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ABSTRACT

RECIRCULATING LOOP TESTBED FOR ALL-OPTICAL 2R REGENRATION

Publication No.

Pallavi Govind Patki, M.S.

The University of Texas at Arlington, 2006

Supervising Professor: Michael Vasilyev

This Master’s thesis deals with building a recirculgtimop testbed intended for
proof-of-principle demonstration of multichannel all-@pli2R regenerator proposed in
[1].

The proposed multichannel 2R regeneration scheme usdgplenttighly-
nonlinear-fiber (HNLF) sections separated by dispersionpemsating periodic-group-
delay devices (PGDDs). The high cost and limited availglwf these devices restrict
us to working with just one PGDD, instead of 16 required bystheme. Thus, for the
proof-of-principle demonstration of the regenerator weshavyput a single PGDD and a
piece of HNLF into a recirculating loop through whichhli will circulate for required

number of times.



In this thesis, we build and experimentally demonsttage operation of the
recirculating loop. This work has required building RZ &fRIZ transmitter modules,
coupling standard single-mode fiber (SSMF) to dispersionpemsating fiber (DCF,
which we use as HNLF) and finally using them in the loejus along with the other
lab components and devices. The thesis describes theamgmitter sub-systems that
we have built using JDS and Lucent modulators. We alsasfiso detail the optimized
bridge splicing technique used to couple SSMF to DCF. Finakypresent the design
and experimental realization of our recirculating-locgtied and trigger settings for the

successful operation of the loop.
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CHAPTER 1
INTRODUCTION

The capacity and reach of optical networks is limite@ lmpmbined effect of amplifier
noise accumulation, chromatic and polarization-motpedsion, fiber nonlinearity,
interchannel crosstalk, multipath interference, and rotl@pairments. These
degradations can be mitigated in two ways. The first isagonventional electronic
regeneration, which consists of optoelectronic repedteassceivers or Tx/Rx pairs)
periodically placed along the transmission link. Thia igery costly as well as power-
and space-hungry approach, as it requires separate rep&atedifferent WDM
channels. The second solution is inline all-optical regeima. Optical regeneration
performs the same signal-restoring functions as thetrefec approach, but with far
reduced complexity and enhanced capabilities. Optical regemera classified as: 1R
(reamplifying), 2R (reamplifying + reshaping), and 3R (rebfiyipg + reshaping +
retiming). All-optical regeneration has been recognized patential enabler of future
ultralong-reach high-bit-rate systems and all-opticalkp&switched networks [2]. In
Ref. [3], a simple all-optical fiber-based 2R regeneratéchnique was proposed. Here,
the signal propagates through a piece of highly nonlinear {HNLF) which causes
the signal spectrum to broaden due to self-phase manulg&PM). Then, the

broadened spectrum is filtered out by an optical band phies (OBPF) whose



frequency is shifted with respect to the input signals Timethod suppresses the noise in
“zeros” and the amplitude fluctuations in “ones” of rettw-zero (RZ) optical data
streams [3]. However, with this design simultaneouficmannel regeneration remains
a challenge as it relies on strong nonlinear opticigices which cause the cross-talk
among the WDM channels.

The solution to multichannel all-optical 2R regeneratias been proposed by
our group in collaboration with Prof. T. I. Lakoba frahe University of Vermont in
[1], and its experimental realization is pursued in odrx. [Rhe approach [1] uses
multiple HNLF sections with high normal dispersiongparated by dispersion
compensating periodic-group-delay devices (PGDDs). PGDD#harkey components
of our proposed generation scheme, and even the proofloépt demonstration of this
regenerator requires at least 16 PGDDs. However, PGDbgeay expensive and are
currently available only in a form of pre-commercial prgpets. We have managed to
obtain a single PGDD from Avanex and hence will hivearry out the regeneration
experiment with just one PGDD. For the proof-of-prineigemonstration, we will put a
single PGDD and a piece of HNLF into a recirculatiogp through which light will
pass multiple times.

This thesis focuses on building the recirculating looguired for the
regeneration experiment. This effort has required degigand assembling several
custom sub-systems and combining them with other comahecoimponents and
devices into a working setup. As the first step, we Hawi#t a transmitter module

operating at rates up to and including 10 Gb/s, which requxiinal modulators. In



our lab, we have had two commercial electro-optic madrddrom JDS Uniphase and
Lucent, respectively. Using these modulators, we haileebdDS-modulator-based RZ
transmitter sub-system and a Lucent-modulator based NR&nitter sub-system. The
second critical step has required a HNLF (in our casis, dispersion-compensating
fiber, or DCF), where the good coupling between this filmer aastandards single-mode
fiber (SSMF) becomes of paramount importance. We havelucted a thorough
optimization of splicing between the SSMF and DCF usiagkéra FSM-40PM Arc
Fusion Splicer in our lab. Bridge splice technique has beed to combine these two
fibers, wherein SMF-LS was employed as an intermedmigge fiber. We have
achieved better than 0.6 dB loss in coupling between the SSMP@R. As the third
step, we have assembled and demonstrated the operatide oécirculating loop
testbed to be used in 2R regeneration experiments, aaswvel other future studies of
optical communication devices, systems, and networks.

The thesis structure is as follows. In the first chapf this thesis we explain in
detail the working of external lithium niobate (LiNpOnterferometric Mach-Zehnder
modulator (MZM). We discuss the RZ transmitter operaind describe in detail the
transmitter sub-systems that we have built using J@RISLacent modulators. We also
discuss different modulation formats realizable withr onodulators. The second
chapter deals with coupling of SSMF to DCF. It describetetail the optimized bridge
splicing technique used to achieve this coupling. In the third chapéediscuss the
experimental setup of the recirculating-loop testbed coctg&d in our lab. We also

explain the trigger settings used for successful operatidhis loop. The last chapter

3



summarizes the thesis. In the appendix, we attackgbeifications of several critical
components used in our setup.

This research has been supported in part by the Natiomehc® Foundation
(grant number DMS-0507540) and Lockheed Martin Corporation. Vs a
acknowledge generous support from Corning Incorporated which pdotrelgsmission

and DCEF fibers for our experiments.



CHAPTER 2

MODULATION

2.1 Introduction

The first step in the design of any optical communicatystem is to superimpose the
information signals onto an optical carrier, i.e.ctimvert the electrical signal into an
optical bit stream. This is achieved by optical modulatdrisere are two basic
techniques used to modulate an optical carrier: Direct Nidal and External
Modulation.

211 Direct Modulation

In direct modulation, the electrical signal applied te gower terminals of the laser
source directly modulates the laser gain. A basic d@dgenof this approach is its
inherent simplicity. However, at bit rates of 10 Gb/sl dnigher, undesirable optical
frequency variations, referred to as frequency chirp beceang large [4]. Another
limiting factor to direct modulation is the relativelgng time response of the laser
diode and its electronic driving circuit. Thus, for higles@ transmitters external
modulation is required.

2.1.2 External Modulation

In external modulation, the semiconductor laser’s dupypassed through a separate
device, called external modulator, which modulates thécalptarrier. In external

modulators, the laser source is biased at constant nturt@ provide the



continuous wave (CW) output, and a high-speed optical ratmiuk placed next to the
laser. This external modulator then converts the @M linto a data-coded pulse train
with appropriate modulation format. With external motiala transmitter design
becomes more complex, requiring additional expensive coemgs. However, external
modulation is the preferred method for high-speed commumicaas it avoids
excessive spectral broadening and frequency chirping resultseyious dispersion and
crosstalk problems inherent to direct-modulated lasers. fteeyures of external
modulators that make them attractive for this appbeagare their broad modulation
bandwidth, large extinction ratio, excellent spectraltpuf the transmitted signal, high
optical power handling capability, low modulation disitmm and fabrication yield and
reproducibility.

Two main classes of external optical modutatare electro-absorption (EA)
modulators, and electro-optic (EO) modulators. The forare typically used at 10
Gb/s and lower rates and are often monolithically irgtesgt on the laser diode chip.
The latter are used at 10 Gb/s and higher rates, sinlbavet rates less expensive
approaches are possible. In UTA testbed, the focus 1€ @&b/s and beyond, hence we
will concentrate on the description of EO modulatditse EO modulator works on the
principle of electro-optic effect. While, in generdijst effect can be to some extent
observed in all materials, only linear electro-opticeetff inherent to non-centro-
symmetric crystals, such as lithium niobate (LINP@ of practical interest to high-
speed communcation. In this case, the refractive indéie material changes linearly

in response to an applied electric field. Since theacéfre index is inversely



proportional to the velocity of light, change in rehige index causes a corresponding
change in light velocity. Thus, by varying the refractiadex, the velocity of light
beam propagating through such materials can be changetrokdptic modulator of
interest in high-bit-rate, long-haul communication syseis the popular LiNb©
interferometric Mach-Zehnder Modulator (MZM). LiNBQrystals are traditionally
used to manufacture these modulators as they exhibicydarty strong linear electro-

optic effect. Next section focuses on the operatiamcjle of the external MZM.

2.2 The External Interferometric Mach-Zehnder ModulakdZ1)

The LiNbGs-based MZM has become popular choice in high-bit-rateg-taul
communication systems because of its wide bandwidtatively small absorption and
coupling losses, and potential for integration with otheot@iic components on a
single LiINbQ; chip.

