in contrast to standard optical demultiplexing (for
example, using an EA modulator) in which the other channels are suppressed. This
‘complementary’ demultiplexing functionality has been widely demonstrated using
all-optical techniques based on wavelength conversion including four-wave mixing
in optical fiber [31] and SOA’s [32], and integrated Mach-Zehnder interferometers
[33]. This technique requires an optical short pulse source on a different
wavelength synchronized to the incoming optical data stream as well as WDM
filters and an external photodetector for O/E conversion (Figure 3.20(a)). Electro-
optic techniques include using two synchronized LiNbO; or EA modulators [34] in
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a parallel configuration (Figure 3.20(b)) with complementary gate durations; while
one modulator demultiplexes the desired channel, the other performs the drop
function and transmits the remaining channels. This technique not only requires an
external photodetector, but also a perfect synchronization between the two
modulators due to the possible drift in fiber. In order to reduce the cost and
complexity of the node, it is desirable to perform the complementary
demultiplexing and the O/E conversion of the dropped channel simultaneously. EA
modulators are ideal for this application since they can be used as optical switches

and photodetectors due to their absorptive characteristic (Figure 3.20(c)).
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Figure 3.20 OTDM channel ‘drop’ techniques. (a) All-optical based on wavelength-conversion, (b)
two modulators in parallel configuration with complementary gate durations, and (c) simultaneous
drop and detection using an EA modulator. The dropped channel in (c) is also simultaneously
optical-to-electrical (O/E) converted. SPC: short pulse source; WDM: WDM coupler.
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In consideration of the use of an EA modulator in OTDM drop and detect
applications, several crosstalk issues need to be addressed to avoid overall system
performance degradation (Figure 3.21). The electrical extinction ratio (defined as
the ratio between the responsivity at high reverse bias and zero bias) has to be high
enough to prevent absorption of the undropped channels that would interfere with
the dropped channel (Figure 3.21(a)). Similarly, the switching window for the drop
has to be short enough in order to avoid any crosstalk due to the absorption of the
adjacent channels (Figure 3.21(b)). Finally, if a new channel is to be inserted in the
available bit slot after a channel is dropped, it is also important to have a high
optical extinction ratio to prevent interference between the dropped channel and the
channel to be inserted (Figure 3.21(c)).
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Figure 3.21 Crosstalk issues using the ‘drop and detect’ EA modulator. (a) Electrical extinction
ratio, (b) absorption switching window, and (c) optical extinction ratio. The dropped channel 2 is of
the electrical format.
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To date, only the ability of an EA modulator to drop a channel without
detection has been demonstrated [35]. This section demonstrates for the first time
the use of an EA modulator to simultaneously drop and detect the desired channel
from an OTDM data stream while transmitting the other channels in an optically
transparent manner [11]. The key advantages of this scheme are the elimination of
an external photodetector and any optical wiring within the receiver subsystem.
This functionality will be a potential building block of future low-cost and compact
add/drop multiplexers and OTDM demultiplexing receivers [36].

3.4.1 Operation Principle

Due to its compact size as well as simple and stable operation, the EA
modulator is well suited for optical demultiplexing applications (Figure 3.3(b)).
Its nonlinear attenuation characteristic allows a reverse biased EA modulator with
an applied RF signal to produce a switching window for selecting the desired
channel from the incoming data stream. While the transmission window provides
optical transparency for the demultiplexed channel, the other channels are absorbed
in the modulator. The proposed method for simultaneous demultiplexing and
detection is quite similar to the conventional optical demultiplexing method (Figure
3.20(c)). The reverse bias and the applied RF signal are chosen such that instead of
suppressing the other channels by absorption in the modulator, only the desired
channel is absorbed and the remaining channels are transmitted in an optically
transparent manner. When the RF drive signal swings negative, the EA modulator
is in the high absorption state and any optical signal passing through the modulator
is absorbed and converted to photocurrent. On the other hand, when the RF signal
swings positive, the EA modulator switches to high optical transparency with low
absorption. Either of the two electrical ports can then be used to collect the
photogenerated carriers if data ‘1’ is present (in this work, the conventionally

terminated port is used as the pulse detector).
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The EA modulator used for the simultaneous OTDM drop and detect
application is a 2.5-um wide, 300-um long device with traveling-wave electrodes.
The device reaches a maximum extinction ratio of 39.7 dB while the fiber-to-fiber
insertion loss is 10 dB for the TE polarization at the operating wavelength of
1555 nm (Figure 3.22). A maximum responsivity of 0.66 A/W is achieved at a
reverse bias of -5.8 V and the electrical extinction ratio is 13.9 dB. For a 50 Q

termination, the device modulation bandwidth is 10 GHz while the return loss is
less than -13 dB over a 20 GHz bandwidth.
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Figure 3.22 Optical transmission and responsivity characteristics as a function of reverse bias of the
EA modulator used in the simultaneous demultiplexing and detection application.

The device set-up for the simultaneous demultiplexing and detection
application is schematically shown in Figure 3.23. The traveling-wave modulator
is a 4-port device: the optical input and output are shown as port 1 and 3,
respectively. The EA device is reverse biased with a 10 GHz driving signal applied
at port 2 using a high power amplifier. Port 4 functions as the 10 Gbit/s optical
pulse detector. The output at this port consists of photogenerated carriers (if data
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‘1’ is present) as well as the attenuated 10 GHz driving signal. This signal is
rejected from the data using a 6.4 GHz low-pass filter (with 60-dB attenuation at
10 GHz), and reflected back into the modulator synchronized with the original
drive using an electrical phase shifter. The low-pass filter also converts the RZ
data into NRZ format for BER measurements. The alignment of the optical bits to

the electrical drive signal is performed using an optical delay line.
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Figure 3.23 Schematic device set-up for simultaneous demultiplexing and detection application.
Port 1: Optical input; port 2: RF modulation input; port 3: transparent optical output; port 4:
electrical photodetection output port. LPF: low-pass filter.

Since the EA modulator simultaneously performs optical switching and
photodetection, it is imperative to analyze its photodetection behavior. Figure 3.24
shows the photodetection response for several reverse biases when the device is

terminated in 50 Q. A 10 GHz bandwidth is achieved at a reverse bias of -7 V
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Figure 3.24 Photodetection response of the 50 Q terminated EA modulator for several reverse
biases.
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Figure 3.25 Photodetection response of the EA modulator for several reverse biases when
terminated with the output of the high-power RF amplifier at port 2 (Figure 3.23).

while the bandwidth falls to S GHz at -5 V. This introduces a fundamental limit on
this particular EA modulator since operation at low reverse biases is preferable to
achieve the desired optical gates for transparency and absorption. An additional
limitation on the overall device performance comes from the high-power amplifier

at port 2. When the EA modulator operates as a photodetector, the output
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impedance of the high-power RF amplifier (10 MHz — 20 GHz bandwidth) acts as
the device termination. Figure 3.25 shows the photodetection response of the
device when the 50 Q termination is replaced by the high-power amplifier. Even
though the 3-dBe bandwidth remains the same, the frequency response is
significantly deteriorated due to the poor output impedance of the amplifier. In
addition, the amplifier’s low frequency cut-off of 10 MHz limited the experiment to

a pattern length of 27-1; however, this is not a fundamental limitation.

1555nm|_[ EA x___|LINbO, 210
DFB M?D M?D O-MUX ™ )

10 & 20 GHz 10 Gbit/s
PRBS 6

10 GHz received

power
10 Gbit/s EA 0.6nm| <,
Receiver | MOD| pc OBPF

10 Gbit/s 10 Gbit/s
channel 2 out channel 1 out

Figure 3.26 Set-up for the 20 Gbit's OTDM drop and detect experiment. O-MUX: optical
multiplexer; OBPF: optical bandpass filter: PC: polarization controller.

3.4.3 Experimental Set-Up and Results

The EA modulator described in the preceding section was used for the
simultaneous demultiplexing and electrical detection of a single 10 Gbit/s channel
from a 20 Gbit's OTDM data stream while transmitting the other channel in an
optically transparent manner. The experimental set-up for the 20 Gbit's OTDM
simultaneous drop and detect is shown in Figure 3.26. An EA modulator

harmonically driven at 10 GHz was used to generate 11 ps pulses at 1555 nm. The
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10 Gbit/s data was encoded onto the 10 GHz pulse train by a LiNbO3; modulator.
The 10 Gbit's RZ data was then passively multiplexed (with 20 bits of delay
between channels) to generate a 20 Gbit's OTDM data stream. The 20 Gbit/s
signal was coupled into the drop and detect EA modulator using an optical pre-
amplifier followed by a 0.6 nm bandwidth optical filter. A polarization controller
was used at the input of the modulator for best operation. The average received
power was determined at the input of the optical pre-amplifier to the EA modulator

for all BER measurements.

Bit Error Rate
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Figure 3.27 BER measurements for single-channel 10 Gbit's input when E A modulator is operated

as a photodetector with port 2 terminated in a 50 Q resistor. Insets: Eye diagrams at reverse biases
of (8) -6 V, (b) -5 V, and (c) 4 V(20 ps/div).

(1) Single-Channel 10 Gbit/s Performance: In order to determine the electrical
photodetection performance of the EA device, single-channel 10 Gbit's BER
measurements were performed by blocking one of the arms of the optical
multiplexer. First, the device was terminated with a 50 Q resistor at port 2 while
the photodetection port 3 was as illustrated in Figure 3.23. BER measurements

were then performed at various reverse biases (Figure 3.27). As expected from the
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photodetection response in Figure 3.24, error-free operation was achieved for
reverse biases higher than -5 V. A receiver sensitivity of -33.5 dBm for a BER of
10 was obtained at a reverse bias of -6 V. At a bias of -5 V, a 2.5-dB power
penalty and a slight error floor were incurred while an error floor at 10 was

observed at -4 V due to the high-frequency limitations of the device.
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Figure 3.28 BER measurements for single-channel 10 Gbit/s input when E A modulator is operated
as a photodetector with port 2 terminated with the high-power RF amplifier (no RF input). Insets:
Eye diagrams at reverse biases of (a) -6 V, and (b) -5 V (20 ps/div).

The 50 Q termination at port 2 was then replaced by the high power
amplifier (without the RF signal applied) in order to determine the optical power
penalty incurred due to the amplifier. The BER measurements in Figure 3.28
reveal that at a reverse bias of -6 V, the sensitivity dropped to -27.5 dBm with a
significant error floor. The eye diagrams in Figure 3.28 qualitatively show the
degradation in the photodetection process due to the imperfect output impedance as
well as the high noise figure of the driving amplifier, which is unacceptable for
system applications. Figure 3.29 shows the BER measurements when the 10 GHz
10 Vpp RF signal was applied to the modulator and synchronized to the incoming
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10 Gbit/s data stream for absorption. Error-free operation with a receiver
sensitivity of -32.5 dBm is achieved at a reverse bias of only -5 V, which is a
1.5 dB improvement in comparison to the 50 Q termination case (Figure 3.27).
The negative power penalty at -5 V is simply due to the higher average reverse
bias, and hence higher photodetection bandwidth, obtained from the negative swing

of the 10 GHz signal during the time period of the 10 Gbit/s channel.
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Figure 3.29 BER measurements for single-channel 10 Gbit/s input when EA modulator is operated
as a photodetector with port 2 terminated with the high-power RF amplifier (10 GHz sinusoidal RF
input applied). Insets: Eye diagrams at reverse biases of (a) -5 V, (b) 4 V, and(¢) -3 V (20 ps/div).