MZM modulators can be used either as phase or astadelmodulators. One
way to implement a MZM is a dual-electrode dual-drive igumhtion shown in Fig.
2.1. The dual-drive modulator can achieve either phase ortadgplmodulation, or
even a combination of the two. However, this advantagesawvith a drawback, as it is
requires precise match of amplitude and phase respohse® @lectronic amplifiers
driving the two electrodes. The dual-drive MZM consistsaddingle optical input of
polarization-maintaining (PM) fiber, a Y-junction (50/50abe splitter), two phase-
modulated waveguides (arms) with independent drive electradesutput Y-junction
(50/50 combiner), and a single optical output of PM or singdele fiber (SMF). The

two electrodes allow injection of two independent RFalg into the modulator. The
7



input optical signal with amplitudg&, is split at the first Y-junction into the two arro$
the modulator with amplitudeEOI\/E. Voltages applied to the electrodes positioned

either next to or on top of the waveguides introduces@lshifts in both arms. Thus, if
Vi(t) andV; (t) are the voltages applied to the two electrodes, ligbhwill be phase-

shifted by amount8,(t) andd,(t) in the two arms of the modulator.

Optical Input Optical Output

Fig. 2.1. Schematic diagram of LiNb®ach-Zehnder modulator.

The amplitude of the modulated light can be expressed as:

E, . E. .
E... = Modulator Output= (_Oelel +_oe|02J_

J2 2

N (2.1)




If equal voltages are applied to both arms, thgi#,=6. The modulator output
in equation (2.1) can now be expressed as:

EoucEoe’® (2.2)
i.e. the modulator performs pure phase modulation.

If the modulator arms are driven by voltages with equajmtade but opposite

polarity, i.e.V; (t) = -V (t), thend1= -6, = 6 and the modulator output is given by
Eou=Eo coF(t) . (2.3)

In general, ifVy (t) andV, (t) are adjusted such that the phase-shift difference
between the two arms is an odd multipletrpthe two light beams will cancel (extinct)
at the beam-combiner output. The amount of extinctionraepen the ideality of the
modulator, which depends on how equally light has been dividedhe two arms of
the modulator, how well the polarization has been taaiad in the device, etc. The
voltage applied to the electrodes changes the phasghofii each arm, which causes
the output optical amplitude to vary as the light relmed from the two paths moves
from constructive to destructive interference. Therefd'®M achieves intensity
modulation via phase modulation. If the phases are lgxagtial in magnitude in each
path but are different in sign, the modulator is ref@ro as ‘chirp-free,” which means
that the output is purely intensity modulated [as showrequation (2.3)] without
incidental phase modulation.

Several important parameters that determine the peafuzenof a modulator are

[5]:



1. Bandwidth is related to the maximum speed at which the modulatéorpes
on/off operation efficiently.

2. Drive Voltage (V) is the voltage that achieves a phase difference of
between the two arms and hence results in shift fperfect addition of the two light
beams to complete cancellation of light at the mddulautput. An electrically efficient
modulator should have a value\gfas small as possible.

3. Bias Voltage (Vp) is the DC voltage around which the modulation signal
swings.

4. Optical Insertion Loss (IL) characterizes the amount of light that is
passively lost (i.e. not through the process of moduratiue to propagation from one
end of the modulator to the other. It is usually expessalecibels as 10 lgg(input
power / output power) under the constructive interferesmeditions. Higher optical
losses translate into less light available to trarigperinformation.

5. Modulator Chirp describes the change in wavelength (frequency) of the
light beam, caused by on/off operation of the modula&@mnsequently, as the chirped
pulse of light propagates through the dispersive fibas, significantly more distorted
than a chirp free pulse. In addition, this effect lintiits spectral efficiency of the optical
transmission system by increasing the signal bandwidth.

6. Optical Extinction Ratio (ER) describes the ability of modulator to
extinguish light when the modulator is driven to an tdfesand is expressed in decibels

as 10 logp (power in “on” state / power in “off” state).
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2.3 LiNbG; MZM: Electrode Configuration and Fabrication

In high speed digital communication applications, fidespersion is one of the factors
limiting system performance. LiNkQexternal modulators provide both the required
bandwidth and the equally important means for minimizingettiects of dispersion.
Unlike direct modulation of a laser diode, LiNgBGased guided-wave modulator can be
designed for zero-chirp or adjustable-chirp operation. Zang and negative-chirp
modulators help to minimize the system degradation assaciwith the fiber
dispersion. Advances in LiNkBOmodulator technology have enabled stable operation
over temperature, very low bias-voltage drift rates bhias-free devices [6]. In this
section, an overview of LINb{&Inodulator is given.

Lithium niobate has been the material of choice fer fabrication of electro-
optic modulators. Apart from exhibiting strong electro-optitect, LINbGQ has other
advantages for being used in fabrication of modulator waslegut is thermally,
chemically and mechanically stable and is compatibla the conventional integrated-
circuit processing technology. LiNROwafers with diameters up to 100 mm are
commercially available in different crystal cuss, (-, andz-cuts) [6]. RF electrodes are
fabricated either directly on the surface of the wafe on an optically transparent
buffer layer. In general, an adhesion layer such as Tirst deposited on the wafer,
followed by the deposition of a base layer of the mietah which the electrodes are to
be made. The electrode pattern is then photo-lithographidalined. High-speed
modulators incorporate RF electrodes whose thickness aagerfrom a few

micrometers to greater than L [6]. Due to crystal symmetry in LiNkQOthere are

11



two useful crystal orientationg-¢ut andx-cut) which take advantage of the strongest
electro-optic coefficient for the modulating electfield aligned withz-axis [6]. Figure
2.2 shows the electrode configurations@oandz-cut devices.

Ground Haot Ground
Electrode Elaciroda Elecirode

| Lithium MNiobate f =z
Waveguide
(a)
Ground Hot Ground
Electrods Electrode Electrode

Lithium Niobate \ F x

Va L T i
Charge Blesd Layers = = M;“

(b)
Fig. 2.2. Electrode configuration for (a) nonbuffereclt, (b) buffered single-drivecut [6].

A z-cut device uses the vertical component of the modulalexjric-field, and
an x-cut device uses the horizontal component. The firstceh@ncountered in
designing a LINb@ modulator is orientation of the crystal axes to tlaveguides and
electrodes. The strongest component of the appliedrieléeid must be aligned with
the z-axis of the crystal, which has the highest electrocopbiefficient. This requires
that the waveguide be placed between the electrodeanfgicut configuration and

beneath the electrodes fpcut [6]. As electrodes are placed on top of the waveguid

12



in z-cut devices, it is necessary to have a buffer layefafion layer) between the two
in order to avoid increased optical losses due to metdinga Buffer layer is not
required inx-cut devices as the electrodes are not placed direailyeahe waveguides.

2.4 Modulation Formats

It is vital to choose an appropriate modulation formatatthieve good system
performance while transmitting signals in high-speed WDOivhimunication systems.
The simplest modulation format is on-off-keying (OOIKjeinsity modulation, which
can take either of two forms: non-return-to-zero (NRE)eturn-to-zero (RZ)Figure
2.3 illustrates the RZ and NRZ coding for the same satfgence 11100101011

1.

11170010101 11

=] LU L

11100 1010111

= JJOL UL

Fig. 2.3. NRZ and RZ coding for 111001010111 data stream.

2.4.1 NRZ modul ation format

In a conventional NRZ modulation format, “0” is repneteel by low logic level and
“1"—Dby high logic level that does not return to zero betweonsecutive “1” bits. Thus
in NRZ, the input data rate determines the pulse width. NRZelatively easy to
implement, less costly and needs the signal bandwidtkhwisi half the bandwidth

13



required by RZ format, which makes it the preferred @ehdoc bit rates below 10 Gb/s
and for metropolitan area networks. However, NRZ @gsarsusceptible to “bit-pattern-
dependent” effects due to optical pulse spreading during propaglience there is a

need for rigid control of dispersion and nonlinearithigher bit rates.

2.4.2 RZ modulation format

In the RZ format, “ones” are represented by a highcldgvel that returns to “zero”
between consecutive “one” bits. For this reason, R&dbrrequires two transitions
(high-low) per bit, which result in larger bandwidth compiai@ NRZ. Since RZ creates
distinct pulse encoding of the bit, it is less sustéptio pattern dependence caused by
dispersion and nonlinearity. For the same average pawddRZ, the pulse’s peak
power is higher, leading to better receiver sensititlign the NRZ. Owing to these
advantages, RZ modulation has become predominantly pomitar high-speed
lightwave systems such as ultra-long-haul 10 Gb/s and 49[G8], where the effects

of dispersion and nonlinearity are prominent.
2.4.3 Advanced modulation formats

The simple NRZ and RZ modulation formats are a natimaice when the bandwidth is
plentiful and the dispersion and nonlinearities arel wehtrolled [8]. Otherwise, the
ultra-high speed systems working with RZ signal trassimn may encounter symbol
interference between the neighboring bits (intersymbtdrference), or I1SI. Hence
sophisticated modulation formats are needed to provide itselled improved receiver

sensitivity, higher tolerance to nonlinear effects, owed dispersion tolerance and

14



possibility of closer channel spacing [8]. However, #xsremely difficult to get all the
above mentioned features in a single format, heneesyistem designers select the
modulation format depending on the application. Herepriefly mention two of the
advanced modulation formats, carrier-suppressed RZ (C&uiiZfluo-binary coding.
2.4.3.1 Carrier Suppressed RZ (CS'R2)

As the name implieS-RZ optical signal has no carrier component and herméess
sensitive to certain nonlinearities (e.g. Stimulateddann Scattering). In addition, CS-
RZ occupies narrower bandwidth than RZ, thereby enabigiget WDM channel
spacing. The CS-RZ signal is obtained by introducing aeplstéft of © between
consecutive pulses, which also reduces intersymbol eneerée. lican be implemented
with the same dual-modulator configuration as that useRZoformat, to be discussed
in Section 2.5, where the pulse carver is operated atheabit rate with twice the peak-
to-peak voltage (i.e.\%) and the modulator is biased at minimum transmissfen ;)

to produce optical pulses with 67% duty cycle [8].