(2) Two-Channel 20 Gbit/s Performance: The performance of the simultaneous
drop and detect operation was then assessed with a 20 Gbit/'s OTDM input (Figure
3.30(a)). Figure 3.30(b) shows the optical gating performed by the modulator at a
bias of -5 V with the 10 GHz drive signal (10 V) aligned to channel 2 for optical
transparency. The optical output at port 3 is shown in Figure 3.30(c), where
channel 2 is transmitted while channel 1 has been completely removed. The
optically transparent channel 2 was then amplified before being detected at a
commercial 10 Gbit/s receiver. The simultaneously dropped and detected 10 Gbit's
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NRZ converted channel 1 is shown in Figure 3.30(d). Sufficient eye opening is

achieved with most of the noise due to the residual absorption of channel 2.
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Figure 330 Eye diagrams of (a) the 20 Gbit's OTDM input at port 1 (20 ps/div), (b) the optical
transparency gate of the EA modulator aligned to channel 2 (20 ps/div), (¢) the 10 Gbit/s channel 2
transmitted in an optically transparent manner at port 3 (20 ps/div), and (d) the simultaneously
demultiplexed and O/E converted 10 Gbit/'s channel 1 at port 4 (50 ps/div).

20 Gbit/s BER measurements were then performed with the EA modulator
operated as a simultaneous demultiplexer and O/E converter at a bias of -5 V
(Figure 3.31). The optically transparent channel 2 operated error-free with a
20 Gbit's sensitivity of -33.5 dBm and a 10 Gbit/s sensitivity (when channel 1 was
blocked) of -36.5 dBm (not shown). This result indicates the good optical
extinction of the modulator as verified in the eye diagram (Figure 3.30(c)). On the
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other hand, the simultaneously dropped and O/E converted channel 1 exhibited a
20 Gbit/s sensitivity of -28.5 dBm and an error floor. From the single channel
10 Gbit/s sensitivity of -32.5 dBm (Figure 3.29), one can expect a 20 Gbit/s
sensitivity of -29.5 dBm for the same channel if there is no power penalty.
However, our measurements indicate that there is a power penalty of 1 dB and an

error floor, which is investigated and discussed in the next section.
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Figure 331 BER measurements at 20 Gbit's for the demultiplexed and O/E converted channel 1
(circle) and the optically transparent channel 2 (square).

3.4.4 Discussion of Current Issues

The measurements for the simultaneous demultiplexing and detection
experiment revealed that there are several significant issues, such as pattern length

dependence and residual absorption, which can be classified into two categories:

(1) External Electronics: The simultaneous demultiplexing and detection was
limited to a pattern length of 2’-1, which was determined to be due to the high-
power amplifier at port 2 (Figure 3.23). When the EA modulator acts as a
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photodetector, the output impedance of the amplifier acts as the termination to the
device. The high-power amplifier not only has a low-frequency limit of about
10 MHz, but its S;; response over the 10 GHz bandwidth of interest is poor (Figure
3.25). The effect of the amplifier was seen to degrade the EA photodetector
performance in the 10 Gbit/s single-channel experiment (Figure 3.28).
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Figure 332 Schematic diagram of the EA modulator set-up for eliminating the negative impacts of
the high-power RF amplifier on system performance.

The amplifier’s negative impact can be eliminated by using a single port for
both modulation and photodetection separated by a splitter while terminating the
other port in a 50 Q thin-film or on-chip resistor as shown schematically in Figure
3.32. The 50 Q termination would ensure broadband modulation and
photodetection operation, which would allow for 2°'-1 pattern lengths. This
scheme would also eliminate the broad bandwidth requirement for the amplifier;
therefore, a high power narrowband 10 GHz amplifier could be employed to reduce
the cost of the set-up. However, the splitter in port 2 would result in a 6-dB power
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loss on the detected channel, which would need to be compensated by optical

amplification of the input signal.

(2) EA Modulator Limitations: The simultaneous demultiplexing and detection
experiment was limited to two-channel 20 Gbit's operation as well as residual
absorption of the transparent channel, which are due to the particular EA modulator
characteristics. The most apparent problem is the insufficient photodetection
response due to carrier transit time limitation for reverse biases lower than -5 V,
which leads to a trade-off between bandwidth and electrical extinction ratio. As
will be shown below, it is desirable to operate at lower reverse biases, which not
only allows for lower residual absorption, but also for a longer optical transparency
window and a shorter absorption (detection) window. This would be ideal for the
simultaneous demultiplexing and detection of a single channel from a four-channel
40 Gbit's OTDM data stream.

From the two-channel 20 Gbit's BER measurements in Figure 3.31, it was
determined that there was a 1-dB power penalty and an error floor on the
demultiplexed and detected channel. In order to investigate the power penalty, Jy,
incurred due to residual crosstalk from the transparent channel, an analysis was
performed. Crosstalk due to residual absorption, X, is defined as the ratio of the
residual power from the unwanted channels (P;) to the target channel power (P)):

DA

- kwi
X= = (3.3)

The receiver sensitivity P, is obtained by substituting Eq. (3.3) in Eq. (2.3)-(2.4)
and solving for P, using Eq. (2.2):
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For a system with negligible crosstalk, Eq. (3.4) reduces to Eq. (2.6). The power
penalty is then defined by the ratio of the received power due to crosstalk and in the

absence of crosstalk:
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The power penalty due to crosstalk contributions is plotted in Figure 3.33 for
various Q values. Since the maximum electrical extinction ratio for the EA
modulator is 13.9 dB, a minimum power penalty of 0.74 dB would be expected for
a BER of 10°. However, for a real assessment of the power penalty, the effects of

the switching window shape as well as the input optical pulses need to be

considered.
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Figure 333 Simulated power penalties due to crosstalk from insufficient electrical extinction ratio
for various Q-values in optically pre-amplified receivers.
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The TE mode absorption (responsivity) curve in Figure 3.22 was employed
to simulate achievable absorption windows (assuming no bandwidth limitations)
for various reverse biases at 10 GHz modulation of the EA modulator. The
simulated absorption profiles for an applied 10 Vpp sinusoidal modulation are
shown in Figure 3.34. As the reverse bias is decreased to forward bias, the
absorption window decreases while the optical transparency window widens. At
the experimental operating bias of -5 V, a simulated absorption width of 65 ps is

observed, which agrees with the experimental width in Figure 3.30(b).
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Figure 334 Simulated {a) absorption profiles and (b) absorption widths for an applied 10 GHz 10
Ve sinusoidal modulation of the EA modulator as a function of various reverse biases (the
measured TE polarization responsivity curve in Figure 3.22 is used).

The crosstalk due to the residual absorption of the transparent channel was
simulated by taking into account the shape of the switching window and the optical
input pulses. The input pulses were assumed to be Gaussian with a pulse width of
11 ps. The simulated crosstalk and the power penalty are shown as a function of
reverse bias in Figure 3.35. The power penalty increases at high reverse biases due
to the high absorption of the transparent channel and at forward biases due to the
lower absorption of the demultiplexed channel. The best operating region is
between zero and -4 V, assuming the bandwidth of the device is constant and the
input sinusoidal signal is 10 V., At the experimental reverse bias of -5 V, the
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crosstalk and power penalty for a BER of 10 are -13.4 dB and 0.83 dB,

respectively, which agrees well with the experimentally observed penalty.
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Figure 3.35 Simulated (a) crosstalk (circle) and power penalty (triangle), and (b) normalized
absorption for dropped (circle) and optically ransparent (triangle) channels for a 20 Gbit's OTDM
input with 11 ps Gaussian pulses.
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Figure 3.36 Simulated 20 Gbit/s BER curves for the simultaneous drop and detect experiment with
no crosstalk (circle) and -13.4 dB crosstalk (square).

Figure 3.36 shows the simulated 20 Gbit/s BER plots for the simultaneously
demultiplexed and detected channel with zero and -13.4 dB crosstalk. The

reference curve (no crosstalk) is normalized to the experimental 10 Gbit/s results
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from Figure 3.29 for a reverse bias of -5 V. The error floor, which had incurred in
the experiment, is not observed in the simulated BER curves. This can be simply
understood from Eq. (3.5), which reduces to Eq. (3.6) for infinite Q values,

O-»

5 = 20101;{1 1/7] (3.6)

From Eq. (3.6), it can be inferred that power penalty due to crosstalk is independent

of the QO-factor for very low BER’s. Therefore, the demultiplexing induced
crosstalk will only result in power penalties without error floors. The error floor is
believed to be due to the saturation of the EA modulator when operated as a
photodetector. In order to achieve the same BER at 10 and 20 Gbit's, the received
power has to be increased by 3 dB to accommodate for the optical power in the
second channel. This results in a 3-dB additional optical power input to the EA
modulator at 20 Gbit/s (about +9 dBm). Power saturation is caused at high input
power levels due to hole pile-up at the valence band discontinuity of the
heterointerfaces [37], and electric field screening [38]). Due to the accumulation of
trapped holes, the induced potential drop at the heterointerface reduces the electric
field, which results in a more optically transparent waveguide. Similarly, the space
charge generated in the waveguide due to the electric field screening effect during
the electroabsorption process reduces the applied bias. These two effects not only

attenuate the modulator absorption, but also degrade the bandwidth of the device.

Power saturation of the EA modulator results in a pattern dependent power
penalty and an error floor. When an optical input with bit ‘1’ saturates the device,
the absorption of the immediately following ‘1’s are decreased. The saturation is
pronounced in the presence of long strings of ‘1’s. If the saturating ‘1’ is followed
by ‘0’s, the absorption of the modulator recovers to its original state before another

‘1’ saturates the device. Obviously, the power saturation induced penalty increases
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with higher optical input powers, which results in an error floor at low BER'’s.
Optical power saturation in an EA modulator can be relieved by inserting a graded
interface between the cladding layer and the barrier, or by a hole pile-up buffer
layer [37].

From the preceding discussion and analysis, there are three basic
requirements the EA modulator has to satisfy for the simultaneous demultiplexing
and detection functionality to operate with low power penalties. These include (1)
a high photodetection bandwidth (about 6 GHz) at low reverse biases, (2) very low
absorption at zero bias (or high electrical extinction ratio), and (3) a high saturation
input power. Additionally, the device requires good electrical characteristics for a

forward bias condition during part of the driving cycle.
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Figure 337 Simulated power penalties for a BER of 10 due to relative channel crosstalk from
unsufficient electrical extinction ratio for higher capacity OTDM systems, where N is the number of

optically multiplexed channels. For a 1-dB optical power penalty, the extinction ratio has to be
higher than 18 dB for a four-channel system.

For larger number of channels operation, the EA modulator requires a

higher electrical extinction ratio since the number of transparent channels is
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increased. Figure 3.37 shows the amount of electrical extinction required in N-
channel systems in order to obtain a BER of 10°. For 40 Gbit/s operation, since
there are 3 times as many channels to be avoided from absorption in comparison to
20 Gbit/s, an extra electrical extinction ratio of 4.77 dB is required. Additional
power penalty can also arise from the residual absorption of the adjacent channels
due to the absorption window at 40 Gbit/s. Therefore, the absorption window can
not exceed the bit slot of the channel to be demultiplexed. A 25-ps window can
easily be achieved by either single or harmonic modulation of the EA modulator at
low reverse biases. Satisfaction of these absorption criteria as well as high optical
power saturation would be ideal for the simultaneous demultiplexing and detection
of a single channel from a four-channel 40 Gbit/'s OTDM data stream.

3.4.5 Potential Future Applications

The simultaneous demultiplexing and photodetection operation of EA
modulators introduces two potential low-cost and compact future OTDM network
applications.  These include add/drop multiplexers and integrated OTDM

demultiplexing receivers.

(1) Add/Drop Multiplexer: As discussed in the introductory section, future OTDM
network nodes will require a high-speed optical processing feature for dropping the
desired channels from an incoming TDM data stream while inserting new channels
into the available time slots. These add/drop multiplexers will require high speed,
small size, and low cost. The simultaneous demultiplexing and detection operation
using an EA modulator is ideal for performing the drop function (Figure 3.38). A

new channel can be inserted by a synchronized optical source and multiplexer.
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Figure 3.38 A compact add/drop multiplexer for high-speed OTDM applications using the
simultaneous drop and detect EA modulator. The ‘add’ operation is performed using a
synchronized optical source and multiplexer.