2.4.3.2 Optical duo-binary format

A duo-binary modulation format uses three different phydezls, E, 0, and £ to
represent 1, 0, -1, wheke is the optical field amplitude. This facilitates duo-bina
signal to be more tolerant to ISI distortion, as bittgras, for instance 1 0 1 are
transmitted with ones carrying an opposite phase (he. dorresponding optical
amplitude is eitheE 0 -E or -E 0 E). Thus, if the pulses corresponding to the 1 bits
spread out into the O time-slot in between due to filgredsion, they tend to cancel out

each other [8].
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2.5 RZ Transmitter

A conventional RZ transmitter system mainly consaftshree optical components: a
continuous-wave laser source, one lithium niobate MZMptdse generation, referred
to as “pulse carver,” and another lithium niobate MZM é&ncoding data on this
generated pulse train. Each modulator is accompaniedviojtage driver amplifying
the RF modulating signal to level of the ordeNgfFigure 2.4 shows the traditional RZ
transmitter. The continuous-wave light from a distréud-feedback (DFB) laser source
is input to the first MZMdriven by a sinusoidal signal, either at full- or halfe&lo
frequency, to produce a periodic RZ pulse trdindirectly driven at the clock
frequency, the modulator is biased at its transmittanicpoint and is driven by, /2-
amplitude sine wave to provide full on/off output. If time@dulator is driven at half the
clock frequency, it is biased at a peak or a null, and\&dietween two adjacent nulls
or peaks, respectively, at twice the voltage. The ¢lattk-frequency approach results
in narrower pulses because of the sinusoidal trangfietifun of the EO MZM. In either
case, the output of the first modulator is a pulse taaithe bit rate. This pulse train

then enters the second MZM encoding the data on it lkinlg some of the pulses.

. 4 | MZ oD !
[Laser]—{ Modulator 1 . Modulator o
- - - - Fiber
x> -+ g ' ¥ Span
Clock 3 Data
Driver — 7 — Driver -
Clock Signsal Crata

100 11100

Fig. 2.4. Typical RZ transmitter [9].
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To reduce the IL of two cascaded MZMs used for RZ signaémgeion, the
commercial RZ transmitters integrate both MZMs on #Hame LiINbQ substrate,
thereby eliminating fiber coupling losses between themgurEi 2.5 shows a RZ
transmitter implemented using two-stage LiNb@evice. The ability to integrate

multiple functions on a single chip has been a powattubute of LINbQ technology.

DFB Two Stage BE MEL or RE
Laser [ Lithium Niobate Modulator > Omptical Data
Electrical Electrical Bias Control
Clock Input WRZ Data Electronics
Input

Fig. 2.5. Schematic showing pulse-data modulator architel@ufRZ transmission [5].

2.6 Duty cycle of generated RZ pulses

With traditional 50% duty-cycle pulse generation, the biathe pulse carver is set at
the midpoint of linear region (quadrature point) of the M#sinsmittance curve and
the sinusoidal drive voltage at clock frequency, Witl2 amplitude is allowed to swing
between the points of minimum and maximum transmiddgB¢, as depicted in Fig.
2.6(a). By decreasing the modulation swing and adjustindpiige point to anywhere
between the midpoint and minimum point of the transméé curve (i.e. lowering the
bias point on the transmittance curve), shorter (&mallity cycle) pulses can be

generated as depicted in Fig. 2.6(b).
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Fig. 2.6. Drive and bias voltage settings for the generation)dtéadard 50%
duty cycle RZ pulses (b) 38% duty cycle pulses [10].

For the half-clock-frequency driving signal, two options arailable:
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(@)

(b)

Modulator can be driven by a half-clock-frequency sine waith w
amplitude ofV; and biased at the maximum, as shown in Fig. 2.7(a).
In that case, 33%-duty-cycle pulses are generated [8, 10].

When the MZM is driven with a half-clock-frequency swave with
amplitude ofV,; and biased at the minimum transmission, as shown in
Fig. 2.7(b), CS-RZ pulses with 67% duty cycle are generatéueat
output of the modulator [8, 10], because neighboring maxima

produce output fields with opposite phases.

e Bias b o

Bias ]

-
T D v il img e [¥] i

Dirpre olimg e [v]

(@)

(b)

Fig. 2.7. Generation of (a) RZ and (b) CS-RZ pulses by theemarver
modulator driven at half the clock frequency [11].

2.7 Lab Modulator

In our lab, we use two lithium niobate MZMs, one of whishmanufactured by JDS

(model number 10022802) and the other one by Lucent (model n¥86286X0018).

Figure 2.8 shows the block diagram of our 10 Gb/s JDS modiddased transmitter
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sub-system. The JDS modulator used here is a dual- IgAllecomprised of 10 Gb/s

NRZ data modulator and RZ pulse carver stage.
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PPL RF Driver
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Fig. 2.8. Block diagram of JDS-modulator-based RZ tratensub-system.

+12V

SUSIRE1212C

100F = L qor

12V zzei

-5V 2990T-5.0

Fig. 2.9. Power supply section of JDS-modulator-based RZnitter sub-system.

Each modulator driver requires a positive DC voltage sumbl +8V and

negative supply of =5V. To provide this, we have built posupply circuit, depicted in
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Fig. 2.9, which converts 12V from an inexpensive wall-pluggable dalapter into
stabilized +8V and -5V, respectively. Through this circidC power supply is

provided to each modulator.

Optical  Lucent Modulator
JDS RF Driver _Input
8V Hz01
8V —DET
12V | Voltage On/Off VGAIN
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12\ SV B
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Fig. 2.10. Block diagram of Lucent-modulator-based NRZstratter sub-system.
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SUSIR51212C
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Fig. 2.11. Power supply section of Lucent-modulator-based tRBmitter sub-system.
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Figure 2.10 shows the block diagram for 10 Gb/s RZ transnsttbrsystem
using Lucent modulator, and Figure 2.11 shows the schematiceopower supply
section of Lucent modulator sub-system. While the Luogdulator can work up to 40
Gb/s, our driver electronics only allows for operationta@nd including 10 Gb/s. The
modulator consists of only one stage; hence, only NRZ tpena possible. However,
we can drive the two arms of the MZM independently,rehg achieving either

intensity, or phase modulation, or the combinationhaf two (e.g. single-sideband

modulation).

Fig. 2.13. Lucent-modulator-based NRZ transmitter sub-syste
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Both JDS and Lucent modulators are fixed on the bottothetorresponding
rack-mounted aluminum boxes. Each box provides optichRkninputs and outputs on
the front panel and electrical connections (12V power,-gaimrol, bias, and cross-
point voltages) on the back panel. Figures 2.12 and 2.13 shdwnimxtulator boxes

with their front and back panels.

Picosecond Pulse Labs’ 5865-107 RF drivers used in JDS-basexystan
allow for electronic control of their RF gain and ciiagspoint, as well as provide an
input for DC bias to be connected to the modulator iresevith 2.5 K resistor. We
have found optimum settings under which no electronic gaincrossing-point
adjustment is needed (the corresponding inputs are laf).dper 9.95654 Gb/s bit rate,
these settings are as follows:

RZ stage: CP=0V,GC=0V,Bias = 3.1V (half-transamite), RF input

power = 2 dBm;

NRZ stage: CP =0V, GC =0V, Bias =7.1V (half-trattkance), driven by

6-dB-attenuated DATA output of the pattern generator set t
Amplitude = 600 mV, Termination = 0 V DC, High level =0 V.

NRZ bias is supplied to the separate bias port of therdb@ulator (NRZ RF
port is AC coupled). On the other hand, RZ bias needg fardvided through RZ RF
port using either driver’s bias port or an external bias We have found that, in our
modulator's RZ section, the bias termination has beanadad and its impedance
fluctuates wildly between tens of Ohms and infinity. Asesult, using bias port of the
driver becomes impossible, and we use the externalbia$icosecond Pulse Labs’
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5575A, not shown in Fig. 2.12). Even with this arrangeméstptas voltage across the

modulator sometimes exhibits erratic behavior.

100 ps

125 ps

Fig. 2.14. Eye diagrams of JDS-modulator-based RZ tratesnsub-system
showing three modulation formats: (a) NRZ at 10 Gb/s, (b) RID&b/s, and (c)
CS-RZ at 8 Gb/s.
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2.8 Modulator Results

Figure 2.14 shows the eye diagrams of NRZ, RZ and CS-Rduletion formats
generated using JDS-modulator-based transmitter. The ajedeNRZ format has
extinction ratio (or ER) of 12.2 dB and Q-factor of 13['%e RZ pulses are generated
with 50% duty cycle and CS-RZ—with 33% duty cycle. Since CSrétdiires higher
driving voltage, we have put our RF drivers to their extreof heavy saturation. As a
result, we have obtained 33% CS-RZ duty cycle with sadued distortion, as can be
seen in Fig. 2.14(c), instead of 67% duty cycle expected foodulator driven by

linear RF amplifier.

In addition, electrically, the first stage of the JD#®dulator (“pulse carver”)
represents a resonant circuit having maximum responssacrbt0 GHz and zero
response around 5 GHz. Thus, driving it at half clock frequehdy) Gb/s signal (i.e.
at 5 GHz) is impossible (for this, a separate modulatith finite 5 GHz response
would be needed). To demonstrate CS-RZ operation, we gradeiced 8 Gb/s signal

(pulse carver driven by 4 GHz) instead.
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CHAPTER 3

COUPLING OF STANDARD SINGLE-MODE FIBER TO DISPERSN2
COMPENSATING FIBER

3.1 Introduction

An optical signal transmitted through optical fiber sudf from linear and nonlinear
degrading effects. While fiber dispersion and attenuatierhe linear effects in optical
fibers, self phase modulation (SPM), cross phase moonlé&PM), and four-wave-
mixing (FWM) are the nonlinear effects. Dispersion andhlinear effects are
interrelated with each other. Increase in local dspea of the transmission fiber
decreases most of the effects of nonlinearity in aptitbers. Although large local
dispersion is desirable in order to suppress the effécizndinearity, the resulting large
accumulated dispersion itself is an important degradffecteand hence dispersion
compensation becomes essential.

This chapter starts with a discussion of dispersionsiigle-mode fibers,
followed by brief explanation of different types gfteal transmission fibers based on
their value of dispersion. It is then followed by thécdssion of dispersion-
compensating fiber (DCF), whose use requires attachinglastdsingle-mode-fiber
(SSMF) pigtails to the DCF using bridge-splicing techniqgliee last section of this
chapter elaborates on splice-loss optimization wha@rtisg SSMF to SMF-LS and

SMF-LS to DCF (bridge-splice), using fusion splicepur lab.
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3.2 Dispersion in Single-mode fibers

For single-mode fiber (SMF), the main source of digparss the Group-Velocity
Dispersion (GVD). GVD in SMF comes from the facttthiae refractive index of the
optical fiber is a function of the wavelength().). Therefore, a specific spectral
component, with wavelength) traveling though a SMF of length would arrive at the

output end of the fiber after a time delayof L /v (A), wherey (}) is the group

velocity. Since different spectral components assediavith the pulse propagate with

different speeds given by, (1) =c/n(A), they do not arrive at the same time at the

fiber output and hence lead to pulse broadening. This is oomgnreferred to as
chromatic dispersion.

Mathematically, the effects of dispersion are accedirfbr by expanding the
mode-propagation constaptil/km] in Taylor series about frequenay at which the

pulse spectrum is centered [4, 12]:

Bl =n(@ = 4, +ﬁ1(w—wo)+§ﬁ2(w— @)+ ....., (3.1)
where S, :(dm'fj , (m=0, 1, 2....).
dw e

First derivative of equation (3.1) is given by

%:Mﬁf+n(w)[-}d—(gj . (3.2)
dw

dw dw ¢ c
Therefore,
g -9 _adn n_1 (3.3)

dw cdw c V,
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Second derivative of Eq. (3.1) can be obtdnyedifferentiating Eq. (3.3) and is
given by

P ™ dw{vgj c(zda}+ dwzj (3.4)

In the above equations,is the speed of light in vacuutnjs the wavelength and is

the frequency. The paramet&r is known as the GVD parameter. It determines how
much an optical pulse would broaden up on propagatiside the fiber [4]. Quite
often, an alternative paramef@ris used to characterize the dispersion instedd afd

is expressed in units of ps/nm/kbhis related t@,;andp, by

d| 1 dg, 27c
D=—"| = |=—1=-=2p, . 3.5
d)l{vgj TR 59

The wavelength at whicfi; and D become zero is known as zero-dispersion
wavelength and is denoted hy Figure 3.1 shows the dependenc@.obn wavelength
for bulk silica glass. As seen in Fig. 3k, vanishes at a wavelength of about 1u2Y
and becomes negative for longer wavelengths [I2¢ptical fiber, the total dispersion
includes both the material dispersion of bulk glas&l waveguide dispersion of
cylindrical dielectric waveguide. The main conttibn of waveguide dispersion fa is
to shift Ao slightly toward longer wavelengthy, is approximately equal to 1.3idn for
SSMF [12]. Figure 3.2 shows the measured depend#rto¢al dispersion parametBr
on wavelength for the SSMF [12]. Fp#>0 (orD<0), i.e. for wavelengths such thak
Lo, the fiber is said to exhibit normal dispersion. dormal dispersion regime, low

frequency components of an optical pulse travakefasian high frequency components
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of the same pulse. F¢h<0 (or D>0, i.e. for wavelengths such thatk,), the fiber
displays anomalous dispersion, where in the high frequeomponents of an optical

pulse travel faster than the low frequency components.
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Fig. 3.1. Dependence §f on wavelength for bulk silica glass. (Revised from Fig.
1.5in Ref. [12]).
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Fig. 3.2. Measured dependence of dispersion parametsr wavelength for a
standard single-mode fiber. (Revised from Fig. 1.6 in R&f).
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3.3 Overview of Transmission Optical Fibers for WDM Sygste

Since different types of optical fibers have differdiggpersion properties, the value of
dispersion of an optical fiber becomes an importanarpater of interest. An optical
fiber can have small, moderate or large value of digpger3he choice of optical fiber
dispersion in modern WDM systems cannot be made witlemnsidering the
detrimental nonlinear optical effects. Nonlinear effectsease with the decrease in the
local dispersion of the transmission fiber. Four-waweimg (FWM) is a nonlinear
process by which signals at different wavelengths are drtagether to produce new
signals at new wavelengths. If the FWM-generated sghalle same frequencies as
some WDM channels, it leads to crosstalk among chanpalsicularly when all
channels are equally spaced in frequency. In order to awithtdrchannel crosstalk, it
IS necessary to introduce a phase mismatch in the E@Mération process. For
systems employing optical fibers whose dispersion is Isiied phase mismatch to
suppress FWM can be achieved by increasing the channahgp&towever, the
ultimate goal of employing WDM systems is to transmitvay channels as possible
for a given available bandwidth. Hence to minimizedfiects of FWM and at the same
time utilize the available bandwidth, it is favorable te @ibers with large dispersion.
Another nonlinear effect such as self-phase modulé8&M) in presence of dispersion
can affect the intensity profile of the signal [12] N6Bnhances the effect of dispersion,
i.e. more severely broadens the pulse, when the opgmagimelength is in the normal
dispersion regimed<0). On the contrary, SPM may fully or partially cahthe effect

of dispersion (i.e. make the pulse narrower andpéstsum broader) in the anomalous
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dispersion regime>0). Neither temporal nor spectral broadening is desireble
WDM system, which limits the absolute value of disperdibat can be used with a
pulse of a given peak power. Furthermore, the third nonliaffact, the cross-phase
modulation (XPM) can only be observed when dispersioroiszaro, as it converts
phase modulation into amplitude jitter. It can be redubg increasing the group
velocity difference between neighboring WDM channelsusl'tio minimize the
nonlinear effects in WDM systems, the channel separatondispersion of the optical
transmission fiber have to be properly chosen to fgatiee (sometimes conflicting)
requirements on keeping the various nonlinearities undetra. Here we consider
three different optical transmission fibers that @emmonly deployed in optical
communication links.

3.3.1 Sandard Sngle-Mode Fiber (SSVIF)

SSMF, also known as Non-Dispersion Shifted Fiber (ND&Fjhe most commonly
deployed transmission optical fiber and is an exampla éber having large local
positive dispersiol. It has itshg at 1310 nm, making it suitable for inexpensive short-
range direct-modulated laser links. It can also opetat®%0 nm band, where the fiber
loss has a minimum of ~ 0.19 dB/km and has a high dispevaioe of 17 ps/nm/km.
In this wavelength window, large dispersion in the SSKRgmission fiber results in
large accumulated dispersion and hence requires dispasimpensating techniques
(dispersion mapping). The high dispersion of SSMF prdbtiediminates FWM, but
leaves XPM and SPM penalties highly dependent on the gartitispersion map used.

Examples of this type of fiber are Corning SMF'2&nd OFS Allwave.
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3.3.2 Dispersion-Shifted Fiber (DSF)

By changing the refractive index profile of the core atadding, the waveguide
dispersion can be customized so that the total digpers zero at 1.5pm. This type of
optical fiber in which théy is shifted from 1310 nm to 1550 nm is referred to as the
dispersion-shifted fiber (DSF). DSFs are optimized fperating in the 1.55um
wavelength window. Thus, for DSF at 1.pB, the effect of dispersion is extremely
weak, and hence dispersion compensation is not neceskamgver, small dispersion
implies that the nonlinear effects are no longer gdgé. FWM in the DSF is very
large owing to nearly perfect phase matching, which mdaatsthe channel spacing
between the WDM channels has to be dramatically ineceasorder to suppress this
degrading effect. In addition, to obtain a noticeablasghmismatch, all the channels
have to be sufficiently far from the zero-disperswavelength. This introduces an
additional constraint on the utilization of availablantdwidth, further limiting the
number of channels that can be transmitted. Thus with, D8BM operation is
seriously handicapped by nonlinear effects, which has edtidhe development of
NZDSF.

3.3.3 Non-Zero Dispersion-Shifted Fiber (NZDSF)

Nonlinear effects in WDM systems can by reduced to ainerid@ent by using non-zero
dispersion-shifted fiber (NZDSF). NZDSF fiber overcaniese effects by moving the
zero-dispersion wavelength outside the C-band telecongations window (1530 nm
... 1560 nm). Unlike the DSF, this fiber is designed such thatsitshaall but finite

amount of chromatic dispersion at 1550 nm. This dispersicsufficiently large to
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reduce the nonlinear effects in WDM and DWDM systemso Admce the dispersion is
small, its effect is not so strong as to cause sewareeform distortion, and hence
NZDSF often does not require costly dispersion-compeansaéichniques. There are
two fiber families called NZD+ and NZD-, in which theraadispersion wavelength is
lower and higher than 1550 nm, respectively. A typical NZiber has a chromatic
dispersion of ~4.5 ps/nm/km and attenuation parametefafdB/km at 1550 nm. The
Corning LEAF™ and SMF-LSM fibers are examples of the NZD+ and NZD- fibers,
respectively.