(2) Compact OTDM Demultiplexing Receiver: Current 40 Gbits receiver
subsystems based on ETDM techniques using high-speed O/E converters and
electrical demultiplexers are in the process of commercial realization (Figure
3.39(a)). As it was discussed in Chapter 2, the main drawbacks of ETDM are the
high bandwidth requirements and scalability to higher speeds. On the other hand,
the relaxed bandwidth requirement and simple operation of optical demultiplexing
based on EA modulators has made this approach into one of the most widely used
laboratory tools for high-speed TDM experiments (Figure 3.39(b)). However, this
technique has significant disadvantages from a commercial implementation
perspective. The demultiplexed channel is usually followed by an optical
amplifier, which compensates for the losses in the modulator, and an O/E
converter. In this configuration, each channel to be demultiplexed requires separate
demultiplexing paths resulting in a complex and expensive receiver node. As it
was demonstrated in Section 3.3, it is possible to integrate the modulator, the
optical amplifier and the O/E converter on a single chip. However, due to the
nature of the demultiplexing method, in a 1:4 demultiplexing scheme, 75% of the
incoming optical data stream is suppressed by absorption in the modulator in

addition to multiple fiber-coupling losses. As a result of the optical power
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inefficiency, the number of fiber-to-device interfaces, and cost of the individual
components, the EA modulator based optical demultiplexing scheme is quite

impractical for commercial applications.
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Figure 3.39 Schematically shown 40 Gbit's receiver subsystems based on (a) high-speed electrical

TDM, (b) conventional parallel EA demultiplexers, and (c) proposed compact demultiplexing
receiver based on integrated EA modulators. DMUX: demultiplexer; PIN: photodetector.
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On the other hand, the proposed simultaneous demultiplexing and detection
technique using an EA modulator achieves optical power conservation through
complementary optical demultiplexing. A compact 40 Gbit/s demultiplexing
receiver can be realized by cascading four EA modulators integrated on a single
chip (with a continuous optical waveguide) as shown in Figure 3.39(c). This
receiver scheme has the potential for serial-optical to direct parallel-electrical
conversion. One of the major advantages of this demultiplexing receiver is that the
complexity, size and cost of the conventional optical demultiplexer is reduced
drastically into a single package with a single fiber-to-device interface requirement.
The scheme essentially mimics a high-speed ETDM receiver subsystem with the

added benefit of operation at the tributary base rate.
3.S Summary and Conclusions

In this chapter, various optical processing techniques using simple
sinusoidal modulation of EA modulators were presented and investigated. These
features include optical short pulse generation, optical demultiplexing as well as
simultaneous demultiplexing and detection with the advantage of simple and stable
operation, compact size and low polarization sensitivity. Optical pulses with duty
ratios less than 10% and extinction ratios greater than 20 dB were easily achieved
while the EA modulator’s high-speed OTDM demultiplexing capability was
demonstrated. The biggest drawback of EA modulators was determined to be the
high insertion loss, which requires compensation with external optical amplifiers.
Therefore, integrated tandem EA modulators were investigated and demonstrated
as efficient and compact OTDM receiver subsystems. The demultiplexing feature
of the EA modulator was further augmented by simultaneously detecting the
demultiplexed channel while transmitting the remaining channels in an optically
transparent manner. This experiment and the subsequent analysis revealed that
four-channel 40 Gbit/s operation of the simultaneous demultiplexer and O/E
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converter is realizable with applications to future high-speed add/drop multiplexers

and compact OTDM demultiplexing receivers.

The various optical processing demonstrations using EA modulators
indicate that these devices will be key elements in future OTDM systems. For
successful commercial implementation of EA modulators in OTDM system
applications, a reduction in the optical insertion loss and an increase in the optical
input power saturation need to be accomplished. These improvements will require
that high extinction ratio, low drive voltage, and low polarization and wavelength

sensitivity characteristics are retained.
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CHAPTER 4

Optical Time Division Multiplexed Systems Beyond 100 Gbit/s
4.1 Introduction

Ultra high-speed optical time division multiplexing (OTDM) has recently
emerged as an attractive means of constructing very high-capacity optical systems.
With the explosive demand for high capacity in optical communication systems,
high TDM bit rates have the advantage of an increased spectral efficiency (high bit
rate-to-bandwidth ratio) and a potential reduction in cost per bit. High-capacity
channel rates also allow for a lower number of wavelength channels, which results
in a relaxed control and management of wavelength division multiplexed (WDM)
optical networks as well as reduced inter-channel non-linear effects. Due to the
aforementioned advantages, fiber transmission systems based on channel rates of
40 Gbiv's are currently being planned for commercial installation [1], and next
generation bit rates of 160 Gbit/s per wavelength channel are under investigation in
various laboratories [2-5). Since the speed of electronics is presently limited to
40 Gbit/s, various high-speed OTDM techniques have gained popularity to
construct optical systems with bit rates beyond 100 Gbit/s per wavelength channel.
In order to realize high-speed OTDM systems, high-speed technologies including
optical short pulse generation, optical multiplexing, optical demultiplexing, and

timing extraction need to be investigated.

To date, several all-optical and electro-optic techniques have been employed to
achieve OTDM systems beyond 100 Gbit/s, with demonstrations at 160 Gbit/s [2-
5], 320 Gbits [6, 7], 640 Gbit/s [8], and 1.28 Tbit/s [9], which are based on a
tributary base rate of 10 or 20 Gbit/s. Due to advances in high-speed ETDM, it is
inevitable that next generation OTDM systems will operate at an electronic

tributary rate of 40 Gbit/s with optical multiplexing to 160 Gbit/s or more (Figure
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4.1). The increase of the base rate and the consequent reduction in the number of

optical channels will allow for more robust and stable high-speed OTDM systems.

40 Gbit/s || 160 Gbit/s @ | 160Gbivs | 40 Gbit's
E-MUX O-MUX O-DMUX E-DMUX
10 Gbit/s 10 Gbit/s
Tributary Tributary
Channels Channels

Figure 4.1 Next-generation 160 Gbit's OTDM systems based on 40 Gbit's ETDM tributary
channels at the ransmitter and receiver.

In this chapter, a 120 Gbit's OTDM system based on four 30 Gbit/s
tributary channels is presented [10]. Electroabsorption (EA) modulators [11, 12],
driven at modulation frequencies 2 30 GHz, are employed as stable and compact
optical short pulse sources and demultiplexers. To the author’s knowledge, this is
the first demonstration of the feasibility of using EA modulators in conjunction
with high-speed (> 20 Gbit/s) electrical multiplexing and demultiplexing for greater
than 100 Gbit's OTDM systems.

4.2 OTDM System Requirements

In order to realize high-speed OTDM systems, several requirements need to
be satisfied for the transmitter (optical pulse source and multiplexer) and receiver
(optical demultiplexer and clock-recovery) subsystems. This section reviews the

general OTDM requirements and the various technologies that are employed.
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4.2.1 OTDM Transmitter Subsystem

(1) Optical Pulse Generator: In high-speed OTDM systems, optical pulse sources
need to satisfy several requirements including stable and reliable transform-limited
pulse generation, high extinction ratio and signal-to-noise ratio (SNR), low
insertion loss, tunable and controllable repetition rates and wavelength, and
compact size. Since the pulse width of the optical signal determines the ultimate
limit for the highest achievable multiplexed bit rate, the pulse width has to be less
than the time slot of the desired bit rate. Transform-limited pulses are most suitable
for OTDM applications since the optical pulses have the minimum spectral width
for the given pulse width, which minimizes fiber dispersion effects. Several optical
short pulse generation methods at 40 GHz repetition rates have been demonstrated
using mode-locked semiconductor lasers [13, 14], non-linear pulse compression
[15), mode-locked fiber ring lasers (ML-FRL) [16-19], and EA modulators [11, 12,
20-22]. Optical pulses as short as 1 ps have been achieved using ML-FRL'’s;
however, due to the long fiber length within the pulse source, long-term stability is
acritical issue. Similarly, the use of long lengths of fiber to non-linearly compress
pulses may introduce unwanted phase and polarization drifts in the output pulse
train due to temperature shifts in the fiber. On the other hand, sinusoidally driven
EA modulators offer a compact and stable pulse source at the expense of broader

pulses.

(2) Optical Multiplexer: Optical multiplexing, or bit-interleaving, of independently
modulated and data encoded short pulses can be achieved in a parallel-type
configuration by optical passive components (e.g. couplers), planar lightwave
circuits [23], integrated semiconductor waveguides [24), and seral-type
configuration by using a four-wave mixing (FWM) based multiplexer [25]. Even
though optical multiplexing based on fiber delay lines and couplers is a common

approach for laboratory experiments, the thermal drift in the multiplexer can lead to
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interference between the multiplexed channels and degrade the overall system
performance. Therefore, integrated multiplexers with timing precision better than

1 ps will become a key approach for future high-speed OTDM systems.

In the optical multiplexer, interference due to pulse tail overlap of adjacent
channels and the overall finite background extinction ratio can result in significant
system performance degradation if the crosstalk beat signal is within the receiver
bandwidth. Defining the relative crosstalk power, &, as the ratio of the total average
crosstalk power to the average signal power, and following a similar analysis as in
Section 2.4.2 for an optically preamplified receiver, the receiver sensitivity

assuming Gaussian statistics for crosstalk contributions is given by,

P - th,,A/(—QZ—;) @1
-0

An optical power penalty, &, due to the relative crosstalk is then given by,
5, =-10log(l - £0?) (42)

Figure 4.2 shows the crosstalk induced power penalty for optically preamplified
receivers at a BER of 10”. It can be inferred from Eq. (4.2) that an error floor will
be incurred due to high interference between the signal and crosstalk. The SNR

due to incoherent interference on a single channel is given by [26],
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Figure 4.2 Crosstalk-induced optical power penalty for optically pre-amplified OTDM systems for
aBER of 10”°. An error floor is incurred for interference crosstalk levels higher than -16 dB.

In order to achieve error-free operation (SNR of 18 dB for a BER of 10%), it can
be easily calculated from Eq. (4.2) and (4.3) that for a four-channel 160 Gbit/s
(120 Gbit's) OTDM system with Gaussian pulses, an optical pulse extinction ratio
higher than 35 dB is required with a maximum pulse width of 2 ps (2.7 ps). It
should also be noted that for an OTDM system with more than four channels, the
pulse extinction ratio requirement is higher as inferred from Eq. (4.3). Therefore, it
is desirable to minimize the number of optical channels and increase the electronic

base rate.

The stringent requirements on the extinction ratio and pulse width can be
relaxed if both polarization and time multiplexing are employed. Polarization
multiplexing of adjacent pulses reduces the beat noise due to the overlap of pulse
tails, and therefore allows for the multiplexing of broader pulses than is required

for the single polarization format. Several other advantages of polarization
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multiplexing include a higher spectral efficiency and a decreased influence of fiber

non-linearities such as intra-channel cross phase modulation and FWM [27].
4.2.2 OTDM Receiver Subsystem

For OTDM systems beyond 100 Gbit/s, high-speed optical demultiplexing
is necessary to recover the tributary channels. For penalty-free optical
demultiplexing, the effect of the demultiplexing window width, the window shape,
and timing jitter must be considered. Crosstalk-induced power penalty analysis due
to incomplete extinction of the undesired channels was discussed and presented in
Section 3.4.4 (Eq. (3.5)). It has been also demonstrated that minimum optical
power penalty is achieved when the window width is set to the bit slot width [28].
In order to ensure a BER less than 102, the rms value of the jitter must be less than
1/14.1 times the time slot [28]. Therefore, for 160 (120) Gbit's to 40 (30) Gbit's
optical demultiplexing with less than 1 dB power penalty, a minimum dynamic
extinction ratio of 20 dB with a square-like less than 6 ps (8 ps) wide switching
window is required. It is also important that the demultiplexer is polarization
insensitive in order to accommodate varniable polarization states of incoming optical

signals.