Figure 3.3 shows dispersion versus wavelength for the fibergioned above.
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Figure 3.3 Dispersion versus wavelength for four kinds ofrdib8SMF, NZD+,
NZD-, and DSF [13].

From the above discussion, we see that DSF hasotiest dispersion while
SSMF has largest dispersion in the 1,66 wavelength window. The dispersion of
NZDSF is the compromise between the DSF and SSMFedder, the nonlinear

effects, in general, increase with decrease in loggedsion. Hence, in order to
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effectively suppress the nonlinear effects, transmis§lmers with sufficiently large
local dispersion have to be deployed. As stated abo8&)jFSfibers having large
dispersion can be used to solve the problems caused mothinear effects in WDM
systems. However, such large dispersion results in lacgamulated dispersion and
hence makes dispersion compensation scheme nece$sarynext section of this
chapter discusses dispersion compensation using dispeosigrecsating fiber (DCF).

3.4 Dispersion Compensation by DCF

Dispersion compensation consists of combining fiberd wlifferent characteristics
such that the average GVD of the entire link is quite While the GVD of each fiber
section is chosen to be large enough to make the FWattefhegligible and XPM
effects small [7, 12]. This can be accomplished by comgihivo kinds of fibers, with
opposite signs di,, so that the average dispersion is reduced to a smad.val

If L; andL, are the lengths of fiber segments one and two respbgtandD;
and D, their respective dispersion parameters, then theittmmdor 100% dispersion
compensation can be given as [12]:

Dils+ DoL,=0 . (3.6)

If Ly =Ly, i.e. if two segments are of equal lengths, the filsdrsuld have
opposite dispersions, i.B;= —D», in order to satisfy equation (3.6). However, to avoid
extra fiber loss due to long length of the compensating, fdbshort piece of specially

designed DCF witld< =100 ps/nm/km is typically used.
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3.4.1 Dispersion-Compensating Fiber (DCF)

DCF exhibiting a large positive value pf (large negative value dd) is commonly
used for compensating large accumulated dispersions ilFS@Rd NZDSFs. With 100
km SSMF D~ 17 ps/nm/km) employed as the transmission fiber, 17 kbGH © ~
—100 ps/nm/km) is required for dispersion compensation. B&-a much narrower
core and relatively high attenuatian=0.5 dB/km) in the 1.55m wavelength region. A
useful index of the performance of a DCF fiber is tbecalled “figure of merit”
(FOM), which is defined as the dispersion of the fiberdéid by the attenuation [14].
Since DCF has high attenuation of 0.5 dB/km, it is dbkréor the DCF to have large
dispersion value so that short length (i.e. smalb)lasf DCF can be sufficient to

compensate for dispersion in SSMF.

SSMF DCF
Transmitter Zj ﬁ Receiver
(a)
SSMF DCF SSMF DCF SSMF DCF
— MD_@—@D ()N () N s
In-Line In-Line
Amplifier Amplifier
(b)

Fig. 3.4. Schematic diagram showing (a) single-span systgmoging DCF for
dispersion compensation at the receiver, (b) multi-span systgroying DCF at
each inline amplifier.

In single-span systems, dispersion compensation is petbby placing the DCF near
the transmitter or the receiver, as depicted in Fig(a3. However, in multi-span
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systems dispersion compensation is commonly performguaaoyng DCF at the inline
amplifier site (typically, between two stages of thmplifier) to achieve periodic
dispersion compensation along the transmission lisksheown in Figure 3.4(b). This
type of periodic compensation is also known as dispersianagement. In advanced
systems, the periodic compensation is less than 100%, hendemaining residual
dispersion can be fully or partially compensated attthnsmitter and the receiver sites,
giving rise to various dispersion maps.

3.4.2 licing SSMF to DCF

As mentioned in the preceding Section, it is necessacprnaine two kinds of fibers
with opposite signs ofi; to get a small average value of dispersion of the eentir
transmission link. This joining of two optical fibers toeate a continuous path for
transmission is often achieved by splicing. Howevericelg two different types of
fibers gives high splice loss, when compared to splitmg fibers of the same kind.
This elevated splice loss is due to the mode-field demm@ismatch between the two
different types of fiber. Mode-field diameter is a megasof the spot size or beam width
of the light propagating in a single-mode fiber. In tl@st®n we discuss splicing SSMF
to DCF using arc fusion splicer.

To obtain a highly negative dispersion, DCF uses a soma# with a high
refractive index, resulting in a mode-field diametebafm (Aer = 20 um?) compared
to the 10um mode-field diameter of SSMRA{ = 80 umz) at 1550 nm. This large
difference in the mode-field diameters results in sigaift signal loss when a fusion

splicing technique is used to connect DCF to SSMF.dossible to reduce the amount
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of signal loss by using another fiber with intermedig@de-field diameter between 5
and 10um (i.e. between SSMF and DCF). This arrangement ofsfipal allow more
gradual decrease in the diameter and thereby help in reddwngptice loss. This
technique of introducing an intermediate fiber betweem tytical fibers is known as
bridge splicing. The intermediate fiber used here is Cor@iNF-LS™, which is a
single-mode NZDSF. It has an attenuation of about 0.2&kmBand mode-field
diameter of about 8.4m at 1550 nm (see the SMF-LS specification sheet in the
Appendix F). These characteristics of SMF-LS makeyib@d choice as an intermediate
fiber.

Fiber fusion splicing is the most widely used permanentaak for joining
optical fibers. Splice losses can be minimized byfoafder preparation and by proper
fiber alignment. Preparing fiber for splicing basically atwes three steps: fiber
stripping, surface cleaning, and cleaving. Fiber stripping involee®oving the fiber
coating by techniques like mechanical stripping, thermal stgpmr chemical
stripping. Mechanical stripping is recommended as it is inesige and easy to
perform. However, care must be taken to avoid damagmdilber surface. The fiber
surface has to be cleaned to remove residues that refteirilzer stripping. A clean
lint-free cotton pad soaked in alcohol can be used tm tleafiber surface. Cleaving is
the most important step in the splicing since it is usegfoper fiber-end preparation,
which is a fundamental step in achieving an acceptablenfisgiice. Fiber alignment

becomes extremely easy with fully automated fusioicisgl equipment and involves
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nothing but placing the fibers in the V-groove chucks, afterclwhihe device
automatically aligns the fibers.

3.4.3 Bridge Splicing

The standard single-mode fiber and the dispersion compamddter utilized in the
recirculating loop experimental testbed have been joingdther by using Fujikura
FSM-40PM Arc Fusion Splicer available in our lab. We haged bridge splicing
technique to combine these two fibers, wherein SMF-LS leen employed as
intermediate bridge fiber. Splicing has been conductezhlsfully observing the above
mentioned fiber preparation and alignment steps. Figure 3bctslethe final
arrangement of fibers obtained after performing six sgigteps. The most important
task here is the optimization of each splice.

SSMF SMF-LS DCF SMF-LS SSMF

) )

FCIAPC Splice Splice Splice Splice FC/APC

Fig. 3.5. Schematic showing the final fiber arrangement gféeforming six
splicing steps using fusion splicer in the lab.

Light from the Tunable Laser Source (TSL) having 1550 nmelesngth and 1
mW power is launched into one end of SSMF patchcord (R@MPC connector).
Power at the output (bare-fiber) end of the patchcogtdjh) is measured in dBm using
bare-fiber-coupled power-meter. This value P1 is takeefasence for subsequent loss
measurements. Figure 3.6 shows the arrangement for nmgapomer of optical signal
at the output end of the SSMF patchcord. Once the peweeasured, the SSMF end is

disconnected from the power-meter and is prepared fairggpli

38



SSMF SSMF .f’-'tl:

FC/APC FC/APC PM
L (@ rewc  mme @)

B

Fig. 3.6. Arrangement to measure the power of input signpblaer meter (PM)
before starting the splicing.

The procedure used to make and optimize four splices dindlearrangement
of fibers in Fig. 3.5 is explained below in six steps.

Step 1:A temporary splice (not necessarily optimized) is mhdaveen the
fiber-prepared end of SSMF patchcord and one end of DCFB@)gn spool). With the
other end of DCF connected to channel B of power metaxepin dBm (P2), is
measured by launching light into the SSMF FC/APC patchitord TSL, as shown in
Fig. 3.7(a). Total loss of DCF and the temporary spbceaiculated by subtracting P2
from P1, i.e. Loss = (P1 — P2) dB.

Step 2:Now, the end of the DCF is disconnected from the poweter and
prepared for the first splice. This prepared fiber end of B@#ol is fusion spliced with
one end of 2-m-long SMF-LS fiber. The splicer settingsduto perform this splice are
as follows:

» Splice Mode Select: NZD — NZD
* Arc 1time: 1500 ms
» Sweep Splice: OFF

» Taper Splice: OFF
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Arc 1 time has been chosen to be 1500 ms after long aefiilcaptimization discussed
in detail in Section 3.6.

Once the splice has been made, the loss of thissfifgte has to be measured.
This is done with the free end of SMF-LS connected tmohkl B of power meter and
launching light at the SSMF connected to TSL by FC/APChuaird as shown in Fig.
3.7(b). Let this power meter reading be P3 dBm. Splice tfsfirst-splice is then
calculated by subtracting P3 from P2, i.e. Loss = (P2)-eB3this value is now used as
reference for the second splice.