The most widely employed optical demultiplexing techniques for OTDM
systems beyond 100 Gbit/s are non-linear optical loop mirrors (NOLM) [29], FWM
in optical fiber [30, 31] and semiconductor optical amplifiers (SOA) [32, 33],
LiNbO; modulator based Sagnac interferometers [34], SOA based Mach-Zehnder
interferometers [3S5, 36], and EA modulators (4, 10]. Demultiplexing techniques
based on optical fiber and SOA’s not only require the generation of local optical
clocks, but they are also susceptible to thermal drift, which can lead to SNR
degradation in the demultiplexing process. Therefore, an OTDM receiver
subsystem based on optical demultiplexing using stable and compact EA

modulators currently seems to be the most practical technique.
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4.2.3 Beyond 100 Gbit’s OTDM Demonstrations

Single wavelength OTDM transmission experiments beyond 100 Gbit/s
have been demonstrated in various research laboratories using the optical short
pulse generation and demultiplexing techniques described in the preceding section
over the past decade. The most significant system demonstrations are listed in
Table 4.1. The first 100 Gbit/s optically multiplexed data stream was achieved at
NTT Laboratories, Japan, in 1988 using a gain-switched laser with 6 ps optical
pulses [37]. The ultra-high-capacity beyond 200 Gbit/'s demonstrations at NTT
Laboratories predominantly employed 10 GHz 3 ps pulses generated by a ML-
FRL, which were compressed in supercontinuum fiber to less than 1 ps pulse
widths, including the latest demonstration of 1.28 Tbit/s [9]. These experiments
also employed NOLM’s to demultiplex the high-speed data stream to the 10 Gbit/s

base rate.

OTDM system experiments employing stable and compact EA modulators
for both optical short pulse generation and demultiplexing were achieved at Lucent
Technologies, USA [4] and at the University of California, Santa Barbara (this
work) [10]. The optical pulse source EA modulator in [4] was followed by non-
linear compression to achieve sub-2 ps transform-limited pulses. Both of these
experiments are also the only demonstrations that employed pattern lengths of 2°'-
1. The optical pulse generator and demultiplexer EA modulators used in [10] are
described in the next section while the 120 Gbit/s OTDM system, which is the only
demonstration of the feasibility of using electrical multiplexers and demultiplexers
beyond 20 Gbit/s in conjunction with EA modulators for high-speed OTDM, is
presented in Section 4.4.
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Company, OTDM Electrical Pulse Source & Demultiplexer & Pattern Ref.
Year Bit Rate Base Rate Pulse Width Electrical Rate Length

(Gbivs)  (Gbits) (PRBS)

NTT, 100 3.125 GS-LD, (37]
1988 6 ps

NTT, 100 6.3 ML-FRL, FWM, (38)
1993 35ps 6.3 Gbit/s
BT, 100 10 ML-FRL, EA MOD, 2’1 (39]
1998 <3ps 10 Gbiv's

NTT, 120 20 ML-FRL, EA MOD, 2'-1 (40]
1998 3.5ps 20 Gbiv's

UCSB, 120 30 EA MOD, EA MOD, 2’1 (10]
2000 3.7 ps 30 Gbit/s

NTT, 160" 10 ML-FRL? NOLM, 2.1 (2]
1995 1.5ps 10 Gbiv's

NTT, 160 10 ML-FRL?, FWM, 2’1 (3]
1999 3ps 10 Gbit's

Lucent, 160 20 EA MOD?, EA MOD, 2’ (4]
1999 1.8 ps 10 Gbiv's

H.-H. Ins., 160 10 ML-FRL, MZI Switch, 2’1 (5]

2000 1.6 ps 10 Gbiv's

NTT, 200" 6.3 ML-FRL?, FWM, (41)
1995 2.1ps 6.3 Gbit/s

NRL, 200' 12.5 ML-FRL, NOLM, 2% - [42)
2000 1.6 ps 12.5 Gbi's

NTT, 320 10 ML-FRL?, NOLM, p | (6]
1998 04 ps 10 Gbit/s

NTT, 400 10 ML-FRL?, FWM, (43)
1996 0.98 ps 10 Gbiv's

NTT, 640 10 ML-FRL?, NOLM, 2.1 (8]
1998 0.2ps 10 Gbiv's

NTT, 1280’ 10 ML-FRL?, NOLM, 2%.1 (9]
2000 0.2ps 10 Gbiv's

Table 4.1 Summary of single-wavelength OTDM system demonstrations beyond 100 Gbit/s.
Notes: ‘"’ Polarization multiplexing of adjacent channels is employed; ® the optical pulse source
output was compressed by non-linear techniques. GS-LD: gain-switched laser diode; ML-FRL:
mode-locked fiber ring laser; FWM: four-wave mixing; NOLM: non-linear optical loop mirror;
MZI: Mach-Zehnder Interferometer.
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4.3 High-Speed Optical Switching using EA Modulators

Sinusoidally driven EA modulators play a key role in OTDM systems as
optical short pulse generators and optical demultiplexers (Chapter 3). The non-
linear attenuation characteristic of EA modulators allows for the generation of
optical pulses with less than 10% duty ratio under high reverse bias and large
sinusoidal RF signal. According to the simulations in Section 3.2.3, it was
determined that for a 9.5 V,, 40 GHz modulation drive, optical pulses as short as
3 ps at a reverse bias of -8 V could be expected assuming an ideal EA modulator
with no microwave dependence. However, since the optical loss depends strongly
on the insertion loss and the duty ratio of the pulses, the average optical output
power and consequently the SNR, especially at high frequencies, can be very low.
Therefore, the EA modulator requires a high saturation input power to
simultaneously satisfy short pulse widths and high optical output powers. Another
limiting factor at modulation frequencies beyond 20 GHz is the available RF power
as well as the EA modulator frequency response (microwave losses and
reflections), which can result in broader pulses with degraded dynamic extinction
ratios than is theoretically predicted. On the other hand, it has been shown that the
walk-off effect between the electrical and optical pulses in traveling-wave EA

modulators can be utilized to further compress optical short pulses [44].

In this section, the high-speed switching performance of traveling-wave EA
modulators [45] for high capacity OTDM system applications is investigated. A
novel dual-drive modulation of a single EA modulator is presented [11], which
effectively doubles the RF drive to achieve less than 15% duty ratios at 40 GHz
modulation. This is the smallest duty ratio ever achieved at these frequencies using
a single EA modulator. Integrated tandem EA modulators with extinction ratios of
50 dB are also investigated for OTDM applications beyond 100 Gbit/s [12], and

discussed in section 4.3.3.
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4.3.1 Optical Short Pulse Demonstrations Beyond 30 GH?

Optical pulse generation at modulation frequencies of 20 GHz or lower has
been widely demonstrated; however, the number of demonstrations beyond 20 GHz
is currently limited. Table 2.2 summarizes the achieved pulse duty ratios and
dynamic extinction ratios for all the published 30 and 40 GHz modulation of EA
modulators. The shortest optical pulses (sub-4 ps) and highest dynamic extinction
ratios (> 20 dB) have been achieved at the University of California, Santa Barbara
(this work) [11, 12].

Company, Modulation Pulse Duty Ratio Dynamic Ref.
Year Frequency Width (%) Extinction
(GHz) (ps) Ratio (dB)
NTT, 1993 30 9.5 285 <10 [46)
NTT, 1997 30 123 36.9 14 [20]
40 10.9 43.6 9
NTT, 1998 40 5 20 >15 [21]
OPTO+, 1998 40 6 24 12 [22]
UCSB, 2000 30 37 11.1 >20 [(11]
40 3.6 14.4 >20
UCSB, 2000 30 4.2 12.6 >20 [12]°
40 5.2 20.8 >20

Table 4.2 Summary of optical short pulse generation at modulation frequencies > 30 GHz using
electroabsorption modulators.

4.3.2 Dual-Drive Modulation

For the dual-drive modulation application, a traveling-wave EA modulator
with two electrodes was used [45]. The fiber-to-fiber transmission characteristics
of the 2-pym wide, 300-um long EA modulator is shown in Figure 4.3. The
insertion loss of the device at 1555 nm was 10.8 dB while the maximum extinction

ratio was 36.4 dB and 40.3 dB at a reverse bias of -6 V for the TE and TM
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polarization modes, respectively. The optical input power was +7.5 dBm for these
measurements, which demonstrates the high saturation power characteristic of this
26 GHz bandwidth device.

A= 1555 nm
P, =+7.5 dBm
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Figure 4.3 Fiber-to-fiber ransmission characteristics for an optical input power of +7.5 dBm at
1555 nm for the dual-drive EA modulator. The insertion loss of the device is 10.8 dB; the
maximum extinction ratios are 36.4 dB and 40.3 dB for the TE and TM modes, respectively.

RF source
—
Y
CW 1555 nm —

AMP +7.5 dBm KMY
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Optical Pulse
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Figure 4.4 Schematic of experimental set-up for the dual-drive operation of the EA modulator. The
device is terminated by the amplifiers at both electrodes.
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The dual-drive scheme operation is shown in Figure 4.4 [11]. Two RF
signals, synchronized by an electrical delay line, were fed into the two electrodes of
the modulator while a single reverse bias was applied. Since narrowband ac-
coupled amplifiers effectively terminated both electrodes, impedance matching at
the modulation frequency was ensured while heating effects were reduced and
external temperature cooling was not employed. The optical pulse measurement
set-up is shown in Figure 4.5. The optical output of the modulator was monitored
using an in-line power meter and subsequently amplified by an optical amplifier,
which was followed by a 1.9 nm optical bandpass filter. The output pulses were
then measured on a second harmonic generation (SHG) autocorrelator and an
optical spectrum analyzer (OSA). The width of the obtained pulses was
deconvolved assuming a Gaussian pulse shape as inferred from the optical
spectrum measurements. It is very important to note that the following criteria
were used for the these measurements: (1) the average optical output power was
higher than -25 dBm in order to ensure a high SNR, and (2) the dynamic extinction
ratio was estimated to be greater than 20 dB from the autocorrelator and

oscilloscope measurements.

Optical Spectrum
optical power Analyzer
monitor
1555 nm EAM . 1.9 0m 40 GHz detector
DFB . OBPF & 50 GHz scope
RF
Source SHG
Autocorrelator

Figure 4.5 Optical short pulse measurement set-up. OBPF: optical bandpass filter; SHG: second
harmonic generation.
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Figure 4.6 shows the obtained pulse widths as a function of reverse bias at
30 GHz for the TE polarization mode. The RF amplifiers generated 7 V, into a
50 Q load. Using only a single drive (the other electrode was terminated in 50 Q2),
a minimum pulse width of 4.7 ps was achieved at a reverse bias of -5.5 V. Under
the dual-drive modulation, an almost-transform-limited pulse width of 3.7 ps was
obtained with a low polarization sensitivity of 0.3 ps. This result corresponds to a
duty ratio of about 11% at 30 GHz. Further pulse compression was not observed
when the EA modulator was followed by dispersion-compensating fiber (DCF).
The advantage of dual-drive modulation is clearly demonstrated for allowing

operation at higher reverse biases leading to shorter pulse generation.
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Figure 4.6 Measured optical pulse widths as a function of reverse bias at 30 GHz single (open
circles) and dual-drive (solid circles) modulation.

Figure 4.7 shows (a) the autocorrelation traces of the pulses achieved for
single and dual modulation, and (b) the optical spectrum for the dual-drive
operation. The optical bandwidth was 0.84 nm resulting in a transform-limited

time-bandwidth product of 0.39. It is important to mention that shorter pulse



140 Chapter 4. Optical Time Division Multiplexed Systems Beyond 100 Gbit/s

widths were obtained at higher reverse biases at the expense of degraded SNR and

dynamic extinction ratio.
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Figure 4.7 (a) Measured autocorrelation trace for 30 GHz single (solid line) and dual-drive (dashed
line) modulation, (b) measured optical spectrum for 30 GHz dual-drive modulation.

The EA modulator was also driven synchronously with 40 GHz 7 V/,;, dual
RF signals. The pulse widths obtained as a function of reverse bias are shown in
Figure 4.8. A minimum pulse width of 3.6 ps with an optical bandwidth of
0.83 nm was achieved at -5 V (Figure 4.9), which corresponds to a duty ratio of
14.4%. It should be noted that single drive modulation at 40 GHz did not satisfy
either the dynamic extinction ratio or the average optical output power

requirements, and therefore is not presented in Figure 4.8.

In summary, high-speed optical switching of the traveling-wave EA
modulator with dual-drive modulation resulted in sub-4 ps pulses with low
polarization sensitivity (0.3 ps), high dynamic extinction ratio (> 20 dB), high
optical input power (+7.5 dBm), and high average optical output power (> -25
dBm). These results indicate that the dual-drive EA modulator can be used as a
pulse source in polarization and time multiplexed 160 (120) Gbit/'s OTDM systems.
Similarly, the obtained switching windows and extinction ratios would satisfy

penalty-free 160-t0-40 Gbit/s (120-to-30 Gbit/s) optical demultiplexing. Further
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compression of pulses to less than 2.5 ps is realizable by employing two
concatenated dual-drive EA modulators with applications to single-polarization
160 Gbit's OTDM systems.
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Figure 4.8 Measured optical pulse widths as a function of reverse bias at 40 GHz dual-drive
modulation. Inset: 40 GHz optical pulse waveform (10 ps/div).
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Figure 4.9 (a) Measured autocorrelation trace and (b) optical spectrum for 40 GHz dual-drive
modulation.
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4.3.3 Integrated Tandem E A Modulators

Sinusoidally driven EA modulators are typically limited to a dynamic
extinction ratio of about 20 dB, which is sufficient for demultiplexing purposes, but
can lead to incoherent interference between multiplexed pulses in OTDM
transmitters as discussed in Section 4.2.1. Therefore, a fiber-coupled pair of
separate modulators was used for pulse generation in an 80 Gbits [47] and for
demultiplexing in a 160 Gbit's OTDM system [4]. This configuration not only
effectively doubles the dynamic extinction ratio, but also reduces the switching
window as discussed in Section 3.2.1. However, it is desirable to integrate the
tandem on a single chip in order to eliminate the external optical amplifier, which
compensates for the coupling losses between the modulators. This results in a
compact and cost-effective transmitter (or demultiplexer) as well as an

environmentally robust module to thermal fluctuations.

The integrated tandem EA modulators used for the high-speed optical
switching application were previously introduced in Section 3.3 [12]. The 2-um
wide, 300-um and 400-pm long EA modulators were cleaved as a tandem (Figure
3.14), and the 20-um long optical waveguide between the two modulators was
defined by H' ion implantation. The ion implantation also extended about 50 um
into each modulator, which reduced the absorption region for each modulator by
100 pm. Both modulators were terminated in 50 Q thin-film resistors and

dielectric capacitors, which reduced heating effects and allowed for long-term

operation of the tandem without any external temperature cooling.

The transmission characteristics of the tandem as a function of reverse bias
are shown in Figure 4.10. An optical input power of +7 dBm was applied at
1555 nm. The insertion loss of the tandem was 14.1 dB and 15.3 dB for the TE and

TM polarization modes, respectively. Each device was individually characterized
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Figure 4.10 Fiber-to-fiber transmission characteristics for an optical input power of +7 dBm at 1555
nm for the integrated tandem EA modulators.

by keeping the other modulator at zero bias. The 400-um device achieved a
maximum extinction of 38 dB at -6 V while 26 dB of extinction was observed for
the 300-um device. The difference in the maximum extinction ratios is due to the
shorter absorption region of the 300-um device. It should also be noted that at high
reverse biases, a saturation of absorption due to the quantum well excitonic peak is
observed for both devices. Even though it is desirable to apply a high reverse bias
in order to generate short switching windows using sinusoidal modulation, the
absorption saturation will deteriorate the extinction ratio and generate significant
wings. These wings are detrimental for OTDM applications since the resulting
incoherent interference in the transmitter and the crosstalk in the receiver will
significantly degrade system performance. On the other hand, the tandem
configuration shows an improved extinction ratio of about 50 dB while the

absorption saturation is well suppressed in comparison to single device operation.
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A 14-dB reduction in the total expected extinction is observed, which is attributed

to higher-order mode coupling.

The optical switching capability of the tandem was first characterized at
30 GHz. The experimental measurement set-up is as shown in Figure 4.5. Both
modulators were driven with 7 Vp, sinusoidal RF signals, which were synchronized
by an electrical delay line. The widths of the optical pulses were measured using
the SHG autocorrelator and deconvolved assuming a Gaussian pulse shape as
inferred from the OSA measurements. The same average optical output power (> -
25 dBm) and dynamic extinction ratio (> 20 dB) criteria as in the dual-drive
measurements were enforced for the optical switching measurements. The pulse
widths obtained from the individual devices by keeping the other device at zero

bias are shown in Figure 4.11. At a reverse bias of -4.5 V, a minimum pulse width
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Figure 4.11 Measured optical pulse widths at 30 GHz as a function of reverse bias for individual
devices by keeping the other device at zero bias (circle: 300-um device; square: 400-um device).
Inset: Autocorrelation trace of the 5.6 ps pulse generated by the 400-um device at 4.5 V.

of 6.5 ps and 5.6 ps were obtained for the 300-um and 400-pm devices,

respectively. Even though shorter pulses were achieved at higher reverse biases,



Chapter 4. Optical Time Division Multiplexed Systems Beyond 100 Gbit/s 145

degradation in dynamic extinction ratio was observed due to the absorption

saturation as discussed in the preceding section.

Figure 4.12 shows the obtained pulse widths as a function of reverse biases
for the tandem configuration. A minimum pulse width of 4.6 ps (inset to Figure
4.12) was achieved with a fiber-coupled output power of -24.2 dBm while an
average of 5-6 ps pulses were observed over a wide range of reverse biases and
polarization states. This switching window is well suited for greater than
100 Gbiv's optical demultiplexing applications. The inset to Figure 4.12 also shows
the optical spectrum of the modulated tandem of EA modulators, which has a
Gaussian shape of 0.75 nm. The time-bandwidth product of 0.43 suggests that the
pulses were slightly chirped. When the tandem was followed by DCF with a
dispersion of about -6 ps/nm, the optical pulses were linearly compressed to a
transform-limited pulse width of 4.2 ps (Figure 4.13). This pulse width suggests
that the tandem is also suitable as an optical pulse source for simultaneous

polarization and time division multiplexed systems in excess of 100 Gbits.
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Figure 4.12 Measured pulse width as a function of reverse biases at 30 GHz for the tandem device
(x-axis: 400-um bias; symbols: 300-um bias). Closed symbols: TE polarization (top-to-bottom: -3.5
V, 4V, 4.5 V); Open symbols: TM polarization (top-to-bottom: -3, -3.5 V, 4 V). Left inset:
Optical spectrum; Right inset: Autocorrelation trace of 4.6 ps pulse.
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Figure 4.13 Measured pulse width as a function of reverse biases at 30 GHz for the tandem device
followed by DCF (x-axis: 400-um bias; symbols: 300-um bias). Closed symbols: TE polarization
(top-to-bottom: -3.5 V, 4 V, -4.5 V); Open symbols: TM polarization (top-to-bottom: -3, -3.5 V, 4
V). Inset: Oscilloscope trace of the 30 GHz pulses (13.3 ps/div).
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Figure 4.14 Measured pulse width as a function of reverse biases at 40 GHz for the tandem device
(x-axis: 400-um bias; symbols: 300-um bias). Closed symbols: TE polarization (top-to-bottom: -3.5
V,4V, 4.5 V); Open symbols: TM polarization (top-to-bottom: -3, -3.5 V). Inset: Autocorrelation
trace of the 5.2 ps pulse.
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The optical switching response of the tandem EA modulators was also
performed at 40 GHz with RF drives of 7 V,. The frequency response of the
devices was estimated to be about 4 dB lower at 40 GHz (in comparison to the
30 GHz response), which resulted in a compromise between pulse width, dynamic
extinction ratio and average optical output power. A minimum optical pulse width
of 5.2 ps with an optical bandwidth of 0.59 nm was achieved (Figure 4.14). These
results should improve when the tandem is driven with higher power RF amplifiers
at 40 GHz and enable error-free optical demultiplexing of 160 Gbit/'s OTDM data
stream to 40 Gbit/s.

4.4 Single Wavelength 120 Gbit/s (4 x 30 Gbit/s) OTDM System

Optical fiber transmission beyond 100 Gbit/'s OTDM has been demonstrated
by various subsystem technologies as described in Section 4.2 (Table 2.1). All of
these demonstrations have relied on electrical base rates of 10 or 20 Gbit/s, which
require 16 or 8-fold optical multiplexing and demultiplexing paths to achieve
160 Gbit's. The vast amount of optical channels not only complicates the
transmitter and receiver subsystems, but also puts stringent requirements on the
pulse sources and limits a practical system (Section 4.2). Therefore, it is desirable
to minimize the number of optically multiplexed and demultiplexed channels by
increasing the electrical base rate at the transmitter and receiver subsystems, which
would allow for a more robust and stable OTDM system. Due to advances in high-
speed ETDM, it is inevitable that next generation OTDM systems will operate at a
base rate of 40 Gbit/s with optical multiplexing to 160 Gbit/'s or more. More
recently, a 160 Gbit's OTDM data stream was optically demultiplexed to 40 Gbit/s
using a nonlinear interferometer switch, and further electrically demultiplexed to
10 Gbit/s after photodetection [48). In addition to using a high electrical base rate,

it is also desirable to use compact and stable optical pulse sources and
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demultiplexers, as discussed in Section 4.2. Sinusoidally driven EA modulators are
good candidates for both of these OTDM applications [4].

30 Gbit/s - 120 Gbit/s - 30 Gbit/s
ETDM OTDM ETDM

30 GHz 30 GHz
EAM EAM

Figure 4.15 Schematic of the investigated 120 Gbit's OTDM system. High-speed 30 Gbit's
tributary ETDM channels are multiplexed to 120 Gbit/s by pulses generated from a 30 GHz driven
EA modulator. A 30 GHz EA demultiplexer recovers the 30 Gbit's ETDM channels at the receiver.

This section presents a 120 Gbit/s (4 x 30 Gbit's) OTDM system with the
intent of demonstrating the feasibility of EA modulators driven at 30 GHz as the
optical pulse source and the demultiplexer in conjunction with a high-speed

electrical base rate at the transmitter and receiver subsystems (Figure 4.15).
4.4.1 Experimental Set-Up

The experimental set-up for the 120 Gbit/'s OTDM system is schematically
shown in Figure 4.16. The base rate of 30 Gbit/s was generated by electrically
multiplexing two 7.5 Gbit/s channels with pattern lengths of 2*'-1, followed by
optical multiplexing to 30 Gbiv's (Figure 4.16(a)). The 30 Gbit/s optical signal of
2dBm was then coupled into the dual-drive EA modulator (Section 4.3.2) [11],
which has a maximum extinction ratio of 40.3 dB and a bandwidth of 26 GHz. The
modulator was reverse biased at -6 V and driven by two 30 GHz RF amplifiers (7
Vpp each), which were synchronized to the 30 Gbit/s data stream by electrical delay

lines. Transform-limited 4 ps pulses were generated and external compression was
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(a) 15 GHz optical pulse 15 Gbiv's RZ data

[ ] [ | ST

Il —

LiNbO, MOD =

1555 nm T
DFB L8
30 Gbit/s optical
data stream

(b)

J

1555 nm|__[30 Gbiv's data EA ~__|30-10-120 Gbivs
DFB enerator | A | MOD A | optical MUX
T T --_

30 GHz 30 GHz received
e
' channelz <@ ‘ EAZ EAI - 4nm
MOD | MOD OBPF
channel 3
integrated tandem
EA MOD

channel 4

Figure 4.16 (a) The 30 Gbit's data generator set-up (13.3 ps/div), and (b) the expenimental 120
Gbit's OTDM system set-up (13.3 ps/div). MUX: multiplexer; OBPF: optical bandpass filter.

not employed after the modulator, which minimizes the amount of environmentally
induced timing variations before the optical multiplexer. The 30 Gbits signal was
then passively multiplexed using fiber delay lines (with 200 bits of delay between
channels) to generate the 120 Gbit's OTDM data stream. Both polarization and
time multiplexing were employed at the last stage of the multiplexer to minimize
interference between adjacent channels due to pulse tail overlap. The two 60 Gbit/s

orthogonal polarization channels are shown in Figure 4.17. The measured eye
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diagrams are significantly deteriorated due to the limited 40 GHz photodetector
bandwidth and the 7.5 GHz oscilloscope trigger.
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Figure 4.17 The alternate-polarization 60 Gbit/s eye diagrams (13.3 ps/div) measured with a 40
GHz photodetector.