Step 3:0nce one end of the SMF-LS fiber has been spliceddB, Bhe other
end of SMF-LS has to be spliced to SSMF patch-corde §pglicer settings used to
perform this splice are:

» Splice Mode Select: NZD — NZD

* Arc 1 time: 3000 ms

* Sweep Splice: Auto

 Sweep Time: 1500 ms

» Taper Splice: ON
Again, these settings have been selected as a résygtimization process discussed in
Section 3.6.

The power of optical signal, P4 dBm, at the output en8MF patchcord is
measured by using the fiber arrangement shown in Fig. 3.@¢e), (with FC/APC-
connected power meter). Splice loss of the secondespdi then calculated by
subtracting P4 from P3, i.e. Loss = (P3 — P4) dB.
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Step 4 At this moment, with two splices successfully matee temporary
splice is broken, the resulting fiber arrangement vensed as depicted in Fig. 3.7(d),
and the power of signal at the output end of the DCiaasured. This power meter
reading, say P5 dBm, includes the measured splice ldssts|flice + second-splice)
and, in addition, the loss of the DCF fiber. As mentibadove, DCF has a loss of
0.5-0.7 dB/km, which means that 500-meter DCF spool would h&v®.d. dB loss.
P5 will now be used as reference for the third splice.

Step 5:Third splice is performed between the free end of @& one end of a
second SMF-LS fiber piece, which is also 2 m long, usiegsdme splicer settings as
those mentioned in step 2. Power meter reading is noteB6asiBm with the
arrangement shown in figure 3.7(e). Third-splice Loss =(P®) dB. P6 dBm is used
as reference reading to calculate the fourth-spliss. lo

Step 6:Fourth splice, which is the last splice, is perforrhetiveen the free end
of SMF-LS fiber and one end of the second SSMF patchddnid.splice is carried out
using the splicer settings of step 3. Power meter rgdéimdBm is noted as shown in
Fig. 3.7(f). Fourth-splice Loss = (P6 — P7) dB. By sultingcP7 from the TSL output
power P8 measured in setup of Fig. 3.7(g), the overall lo8sred by the signal
propagating through the fiber link of Fig. 3.7(f) is calculsasdP8 — P7) dB. This loss
includes the splice loss of all the four splices phes lbsses of two SSMF patchcords

(pigtails), DCF spool (e.g. 500 m) and two SMF-LS fiber @ge(each 2 m long).
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SSMF S5MF DCF A[
FCIAPC FCIAPC PM
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Temporary Splice B
(a)
SSMF SSMF DCF SMF-LS A[
PM
TLS @ D—,ﬁ+—D @ @ @ [l
FC/APC Fc/apc  Temporary Splice First Splice B
(b)
SSMF SSMF DCF SMF-LS SSMF A i
PM
TLS @M@ @ @ @
FCIAPC Foiapc Temporary Splice First-Splice Second Splice 2
(©)
SSMF SSMF SMF-LS DCF A i
PM
TLS M @ @ []
FO/APC Fo/aPc  Second Splice First Splice B
(d)
SSMF SSMF SMF-LS DCF SMF-LS A[
PM
TLS M @ @ @ [
T Foape  Second Splice First Splice Third Splice B
(e)
SSMF SSMF SMF-LS DCF SMF-LS SSMF A[
PM
LS M @ @ @ @
FC/APC Fo/ape  Second Splice First Splice Third Splice Fourth Splice B
SSMF A[
FC/APC PM
s Q) i
B
(9)

Fig. 3.7. Arrangements to measure power of output signal(ajt¢he temporary
splice, (b) the first splice, (c) the second splice, (d)Kingathe temporary splice
and reversing the fiber arrangement, (e) the third spdind, (f) the fourth and

final splice. The TSL output power is measured by the sefup (
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3.5 Splicing Results

Using the aforementioned six steps of bridge-splicing tecieniDCF spools of lengths
500 m (two spools), 1.25 km (one spool) and 2.5 km (one shawd been spliced to

SSMF patchcords (pigtails). Splice loss less than 0.2vd8 obtained between SSMF
and SMF-LS. Furthermore, splice loss less than 0.4 d8 achieved between SSMF-
LS and DCF. Thus, an overall splice loss, betweeMS&nd DCF, was consistently
accomplished in the 0.5 to 0.55 dB range. With DCF diresgiliced to SSMF, splice

loss > 0.9 dB was obtained, which is considerably higher thawbeall splice loss of

bridge-splice technique. This proves that splice loss letvMF and DCF can be
significantly reduced by introducing SMF-LS, which can becspl to both DCF and

SSMF with low loss. The table below illustrates tbal loss for fiber arrangement of
figure (f) when DCF spools of lengths 500 m, 1.25 km and 2.5 kmsae

Table 3.1. DCF length and corresponding total loss.

DCF Length Total Loss in dB
500 m <1l4
500 m <14
1.25 km <1.7
2.5 km <25

3.6 Splicing Parameters

The splice results mentioned in Table 3.1 were achiefted @hoosing appropriate
splicing parameters, which required long and careful opdiaia process. The final
optimized parameters set on the fusion splicer fdicisg SMF-LS fiber to DCF and

SSMF, respectively, were already mentioned in stepd2step 3 of section 3.4.3. In
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both cases, the splice mode selected for splicing oconfieplicer was NZD-NZD. The
advice given to us by our Corning Inc.’s colleagues was eeae a ‘tuck’ splice by
heating DCF for only short time to avoid the collap$eefractive index profile. The
main parameters that caused variations in the splisenlese Arc 1 time, sweep splice,
sweep time, and taper splice. On the other hand, the eemanwhich hardly affected
the splice loss were Arc 2 time, Arc 2 power, Arc 2 Dise, Arc 2 OFF-Time, and
Prefuse Time. The original factory settings of impattparameters of NZD-NZD mode
were: Arc 1 time = 3000 ms, taper splice = OFF, and swd&e spOFF.

The final splicer settings used to splice SMF-LS to R@#

Splice Mode Select: NZD — NZD

Arc 1 time: 1500 ms

Sweep Splice: OFF

Taper Splice: OFF

Splices performed with the original factory settingsdgd splice loss > 1 dB and hence
we had to vary the parameter Arc 1 time in 100 ms steps.1Atime> 2000 ms
consistently resulted in splice lossl dB. Using taper splice and varying sweep time
did not make any noticeable difference and the lossread to remair> 1 dB. When
Arc 1 time was varied between less than 2000 ms to 1000 heg s> 0.6 dB was
achieved, but was not consistent and sometimes even pdbdass > 1 dB.
Furthermore, with Arc 1 time < 1000 ms, bubbles were fdrmemost of the splices.

With Arc 1 time set to 1500 ms, splice loss < 0.4 dB wasistently achieved.
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The final splicer settings used to splice SMF-LS to S

Splice Mode Select: NZD — NZD
Arc 1 time: 3000 ms

Sweep Splice: Auto

Sweep Time: 1500 ms

Taper Splice: ON

With original factory settings of NZD-NZD, spliceds between 0.2 and 0.25 dB was

consistently achieved. Reducing the Arc 1 time didn't makehmdifference in the

results. With Arc 1 time of 3000 ms and taper splice @Ns bf 0.2 dB was achieved.

But the splice loss was not consistent when spliaiag performed with same settings

repeatedly. Introducing sweep splice made considerableatitfe and loss < 0.2 dB

was consistently achieved. However, sweep splice hde tmperated in auto-mode as

the other options L (left sweep), R (right sweep), afil (left and right sweep) did not

help in reducing the loss below 0.2 dB. Sweep time wasosetaximum (default

setting, i.e. 1500 ms), as changing it did not make any eifte.
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CHAPTER 4

RECIRCULATING LOOP TESTBED

4.1 Introduction

Modern optical fiber communication systems employ hedsirof components and
thousands of kilometers of optical fiber. In the lab emmnent, the cost and space
considerations do not permit us to employ so many compoaadtsnore than several
fiber spans. The recirculating loop enables charactenzatiolong-haul systems by

putting a few components and a limited length of fiber laogp and letting the signal

propagate through them many times. In addition to helpingsting various lumped

devices, it also facilitates studying the degrading effefctdspersion, noise and optical
nonlinearities in ultra-long-haul transmission systemsl aetworks. This chapter

describes in detail the experimental setup and operationrofecirculating loop. The

basic principles and operation of the loop are similathttzse employed in telecom
industry [15, 16].

4.2 Experimental Setup

Figure 4.1 shows the schematic diagram of the reciinglédop setup built in our lab.
Entire testbed is contained in two movable racks as webin Fig. 4.2. The
recirculating loop consists of four basic elementangmitter, loop switch controller,

transmission link, and receiver.
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Fig. 4.1. Experimental setup of recirculating loop. PC-polaomaacontroller,

OBPF-optical bandpass filter.

Digital Communication Analyzer

Display for Pattern Generator /
Error Detector

LCD Display for Computer and
Optical Spectrum Analyzer

Computer for Automation and
Data Acquisition

Computer Keyboard and Mouse

. Receiver
Tunable Filter

Variable Optical Attenuator

Clock Recovery Circuit

Pattern Generator /
Error Detector

RZ Transmitter sub-system
Power Supply

10 GHz Clock Generator

Slow Scope

Optical Spectrum Analyzer

Fiber-Optic Switch
Polarization Controllers
Variable Optical Attenuators

Recirculating Loop Controller

SRS Digital Delay / Pulse
Generators

Polarization Controllers

DCF Reel
SSMF reel

DFB Lasers
Various Fiber Couplers
Erbium-Doped Amplifiers

Optical Power Meter

Fig. 4.2. Recirculating loop testbed configured in two movedid&s.

1. Transmitter contains 36 distributed feedback (DFB) lasers, arrayecguade

grating (AWG) multiplexer as a passive combiner, poléinmacontroller (PC),

modulator, and an erbium-doped amplifier (EDFA). 36 DFBriaseparated by

100 GHz are multiplexed with an AWG and modulated using a 16 &éctro-



optic modulator described in Section 2.7. DFB lasers aed s their very
narrow linewidth, and low relative intensity noise. &x@al modulator used here
is a LINbG; Interferometric Mach-Zehnder Modulator (MZM) which inges
the same data stream generated by pattern generator ddkB3ésers. We de-
correlate the patterns of these 36 WDM channels by sgiénsignals through
1.25 km of DCF (-150 ps/nm). To compensate for the lossewoalulator,
controller, multiplexer, and DCF we use an EDFA.
. Loop Switch Controller is the most important active component in a
recirculating loop which injects and circulates theshieam. It is comprised of
the following main parts: two acousto-optic switches (AD®ne 3-dB coupler,
1% and 5% taps, two polarization controllers, and twoialsée optical
attenuators (VOAS). The signal is coupled into the lbppneans of a four-port
(2x2) optical 3-dB coupler. In a 3-dB coupler, light enters diqudar port on
one side and exits from each of the two ports on ther gitle. Thus the signal is
split in half. The AOSs are the essential elemanthe loop switch and work in
counter-phase, i.e. when AOS 1 is in “on” state (randparent) to load the
loop, AOS 2 is in the “off” state (no light propagatestigh it), and vice versa.
When AOS 1 is open (“on” state), signal comes fronintib the 3-dB
coupler, from which half of the signal goes to the remreand the other half
goes into the recirculating loop. By the time the sigeaches the end of the
loop, AOS 1 closes (“off’ state), AOS 2 opens, and igead circulates in the

loop for as long as AOS 2 is open. The variable opati@nuator is used to
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balance gain and loss after each round-trip so thabthesignal powers after
each round-trip are the same. This balance operationinaties the wild

transients of EDFAs that can damage the optical coemgsrin the loop. Even
though the AOSs are designed to be polarization-insemsitiey still exhibit

some polarization-dependent loss (about 0.2 dB). To preaumulation of
this loss over many circulations, we employ polarizationtrollers inside and
outside the loop. The receiver equipment is triggeredake data after the
desired number of circulations. Two SRS (Stanford Reke&gstem Inc.)

DG535 Digital Delay/ Pulse Generators are used to trifgeeAOMSs as well as
the receiver equipment. The length of the burst geegrby the first pulse
generator corresponds to the loop length, in order tat filp completely. The
duty cycle is adjusted in such a way to allow the bursetirculate in the loop
as many times as necessary for the investigation.

A 5% tap (95/5 coupler) is used in the loop switch to mortiter signal
spectrum at any given circulation on an Optical Spectruayxer (OSA). A
tap is a coupler that splits only a small part of tlgtliinto one (tap) port
leaving the rest in the other (through) port. Hence 5%@ftignal goes to OSA
and the remaining 95% goes into the loop. In addition, aal#tstconnected to
photodiode to monitor the power inside the loop.

. Transmission Line basically contains variety of components inside thep,loo
including device under test (DUT) or fiber under test (FUNS.depicted in the

Fig. 4.1, the transmission link of our loop contains orgh{piower erbium-
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doped fiber amplifier EDFA 2, optical bandpass filter, 0.5...1.2%0ki@orning
DCF, and 1.3 km of SSMF (Corning SMF-28¥). DCF is used to compensate
the accumulated dispersion due to SSMF fiber in the IB&FA 2 is placed at
the beginning of the loop to boost the signal before daimg it into the
transmission line. An EDFA can also be placed after@CF spool in the link
to compensate for the DCF losses as DCF has higmuatien. AWG
demultiplexer is used as a 200-GHz-wide optical bandpass {@BPF). It is
only used with single-channel signal to prevent accunomlabf out-of-band
ASE (Amplified Spontaneous Emission) noise in the loBprthermore, an
optical isolator should be placed between EDFA and fiter to prevent
propagation of back reflection generated by the filtemeHee use an EDFA
with internal optical isolator. During the operationladp, loss and gain need to
be balanced so that there is constant unity loop @ais. is achieved either by
adjusting the loop gain using EDFA 2 pump current or by changatpop loss
using VOA.

. Receiver continuously receives data from every circulation frome 3-dB
coupler. The error detector connected to the receivaratgsin the burst mode
gated by the digital delay / pulse generator in order tectiéhe errors occurring
after a particular number of circulations. The errored®r compares the bits
during the gate window with the bits supplied to the traitemby the pattern
generator. Any difference between the patterns repsegbat bit error. The

device used in our testbed for error detection is ErroroRednce Analyzer,
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model number 70843B by Agilent. A 0.22-nm-wide tunable filter ugethex
input of the receiver acts as a demultiplexer and se$pasific channel to be
measured by 10 Gb/s receiver. In future 2R regeneration exgeanthis filter
will also perform off-center filtering.

4.3 Triggering Setup

As mentioned above, two SRS digital delay/pulse gemesatermed DG 1 and DG 2
are used to trigger AOSs, receiver, Optical Spectrumyxeal(OSA) and the Digital
Communications Analyzer (DCA) simultaneously. Figure &3 trigger connections
between these devices. Both generators have five daelgyut ports: TO (internal
trigger), A, B, C, D and four pulse outputs AB, —AB (iieverted AB), CD, and —-CD.
DG 1 controls AOS 1 and AOS 2, as well as the errorcttateand DCA. DG 2 is
externally triggered by —CD output on DG 1 and controlgmbatic devices: OSA and
slow oscilloscope.

The +AB output on DG 1 is connected to the AOS 1 driver vbirtves AOS 1.
Since the pulse that drives AOS 2 is the complemenmtatlye pulse that drives AOS 1,
AOS2 driver is connected to —AB (i.e. inverted) output orlDG
The measurement window corresponding in time to a particutadation is selected by gating

the DCA (fast oscilloscope), error detector, and OFhAe Agilent DCA specifies gating
width of 1 us at 10 GHz. The gating pulse input at leagslong is supplied by DG 1
using the CD output. The same signal is also used to lgatertor detector. Despite

having option 100 (enhanced trigger), our DCA has shown very pow-jitter
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performance in gated trigger mode. Therefore, in the futerplan to use another AOS

to gate the input signal to the DCA which will be contindptisggered.

SEEDGI SEEDG2

N Trigger Ext Trigger Ext

T 4 B Al allg </l clUD TO A B A[|lB alls ¢llD cUD
\Aosmmer\ |AOS 2Dmer\ Slow | |Spectrum
Scope| | Analyzer

Error Detector

Fig. 4.3. Schematic showing connections between SRS deldse generators 1
and 2 to other equipment of the setup.

Gating input of the OSA (EXT TRIG IN) needs a negativaedofTL signal,
hence —AB on DG 2 is used trigger it. The OSA gating porlgst be at least jzs long.

In addition, OSA essentially integrates the signard20us preceding the gate. Thus,
to show the true spectrum after a particular circulatiemther long loop length
(propagation time longer than 186) is needed, or the OSA input needs to be optically
gated using another AOS.

High-Z termination needs to be set on DG 1 and DGralloTTL signals. In
case of connection to a 50-Ohm load, the signal may aseia amplitude, but will not
change its temporal profile. On the other hand, using 50-&#iting on DG 1 and DG
2 would only work with 50-Ohm load and will produce a dramédysicdistorted

waveform if connected to a high-impedance device.
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4.3.1 Trigger Settings

The trigger settings are calculated similar to [15, 16jeWAOS 1 is in “on” state, the
loop is loaded with the bit stream. The time taken bysttpeal to travel once around the
loop, known as circulation tim&.., can be calculated as

Tcirc = Ltotal ’ (41)
Cg

where Liotal IS the total length of fiber in the loop (SSMF+DCF) agds the group
velocity of light in fiber, given by

C
Co =— 4.2)
n
wherec is the speed of light in vacuum amnds the refractive index of the core.
AOS 1 should be left in the ON state for at least @y@aplete circulation time,
i.e. the time of the loading state must be equal toare than one circulation of the
loop in order to allow the loop to fully fill up and eme that the EDFAs are saturated

and in steady state. The loading-state duration caalbalated by

Toaa =KX T (4.3)

wherek > 1 is the number of times the loop is filled or loadedur loop, we usk& = 3.
Once the loop has been fully loaded, AOS 1 is switchgdaod AOS 2 is

switched on. With AOS 2 in “on” state (i.e. transpargiight propagates in the loop for

the number of times decided by the repetition rateeptiise generator. This repetition

rate is calculated by

R, = K (4.4)
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wherem is the number of times the bit stream circulatesyenlbop before the loop is
reloaded. This calculatd®le, is set in the trigger menu of DG 1.

In the first demonstration of our loop’s operation, veee put 1.25 km of DCF
and 1 km of SSMF into the loop. In order to overcoomg|(120us) integration time of
the OSA, we have added 30 km of LEAF fiber to the lodpenlLiga = 32.25 km.
Using n=1.5 for glass, we obtaifi;c = 161 us, which is close to the experimentally
measured value Of;irc = 158us. Withk = 3, we havélpaqg = 474ps. The multichannel
2R regeneration experiment needs 11.2 km of DCF. Thuls, &5 km of DCF in the
loop, the number of circulatioms is set to 9. This results in a repetition rate of 527 Hz.