In the receiver, the 120 Gbit/s data stream was optically pre-amplified
followed by a 4 nm optical bandpass filter, and fed into the optical demultiplexer
which consisted of the integrated tandem EA modulators (Section 4.3.3) [12]. The
two modulators (EA] and EA2) are 300-pum and 400-um long respectively, and are
separated by a 20-um long optical waveguide region. The insertion loss of the
device was 14.2 dB while the maximum extinction ratio was about 50 dB. Both
modulators were driven by 30 GHz RF signals and a switching window of 5-6 ps
was achieved over a wide range of reverse biases. The output in Figure 4.16(b)
shows the four demultiplexed 30 Gbit/s optical channels, which were individually
selected by an electrical delay line. A polarization sensitivity of about 2 dB was
observed which had a minimal impact on the 30 Gbit/s eye opening. The clean eye
opening of the received 30 Gbits channels indicates that further high-speed
electrical demultiplexing is feasible. It should also be noted that a similar dual-
drive EA modulator used in the transmitter could have been employed as the
optical demultiplexer.
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N 4

Figure 4.18 Eye diagrarus for all 16 demultiplexed 7.5 Gbit/s channels (13.3 ps/div)

4.4.2 Experimental Results and Discussion

Bit-error rate (BER) measurements were carried out in order to assess the
performance of the 120 Gbit's OTDM system based on EA modulators, where the
received average power was determined at the input of the optical pre-amplifier. In
order to simplify the BER measurements, EA2 was only driven by a 7.5 GHz RF
signal and the 120 Gbit/s data stream was directly demultiplexed to 7.5 Gbit's. The

demultiplexed channel was then detected and electrically amplified using
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commercial 10 Gbit/'s components. The sixteen 7.5 Gbit/s channels are shown in
Figure 4.18 with clear open eyes, which confirms the validity of the 120 Gbit/s data
stream. The 120 Gbit/s and 60 Gbit/s BER measurements for an arbitrarily selected
channel are shown in Figure 4.19. Error-free operation with 120 and 60 Gbit/s
receiver sensitivities of -22.2 and -25.5 dBm, respectively, are achieved. The 3-dB
difference in receiver sensitivities is due to the extra channels in the 120 Gbit's data
stream. These measurements indicate that no optical power penalty was incurred
due to either optical multiplexing or demultiplexing. It should be also noted that no

pattern length dependent power penalty was observed.
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120 Gbiv's data

Bit Error Rate

10°°

10-10--
lo-ll-r-

lo_lq AR SRS S S W VS ST U S T SR SN S T T W ST N T Y ST VT S U

Average Received Power (dBm)

Figure 4.19 BER measurements at 120 Gbit's (solid) and 60 Gbit/s (open) for an arbitrarily selected
channel with 2*'-1 pattern length.

The receiver sensitivities for a BER of 10 for all 16 channels are shown in
Figure 4.20 (mean sensitivity of -22.6 dBm). The slight sensitivity variations
between channels are attributed to amplitude and timing alignment variations in the

optical multiplexer. The successful error-free and penalty-free demonstration of
the 120 Gbit's OTDM system based on EA transmitters and demultiplexers driven
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at 30 GHz confirms the future potential of EA modulators in high-speed OTDM
applications.
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Figure 4.20 120 Gbit/s receiver sensitivities at a BER of 10 for all 16 channels. A mean 120
Gbit/s sensitivity of —22.6 dBm is achieved.

4.5 Summary and Conclusions

In this chapter, a four-channel 120 Gbit/'s OTDM system with reduced
number of optical channels by increasing the electrical base rate was presented and
investigated. This system was achieved by employing compact and stable EA
modulators operating at 30 GHz for pulse generation and demultiplexing. A high
saturation power dual-drive EA modulator realized less than 15% duty ratio pulses
at frequencies beyond 30 GHz without any external pulse compression. Integrated
tandem EA modulators with 50 dB extinction ratios were also presented for the
suppression of incoherent interference between adjacent pulses in the transmitter
and crosstalk in the receiver. Both of these EA modulator configurations were
verified in the 120 Gbit/'s OTDM system with error-free and penalty-free operation
for pattern lengths of 2°'-1. Further operation at an ETDM base rate of 40 Gbit/s
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for an aggregate data rate of 160 Gbit/s was also shown to be feasible with these

devices.

For high-speed OTDM systems beyond 100 Gbit's, EA modulators offer
significant advantages over fiber-based techniques due to their stable and simple
operation as well as their potential for monolithic integration in realizing compact
transmitter and receiver subsystems. The obtained optical pulse widths at 40 GHz
currently limit OTDM systems to polarization multiplexing, which has the
advantage of reduced interchannel interference and non-linearity suppression as
well as offering a higher spectral efficiency for next-generation WDM systems. On
the other hand, single polarization 160 Gbit/'s OTDM signals can be realized by an

improved EA modulator design with a high non-linear absorption characteristic.
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CHAPTER 5

Conclusions and Future Work

5.1 Summary

The rapid development of optical fiber communication technologies in
conjunction with the exponentially growing demand for Internet access over the
past decade has resulted in a prompt need to utilize the available optical bandwidth
by extending the capacity of time division multiplexed (TDM) channels. For these
high-capacity systems to be commercially viable, the high-speed transmitter and
receiver subsystems technologies need to be reproducible as well as being compact
and stable. This motivation was the driving force behind the investigation and
demonstration of various high-speed electrical and optical TDM subsystems,

primarily based on electroabsorption (EA) modulators, for this dissertation.

Optical systems based on high-speed electrical TDM (ETDM) systems
beyond 20 Gbit/s was the focus of Chapter 2. A 30 Gbit's ETDM optical system,
which predates all of the 40 Gbit's ETDM demonstrations, with full electrical
multiplexing and demultiplexing was presented. A traveling-wave EA modulator
was also investigated at 30 Gbits as a low drive voltage and polarization
insensitive high-speed data encoder. This was also the first optical modulation
demonstration of a traveling-wave EA modulator. The most significant problems
of high-speed ETDM subsystems were determined to be microwave reflections
between electrical-to-optical (E/O) and optical-to-electrical (O/E) interfaces, long
electrical amplifier chains, and saturated operation of modulator drivers. The
experimental analysis also revealed that monolithic integration of various electronic
and opto-electronic devices is required for future high-speed ETDM systems,

where EA modulators will be strong candidates.
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In Chapter 3, various optical processing techniques primarily intended for
high-speed OTDM system applications using simple sinusoidal modulation of EA
modulators were investigated and demonstrated. Due to its non-linear attenuation
characteristic, a reverse biased EA modulator can generate various optical gates for
optical short pulse generation and demultiplexing. While optical pulses with duty
ratios less than 10% and extinction ratios greater than 20 dB were achieved, the EA
modulator’s high-speed OTDM demultiplexing capability was also demonstrated.
Due to the high optical insertion loss of these devices, a novel compact and stable
40 Gbit's OTDM receiver subsystem based on integrated tandem EA modulators
was presented. The chapter concluded with another novel application of an EA
modulator in which a single channel was simultaneous demultiplexed and detected
from a high-speed OTDM data stream. The analysis revealed that four-channel
40 Gbits operation of the simultaneous demultiplexer and detector could be
employed for realizing compact future add/drop multiplexers and OTDM

demultiplexing receivers.

Chapter 4 focused on next generation OTDM systems with capacities
beyond 100 Gbit/s based on high-speed EA transmitters and demultiplexers. A
high saturation power dual-drive EA modulator was demonstrated as an optical
short pulse source with less than 15% duty ratios at frequencies beyond 30 GHz
while integrated tandem EA modulators achieved 50 dB extinction ratios. These
devices were employed in the demonstration of a 120 Gbit's OTDM system based
on 30 Gbits tributary base rates. It was shown that for future robust and stable
ultra-high-speed OTDM systems, the number of optical channels needs to be

reduced by increasing the electrical base rate.
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5.2 Electroabsorption Modulator Improvements

For next generation commercially viable high-speed ETDM and OTDM
systems, EA modulators have the strongest potential for satisfying the data
modulation, optical short pulse generation and optical demultiplexing applications.
This is due to several advantages EA modulators possess, including their simple
and stable operation, compact size and potential for monolithic integration. For all
three applications, the EA modulator requires (1) high electro-optic bandwidth, (2)
high dynamic extinction ratio, (3) fast non-linear absorption onset for low drive
voltage, (4) low polarization sensitivity, (5) high optical power saturation, (6) low
chirp, and (7) low optical insertion loss. The intrinsic device design improvements
for some of these requirements have previously been presented in detail in [1]. In

this section, some of the externally controlled improvements are discussed.

(1) Bandwidth Improvements: The traveling-wave EA modulator has the advantage
of overcoming the RC-limited bandwidth; however, its bandwidth is limited by
microwave insertion losses as well as impedance mismatch induced reflection
losses [1]. Therefore, an optimum external termination needs to be designed
according to the measured S-parameters of the device. In this design, the parasitic
effects of the input and output ribbon bonds need to be considered as well. Flip-
chip bonding the EA modulator can further reduce microwave insertion losses. On
the other hand, for high-speed optical switching applications, the EA modulator is
usually driven by a single RF frequency. Therefore, the device and the external
circuitry designs can be optimized for the specific frequency. A simple impedance
matching circuit [2], or microwave resonators [3], can significantly improve the
return losses at the desired RF frequency. Recently, a matching circuit based on
microstrip double open stubs decreased the return losses from -5 dB to less than —
30 dB at 60 GHz for a 75-um long 40 GHz EA modulator [2].
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(2) Optical Insertion Loss Improvements: In any application involving EA
modulators, optical insertion losses as low as possible are desired from signal-to-
noise ratio (SNR) and fiber transmission power budget issues. EA modulators
typically have 8-12 dB of optical insertion loss, which is mainly due to the high
fiber-to-device coupling losses. The intrinsic propagation losses are usually less
than 2 dB; therefore, the optical coupling to EA modulators need to be improved
without sacrificing bandwidth or drive voltage requirements. Several techniques
have been demonstrated for reduced optical coupling losses. A packaged EA
modulator module with high coupling efficiency has been demonstrated by
employing an aspheric lens system [4]. Optical insertion losses as low as 5 dB
were achieved for a 200-pum long device with less than 1 dB polarization dependent
loss. The optical coupling losses can also be reduced by employing integrated
spot-size converters, or beam expanders [5, 6]. The spot-size converters on both
sides of the device can be designed such that the frequency response of the EA
modulator is not affected [6]. Due to the 300-um long spot-size converter sections,

the longer EA modulator is also easier to handle and package.

Depending on the application, EA modulators can also be integrated with
DFB lasers [7], semiconductor optical amplifiers (SOA) [8-10], and photodetectors
[11]. Integrating the photodetector with the EA demultiplexer not only provides a
compact receiver, but also allows for efficient coupling and reduction of external
optical components [11]. On the other hand, a fiber-to-fiber gain of 14 dB was
measured for a tandem of EA modulators integrated with SOA’s [9], which
indicates the potential of monolithic integration for high-speed optical switching
applications. In consideration of integrating EA modulators with SOA’s, there are
two intrinsic limitations imposed by the SOA. For low optical input powers, the
SNR degrades by the amplified spontaneous emission (ASE) noise introduced by
the SOA. Therefore, the EA modulator optical output has to be considerably higher
than the ASE limit and the SOA should be followed by an optical filter [12]. The
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second limitation arises at high optical input powers to the SOA, in which the
dynamic gain saturation effect leads to a degradation of the extinction ratio. Both
the ASE noise and the gain saturation limits should be considered in the design of
an integrated EA modulator and SOA module. Furthermore, with a proper active
layer design, the positive chirp of the EA modulator can be compensated by the
phase modulation of the SOA and converted into negative chirp [13, 14], which is
ideal for transmission in the anomalous dispersion regime of standard single mode
fibers (SMF).

(3) Dynamic Extinction Ratio Improvements: A dynamic extinction ratio of 15-
20 dB, which a single EA modulator is capable of, is generally suffice for less than
1 dB of optical power penalty for the optical data modulator and the optical
demultiplexer applications. However, as discussed in Chapter 4, the optical short
pulse source in a four-channel single-polarization OTDM system requires greater
than 30 dB of dynamic extinction ratio in order minimize interference induced
power penalties and error floors. A single EA modulator is typically limited to a
20-dB dynamic extinction ratio; therefore, an external improvement is required for
pulse generation applications using an EA modulator. Synchronized EA
modulators in a tandem configuration, either with two separate fiber coupled
devices [15] or integrated EA modulators [16, 17], not only improves the extinction
ratio, but also shortens the optical pulses as discussed in Chapter 3. Recently, an
automatic time delay control unit was proposed to avoid SNR degradation due to
environmentally induced timing variations for two separate concatenated EA
modulators [18]. However, from a system perspective, it is preferable to integrate
the tandem devices on a single chip for a compact and environmentally stable
optical pulse generator module. As discussed in the preceding section, it would
also be desirable to incorporate SOA'’s in the module to overcome optical insertion

losses.
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Another method for improving the dynamic extinction ratio is by employing
self phase modulation (SPM) in a non-linear medium with subsequent optical
filtering [19]. This method not only generates transform-limited pulses with pulse
widths determined by the optical filter spectral width, but also increases the
dynamic extinction ratio dramatically by suppressing finite signal and noise in the
zero level. This technique has been implemented in 8 km of dispersion-shifted
fiber (DSF) for pulse compression and extinction ratio improvement of an EA
modulator pulse source in a 160 Gbit's OTDM experiment [20]. Similarly, a
dispersion-imbalanced fiber loop mirror (DILM), with 3 km of fiber in the loop,
was employed as a non-linear filter by transmitting only the pulse component with
the appropriate peak power and pulse duration [21]. However, both of these
methods are not practical since they require long lengths of fiber before the optical
multiplexer, which can introduce instability due to polarization and temperature
varniations. Recently, a pulse extinction ratio improvement of 20-25 dB using SPM
was also demonstrated in a SOA, which has the potential for a compact and reliable

optical transmitter by monolithic integration with an EA modulator [22].
5.3 Next-Generation Traveling-Wave Electroabsorption Modulator

A next-generation traveling-wave EA modulator was recently fabricated in
order to satisfy optical system requirements such as high saturation input power
and low drive voltage [23]. The design of the device is similar to the modulators
described in Chapter 1 [1]; however, the active region material was modified with a
photoluminescence peak of higher than 1500 nm. Figure 5.1 shows the static fiber-
to-fiber transmission characteristic of the device at a wavelength of 1555 nm (the
facets were not antireflection-coated). The onset of the non-linear absorption is
very fast with a 10-dB extinction at 0.55 V, and a 20-dB extinction at 1.3 V for the
TM polarization. The high-degree of non-linearity of this device is ideal for optical

short pulse generation applications. The device also exhibits a very high optical
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input saturation power due to proper bandgap engineering; the frequency response
of the EA modulator at an optical input of +14 dBm shows no degradation (inset to

Figure 5.1).
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Figure 5.1 Fiber-to-fiber transmission characteristic of the next-generation traveling-wave EA
modulator at 1555 nm. Inset: Frequency response of device for an optical input of +14 dBm.
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Figure 5.2 BER measurements at 10 Gbit/s for the next-generation traveling-wave EA modulator.
Inset: Eye diagram at 10 Gbit/s (50 ps/div).
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The next-generation traveling-wave EA modulator was also used as a low
drive 10 Gbit/s optical data modulator. The measured bit error rate (BER) curves at
10 Gbit/s for a pattern length of 2°'-1 and an optical input of +9 dBm is shown in
Figure 5.2. Both the TE and the TM polarization modes required reverse biases
less than -1 V while the 10 Gbit/s drive signal was 1 V. Error-free operation with
a receiver sensitivity of -33 dBm was achieved for the TM mode. The device
exhibited some polarization dependence; however, its potential for future high-
speed applications with low drive voltages and high optical input powers is clearly

demonstrated.
5.4 High-Speed TDM for High-Capacity WDM

This dissertation has mainly focused on demonstrating compact and reliable
transmitter and receiver configurations for next generation ETDM and OTDM bit
rates of 40 and 160 Gbit/s without discussing optical transport issues in detail. Asa
conclusion to this dissertation, it would be appropriate to comment on fiber
transmission and wavelength division multiplexing (WDM) applications at these

data rates.

Over the past decade, there were a few misconceptions on high-speed
return-to-zero (RZ) format transmission that should be cleared. Due to the higher
spectral bandwidth and optical peak power of the RZ format, fiber dispersion and
fiber non-linearities would be enhanced for single-wavelength transmission while
WDM capacity would be reduced; therefore, the non-return-to-zero (NRZ) format
has been considered as the appropriate modulation form. However, with the
advances in optical fiber technology, second-order dispersion and the dispersion
slope can be well compensated through properly managed fiber links. Secondly,
since short pulses disperse quite rapidly in the beginning of the optical link, SPM-
induced degradation is mitigated and high launch powers are allowed; this is in

contrast to the NRZ format, which is strongly affected by SPM due to its longer
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dispersion length and thus higher peak power. For example at 40 Gbivs, a nearly
doubled SMF transmission of 432 km was achieved using the RZ format [24]. In
regards to WDM transmission, the NRZ format does have a higher spectral
efficiency than the RZ format. However, by employing alternate polarization
multiplexing of the RZ data stream at the expense of slightly more complicated
transmitter and receiver configurations, the spectral bandwidth of the RZ format
can be reduced to the NRZ bandwidth.

Several advantages are also achieved by employing high-speed channel
rates in high-capacity WDM systems. Firstly, the available optical bandwidth is
utilized effectively by decreasing the number of guard bandwidths between
adjacent wavelength channels. Secondly, since the wavelength channel spacing is
on the order of 100 GHz or more, non-linear interaction between WDM channels
are reduced and the limitations are due to single-channel effects. This will be

especially evident in the next-generation 160 Gbit/s per wavelength WDM systems.

At a line rate of 40 Gbit/s, over 10 Tbit's WDM transmission will be
possible in the very near future. Employing both polarization interleaving of
adjacent wavelength channels and optical duobinary modulation can increase the
spectral efficiency by a factor of three. Therefore, the 0.4-bit/'s’Hz spectral
efficiency of a conventional 40 Gbit/'s NRZ based WDM system with 100 GHz
wavelength spacing could be increased to 1.2 bit/s/Hz. This would correspond to a
total capacity of over 10 Tbits for the C- and L-bands. Considering the vast
available bandwidth of optical fiber and the trend of rapid development of
advanced technologies over the past decade, it is quite likely that tens of Terabit per

second capacity transmission will be demonstrated in the coming decades.
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APPENDIX A

Microwave Packaging Technology for 40 Gbit/s Applications

For electrical time division multiplexed (ETDM) systems operating at
speeds of 40 Gbit/s, high-speed integrated circuits (IC) need to be packaged into
modules that can handle frequencies up to 40 GHz without introducing excess
parasitics and hence degrade device performance. Therefore, the overall package
design should be designed according to the specific IC characteristics and
simultaneously consider the transmission line type, the microwave substrate, the

IC-to-transmission line and module interconnections as well as the module type.

Microstrip and coplanar waveguide (CPW) transmission lines are the most
commonly utilized transmission lines for high-speed microwave applications [1].
The primary advantage of the CPW structure is that the ground plane is readily
available at the surface of the substrate. This allows for an efficient and low-
inductance flow of the ground from the high-speed connector interface to the IC.
Furthermore, since the high-speed IC’s provided by Rockwell Science Center had
on-chip ground-signal-ground pad structures, the CPW transmission line was the
fundamental choice. A typical CPW transmission line cross section is shown in
Figure Al.

| W |
-
Quartz substrate

Figure Al Schematic of coplanar waveguide cross section. D is the ground-to-ground width and W
is the signal line width.
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Losses on CPW transmission lines mainly consist of skin, as, and radiation
losses, a,qs, Which are related to the essential design parameters of frequency, f,

material dielectric constant, &, and ground-to-ground spacing, D, by [2],

@ < (e, +1)5 £/1D (4.1a)
a,, <& f'D? (4.16)

From Eq (A.1), it can be inferred that both losses increase with the relative material
dielectric constant; therefore, a low dielectric constant material is required.
Furthermore, the radiation loss becomes dominant at high frequencies compared to
skin losses while it decreases with narrower signal-to-ground gaps. Figure A2
shows the frequency dependence of quartz (& = 3.8) and alumina (& = 9.8) CPW

structures for various signal widths.

8 T T T T
- l l -l "—l
T ap (“-'r + 1)/2 f/zD W=200 um ,**
6 = 3 l’ -
a,, &7 fD? .

Transmission Line Loss (dB/inch)

Frequency (GHz)

Figure A2 Frequency dependence of total microwave losses of quartz (& = 3.8) and alumina (& =
9.8) CPW structures for various signal widths.
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From the outcome of the preceding analysis, CPW structures on quartz
substrate were chosen as the transmission line substrate for the high-speed
microwave packages. The CPW lines were designed for lowest loss up to 40 GHz,
which resulted in 300-um wide lines and 40 pum gaps on 25 mil thick quartz
substrates. Since the on-chip bond pads were typically 100-um wide, the CPW
lines were linearly tapered to 100-um width and 10 um gaps. The ability to taper
transmission line width while preserving a 50 Q impedance is another reason for

the choice for the CPW structure over microstrip lines.

An important package parasitic comes from the wire bond connection
between the chip and the CPW transmission line, which introduces inductance for
both the signal and the ground connections. To minimize the length and the
inductance of the wire bond connections, the bonding pads of the IC were aligned
with the top surface of the substrate by mounting the IC in a recessed hole.
Conventionally, the interconnection between the IC and the substrate are achieved
by employing wire bonds. However, due to its lower inductance (in comparison to
wire bonding), gold ribbon bonds were employed for the high-speed
interconnections between the IC and the quartz substrate (signal and ground). The
inductance (nH) for gold ribbon ribbon with length /, width w, and thickness ¢, is
givenby (2]

w+t

L=0.005 1[ '—’—-)+o.22(—7—)+1.19] (4.2)

w+t

For a typical length of 6 mil, width of 3 mil, and thickness of 0.25 mil, the
inductance is less than 0.1 nH. Therefore, in all of the high-speed interconnections
between the IC and the quartz substrate (signal and ground), gold ribbons with
lengths less than 150 pm were used.
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Absorber

Connector

Figure A3 Cross section of the microwave package. The chip is mounted on a pedestal while the
quartz substrate is suspended over an air gap in the brass housing.
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Figure A4 Measured insertion and return losses of a microwave package with 300-um wide and I-
inch long CPW line on a quartz substrate.

A brass housing was used to attach the substrate and IC for good thermal
conduction (Figure A3). The package dimension tolerances were within 1 mil to
reduce air gaps between the housing and quartz substrate. Conductive epoxy was
used to attach the IC and the substrate to the brass body. Due to the CPW structure,
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the quartz substrate was suspended over an air gap with microwave absorbing
material to suppress cavity resonances and parasitic microstrip modes. For the
outer interconnection, K-connectors with 46 GHz bandwidths were employed. The
frequency response of a packaged 300-pum wide and 1-inch long CPW transmission

line on a quartz substrate is shown in Figure A4. The measured loss is less than
2.5 dB/inch at 40 GHz while the return loss is less than —14 dB.

The described microwave packaging technology was employed for the
packaging of 30 Gbit/s multiplexers (3] and demultiplexers (Chapter 2) [4], 26 GHz
AGC amplifiers [5], 20-kHz to 50-GHz amplifiers (Appendix B) (6], 20-kHz to 46-
GHz bias-tees and a varniety of low-pass filters (Appendix C). Recently, some of

these modules have become commercially available.
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APPENDIX B

Design of 20-kHz to 50-GHz Amplifier IC Modules

Baseband amplifiers used as modulator drivers, receiver pre-amplifiers and
post-amplifiers are key components for the currently considered 40 Gbits
electrically time division multiplexed (ETDM) multi-wavelength optical
communications systems. A linear response with little magnitude vanation and a
constant group delay over a broad bandwidth is essential for low bit error rates with
long pattern lengths. Amplifiers with these characteristics have been demonstrated
in various integrated circuit (IC) technologies (see for example [1-3]). The
packaging of high-speed IC’s is a real challenge since the overall package parasitics
(the transmission line, discontinuities, wire bonds and lumped elements used in the
module) become significant at high frequencies and can severely limit the
performance of the broadband IC being packaged. Some very impressive high-
speed modules have been demonstrated for in-house IC’s, either by optimizing the
module for the given IC [4-6], or by designing the IC according to the known
package parasitics 7, 8].

This Appendix describes packaging techniques for reducing the overall
insertion losses as well as the design of the external drain bias circuitry to extend
the low-frequency cutoff of a commercially available traveling-wave amplifier [9]
down to 20 kHz while maintaining gain-flatness over a broad bandwidth. These
packaged modules were used as modulator drivers and receiver amplifiers in the
30 Gbit's ETDM optical transmission system described in Chapter 2 [10].

B.1 IC Characteristics

The frequency response for on-wafer measurements and other

characteristics for the commercial 2-to-50 GHz amplifier are given in [11].



178 Appendix B. Design of 20-kHz to 50-GHz Amplifier IC Modules

Bonding pads are provided to allow the amplifier to operate at frequencies lower
than 2 GHz and to supply the drain and gate biases by means of external circuit
components. However, since the output of the amplifier is directly connected to the
drain bias pad, any parasitic coupling in the drain bias circuitry reflects as
resonances and frequency response deterioration. In addition to these constraints,
the input and the output of the amplifier need to be externally ac-coupled without

introducing excess insertion loss.
B.2 Package Design

A coplanar waveguide (CPW) transmission line was chosen for the ease of
providing a low-inductance ground between the chip and the surface ground of the
substrate. The details of the quartz substrate as well as general microwave
packaging are presented in Appendix A. The 3350-um long identical substrates
used at the input and the output of the amplifier were designed to have minimum

insertion and return losses. The photograph of the packaged IC is shown in Figure
2.6 (Chapter 2).

An important package parasitic comes from the wire bond connection
between the chip and the CPW transmission line, which introduces inductance for
both the signal and the ground connections. It was shown in [7] that this parasitic
could be reduced by designing the IC according to the outer bonding wire
inductance. However, this technique is not possible for the packaging of a
commercial IC; therefore, an optimization of this interconnection is required. It
was experimentally observed that gold ribbon with a width of 75 um has less
inductance than the conventionally used wire bonds. The bonding pads of the IC
were aligned with the top surface of the substrate to minimize the length and the
inductance of the ribbon. The length of the ribbons was approximately 150 pm

long with an estimated inductance of less than 1 nH/mm.
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The ac-coupling of the input and the output of the amplifier are
conventionally achieved by mounting a surface mount dielectric (SMD) capacitor
across a gap on the signal line. However, since broadband (20 kHz to 50 GHz)
SMD’s are currently commercially unavailable, a parallel combination of a 180 pF
dielectric capacitor (di-cap) and a 100 nF SMD was chosen (Figure Bl(a)). In
order to simulate the input and output substrates simultaneously, a pair of the
capacitor combination was epoxied on a 7-mm long CPW line. Frequency
response measurements showed that there was about 2.4 dB extra insertion loss due
to the two gaps and the capacitor combinations at 40 GHz. In order to eliminate the
discontinuities on the CPW, the module was designed such that the capacitors
would be placed directly under the K-connector launch (Figure Bl(b)). This new
design improved the insertion loss by 1 dB at 40 GHz and allowed for slightly
shorter CPW lines.

SMDcsp  4iaP ribbon ' K-connector K-connector

(a) N\ l bond launch / () SMD{P launch :{]

o/

| | '/'
quarz signal quarz .
substrate gap substrate di-cap

Figure Bl Illustrative schematic diagrams of different ac-coupling schemes: (a) capacitor
combination mounted on the signal line next to a gap. Ribbon bonds are used to connect the
capacitor and the signal line over the gap. (b) Capacitor combination mounted under the K-
connector launch, thereby eliminating the gap (signal line discontinuity) and the ribbon bonds.

A similar parallel configuration of capacitors was connected to the low-
frequency extensions of the amplifier. The parasitics of the capacitors or the gold
ribbon were not seen to be significant on the frequency response of the amplifier.
However, at frequencies below 2 GHz, a gain rise was caused due to the increase in
the drain termination resistor value from 50 Q to 65 Q (Figure 1 in [11]). This is

overcome in the drain bias circuitry as will be described in the following section.
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B.3 Drain Bias Circuit Design

The challenge of the drain bias circuit design is to use commercial
components (with limited bandwidth and uncertain parasitics) while also
incorporating an external resistor to reduce the low-frequency gain; it is essential
that the whole circuit looks like an open from the output pad up to 50 GHz. This
design turned out to be the most crucial aspect of the package since any coupling of
the parasitics resulted in huge resonances in the frequency response of the module.
The circuit schematic that gave a consistent flat response for a broad bandwidth is
shown in Figure B2. The inductor/resistor combination L1/R1 through L4 ensures
gain-flatness from 20 kHz to 2 GHz. The components were chosen by simulation
to minimize any resonance between a pure inductor and the preceding parasitic
capacitance. In order to minimize the coupling between the ribbon inductance (L6)
and its preceding parasitic capacitance (which resonates strongly in the GHz range),
an inductor with a high self-resonating frequency and a thin-film resistor with
minimal parasitics and a small bonding pad were used. The purpose of the RS thin-
film resistor was to reduce the low-frequency gain described in the preceding
section. The ribbon length of 2.5 mm was very critical for the high frequency
(>2 GHz) response of the module. It was chosen to be long enough to act as a
broadband high-frequency inductor, but short enough to shift the resonance due to

the preceding parasitic capacitance out of the operational bandwidth.

L1=750 uH L2=50 pH L3=1.5 uH L4=750 nH L5=2 aH
ribbon

| Drain
: Bias Pad
RI=400Q R2=200Q R3=500Q : i
Quartz .~ C5=220nF |
substrate E_ I

Figure B2 Drain bias circuitry used for biasing the amplifier. RS is the low-frequency gain
reduction thin-film resistor patterned on a quartz substrate.
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B.4 Performance of Packaged Amplifiers

The measured gain and return losses for the module are shown in Figure 2.7
(Chapter 2). The gain is at an average of 8.5 dB with a gain-flatness within
+1.5 dB from 20 kHz to 50 GHz. The packaged amplifier’s response is in good
agreement with the chip performance with the exception of a resonance at 45 GHz
and a deterioration of the return losses. The resonance around 45 GHz is due to the
bandwidth limit of the K-connectors used, which will be improved by using V-
connectors. The return loss should also be improved once broadband capacitors for
ac-coupling are available. The amplifier modules were used as modulator drivers
and receiver post-amplifiers in the 30 Gbit/s ETDM transmission experiment [10].
The 30 Gbit/s eye diagrams for the input and the 3 V,, output of three cascaded
amplifier modules are shown in Figure 2.8 (Chapter 2). No significant degradation
of the eye is observed. Bit error rate measurements confirmed this with error-free

operation for input signals above - 22 dBm.

Figure B3 Picture of a 20-kHz to 50-GHz amplifier module.
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APPENDIX C

High-Speed Microwave Package Examples

The microwave packaging technology described in Appendix A was also
used for the packaging of various electrical devices, such as 20-kHz to 46-GHz
bias-tees, low-pass filters, and 20 Gbit/s 2:1 multiplexers as well as opto-electronic
devices including prototype 30 GHz receivers and electroabsorption (EA)

modulator modules.
C.1 20-kHz to 46-GH?z Bias-Tees

High-speed bias-tees are required for supplying external bias in various
parts of electrical time division multiplexed (ETDM) systems, such as at the input
of EA modulators and output of receivers. It is imperative that the device supplies
bias without attenuating or deteriorating the high-speed RF signal. Therefore, low-
loss 0.5-inch long coplanar waveguide (CPW) transmission lines on quartz
substrate were employed (Appendix A). A parallel combination of a 180 pF
dielectric capacitor (di-cap) and a 100 nF SMD was used for ac-coupling (Figure
Bl(a)). The packaged bias-tee module is shown in Figure C1 while its frequency

Figure C1 Photograph of a packaged 20-kHz to 46-GHz bias-tee module. The white dashed area is
shown as a close up on the right.



184 Appendix C. High-Speed Microwave Package Examples

response is presented in Figure C2. The 3-dBe bandwidth of the bias-tee was

limited by the input and output K-connectors, but should be improved beyond

50 GHz using V-connectors.
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Figure C2 Measured frequency response of the packaged bias-tee module.
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Figure C3 Measured frequency response of the packaged 26 GHz low-pass filter.
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C.2 Microwave Low-Pass Filters

Several open-stub low-pass filters based on the Butterworth design [1] with
3-dBe bandwidths ranging from 5 to 26 GHz were designed and packaged. The
high cutoff frequency of the 26 GHz low-pass filter requires its dimensions to be
very small (inset to Figure C3). The smallest feature size is 40 um while the quartz
substrate is 125-um thick. The measured insertion and return losses for the
packaged 26 GHz filter are shown in Figure C3.

C.3 20 Gbit/s 2:1 Multiplexer

A 20 Gbit/s 2:1 multiplexer chip was packaged in a square module, where
the chip was recessed and CPW lines on a quartz substrate were employed (Figure
C4). The multiplexer requires two 10 Gbit/s inputs and a differential 10 GHz clock
source. The measured 20 Gbit/s eye diagrams and data patterns are shown in
Figure C5. This multiplexer was used in the 120 Gbit/'s OTDM experiment in
Chapter 4.

Figure C4 Close-up picture of a packaged 2:1 20 Gbit/s multiplexer. The chip is recessed in a hole
in the quartz substrate and ribbon bonding is employed for the interconnections.



186 Appendix C. High-Speed Microwave Package Examples

(b)

Figure CS Measured 20 Gbit's (a) eye diagrams (20 ps/div), and (b) data pattern (300 ps/div) for
the complementary outputs of the packaged 2:1 multiplexer.

C.4 100-kHz to 30-GHz Receiver

A traveling-wave front-end receiver, based on a backside illuminated
InGaAys/InP pin photodiode integrated with an on-chip CPW line [2], capable of
operating in high-speed digital and analog optical communication systems was
packaged [3]. The absorption thickness of the photodiode is 900 nm while the
active area is 10 um in diameter. A dark current of 13 nA at the operating bias of -
2.5 V was measured while the series resistance and capacitance are 30 Q and 20 fF,
respectively. The photodiode is flip-chip mounted on two capacitors and connected
to a traveling-wave monolithic amplifier using a short ribbon wire (Figure C6).
The output of the amplifier is ac-coupled through a surface mount dielectric
capacitor. The measured bandwidth of the receiver is 30 GHz while the

responsivity is 0.5 A/W at a wavelength of 1.5 pm.
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Figure C6 (a) Schematic diagram and (b) close-up picture of a packaged 30 GHz receiver.

C.5 Electroabsorption Modulator Modules

Several prototype EA modulator [4] modules were also implemented.
Figure C7 shows an example of a packaged EA modulator, where the RF signal is
supplied to the EA modulator using tapered CPW lines on quartz substrate.

Figure C7 Photograph of a packaged electroabsorption modulator module. Tapered CPW lines are
employed for the RF input and output to the modulator.
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