4.4 Recirculating Loop Results

Figure 4.4 shows the timing diagram of our recirculating I(glow-oscilloscope trace).
The two lower traces show the loading and unloading feave applied to AOS 1 and
AOS 2, respectively. Top trace shows the signal powehe loop measured by the
photodiode at 1% tap port. The narrow (~100 ns) spikes epresOS transients
between the circulations. Using loading state equ& $03 circulations allows us to
distinguish the loading time from the subsequent @at@ns even in the absence of the
two lower traces. One can easily see that the powags stonstant from circulation to
circulation, i.e. the loss and gain in the loop are lz@dnOtherwise, in addition to the
narrow AOS transients we would have seen longer (tenssEDFA 2 transients
between the circulations. The second from the tagetin Fig. 4.4 shows the timing of
the measurement window (gate). It seletBculation to be characterized. The gate

has been pushed toward the end of the circulation inr aodellow for 120us OSA
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integration time to precede the measurement. By chamgitay C on DG 1, we can

move the gate to any other circulation as well.

Optical signal

Tek  Stopped Shgefey A loJulusriaeas
£ | 1 | Horizontal scale: 200 ps/div
r il -
f t — Gate at the end of

14 ‘ circulation #8

T | ™ Loop transients between

&T L F—' the circulations

. T
;._“ 4
Ch3 5.0% Chd 504 A Cha » 18Y

Loading and unloading pulses

Fig. 4.4. Recirculating loop timing diagram.

Figure 4.5 shows the signal spectra dfteirculations through the loop, when a
single channel modulated by a CS-RZ format at 5 Gb/srd&tas used. From Fig. 4.5
we see that the spectrum broadens (up to ~7 times) atteh#l at the top as the signal
propagates, as predicted by the 2R regenerator theory [1THig]broadening of the
spectrum is the result of self-phase modulation (SRM() is essential for 2R

regeneration. Our results indicate that the loopadydor 2R regeneration experiment.
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CHAPTER 5
CONCLUSIONS
This thesis has focused on constructing the recicul&iotestbed intended for proof-
of-principle demonstration of all-optical multichan2& regeneration in our lab.

We have successfully built two transmitter modules ajp®y at bit rates up to
10 Gb/s. This work required integrating lab-built power suppligth commercially
available 10 Gb/s electro-optic modulators and RF drivensl assembling them in
rack-mounted aluminum boxes. To make the device user frieopfical and electrical
connections were provided on the front and back pandlediox. The lab-built power
supply section was used to provide several DC voltages ssge®r the modulator
operation, and helped in reducing the number of requirednextgower supplies. This
work has resulted in making two 10 Gb/s transmitter sydbems: JDS-modulator-
based RZ and Lucent-modulator-based NRZ modules. Usingx8emodulator-based
transmitter, we have successfully demonstrated geoerati NRZ, RZ and CS-RZ
modulation formats.

We have also successfully coupled standard single-mode (@&®&MF) to
dispersion-compensating fiber (DCF) using bridge-spliciaghnique. SMF-LS has
been used as intermediate bridge fiber and was splicB8MF with loss < 0.2 dB, on
one end, and to DCF with loss < 0.4 dB, on the other €hds, we have achieved

better than 0.6 dB loss in coupling between SSMF and Ddohltained this result
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consistently in all splices in the process of SSNtftgiling four DCF reels of 500 m
(two), 1.25 km, and 2.5 km lengths.

After building the transmitter module and achieving good coupghetyveen
SSMF and DCF reels, we have used them along with @theromponents to assemble
the recirculating-loop testbed. All the componentsth& recirculating-loop testbed
have been mounted in two movable racks and connected lopldigier patchcords.
After setting the timing of the loop switches and measient gates and triggers, we
have successfully demonstrated the loop operation wigleschannel. With 1.25 km of
DCF as a nonlinear medium in the loop, we have obséfvettl increase in the signal
spectrum width after 9 circulations (11.25 km of DCF). Thésdy indicates that the

loop is ready for 2R regeneration experiments.
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APPENDIX A

JDS UNIPHASE, DUAL STAGE 10 GB/S NRZ DATA MODULATOR WH RZ
PULSE GENERATOR STAGE DATA SHEET
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41 1DS Uniphase

Final Test Data Sheet

Mods! Number: 10022808
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RE Puiss Genargler Stags
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Teat Date: 112072000
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APPENDIX B
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Characteristics

Table 1. OpticaliEloctricsl Chasacioristios (Tc = 25 °C)
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+ Pulse Labs

PRODUCT SPECIFICATION

12.5 Gpbs Lithi Niobat dulat MODEL 5865
* 12.5 Gpbs Lithium Niobate modulator
driver (8 Vamp output) 12.5 GB/s

. - ; . DRIVER AMPLIFIER
e Linear amplifier with 26 dB small signal

gain and 12 GHz of bandwidth

+ High gain with low power dissipation
(2.3 watts at 8 Vamp)

¢ Temperature compensated design for
output stability

¢ Includes bias network, crossing point
control & adjustable output voltage

The Picosecond Pulse Labs Model 5865 driver amplifier is intended for use driving Lithium Niobate
modulators or as a linear amplifier.

The 5865 includes internal temperature compensation for excellent output stability over temperature,
and exhibits both high output and low power dissipation. It also incorporates internal sequencing
circuitry, making it insensitive to power supply application sequence.

Typical 10.66 Gb/s Eye Measurements

(oo Testy Weislome 200 —! (s Lt Test) Wiseeloms 200

( ¥ t cutrenl FETRITTETY
e TS B T | o amcy S gy m, (e oo
s L W B ) I ] mﬂﬁ'étga gL AL teh W )
wom ey ;h,mm ey e ) PO
EB Hl]mwﬁil zﬁdis%ﬂvwmj :Ect |I]Dlv|Wulli qﬁule 110 mWﬁuI T, J].U Difﬂlu I T LEVEL lﬁiﬁ:ﬁ:aﬂv\v’/ﬂn‘ I Eﬁiﬁt:éﬂnﬂm\}mri iﬁ?‘z{a‘:‘n{’mwuv gﬁis‘ial.]nﬂvm\lfﬁhi glrf'éﬂ[‘l m"ﬂ I Tr%gml.e\:g\:
Input Test Signal [1] Output Response 7]

[1] Input test signal generated by Agilent Pattern Generator model 70843B.
[2] Output response measured using Agilent oscilloscope model 861004 with model 83484A 50 GHz plug-in module ..

www.picosecond.com

PICOSECOND PULSE LABS, P.O. Box 44, BOULDER, CO 80306, USA, TEL: 1.303.443.1249, FaX: 1.303.447.2236
SPEC-4040085, REVISION 8, APRIL 2004, APPLIES TO MODEL 5865 REV 2
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v Pulse Labs

ProDUCT SPECIFICATION MoODEL 5865 12.5GB/s DRIVER AMPLIFIER

5865 Electrical Specifications

PARAMETER SYMBOL | UNITS MIN TYPICAL MAaX COMMENTS
Polarity Mon-inverting
Cutput Eye Voltage with V. =0V Vaur Vame 7.5 8.0 Win= 0.5 Vamg, 12.5 Gl's PRBS
Cutput Eye Voltage with Ve = 15V Vaur Vame 1.0 20 Win= 0.5 Vamp
Upper Frequency 2 dB Point 203, pper GHz 12 Small signal, relative to gain at 2 GHz
Lawer Frequency 3 d3 Point | PP— kHz 30 Small signal, relative to gain at 2 GHz
Small signal gain S dB 265 Measured at 2 GHz
Cuiput Power at 1dB Gain - . - —
Compression P dSm 235 Measured at 2 GHz

e : 3 ] 10% to 90%, Ve = 0.5 Vamg,
Deconvolved Rise / Fall Time [1] & ps 14123 2017128 12.5 Gbfs PRAS
AR il ps 07 15 | Yin=0.5 Vs 12.5 Gbis PRES,

PSpn 4 3 measured &t crossing poini

Peak-to-Peak

Quiput Eye Voltage Vanation Over W=DV, Vin= 0.5 Vo,

Operating Temperature Range AVour * 13 Eo Teass = -5 to 75C, 12.5 Ghb/s PRES
Crossing Point Adjust % 115 120 15V inputat Vg, Vin=05 Van
Crossing Point Wanation Ower o, 10 20 0.5 Vamg Input, 12.5 Ghis PRBES,
Cperating Temperature Range s e Tosse = =5 o 75°C, Vi constant
Owershoot / Undershoot % 5 125 Gh's PRBS
Input ! Cutput Rsturm Loss

S0MHz = f=5GHz S0 5m dB -14 -12

SGHz=f=12GHz -1 -4
Moise Figure MF dB ET5 ES f=1GHz

[1] Decomvolution is done Ly root sum of sguares. Input rseffall times were 27 ps. Input jitter was 2.3 ps RMS 7 9.8 ps ph-pk.

5865 Operating Specifications

PARAMETER SYMBOL | UNITS MIN TYPICAL MAX COMMENTS
Maximum allowed Input Vame 1.5 Cramage threshold for input
D Voltage Supply {pos) +Wan Voo 8 g 825 275 mé typical with Vagr =8 Vare
DiC Voltage Supply (neg) Neoe Voo -5.25 -5 -4.75 20 méA typical
Vour = B Vamg, Ve may be utilized 1o
Power Dissipation Pass W 23 26 lower the output level and lower the
power dissipated
Cutput Voltage Bias Voim Voo -17 +33 2.5 kil resiztor (DC cument £ 3.5 mA),
Cperating Tempsrature Toass L. 3 -5 F i Case Temperature

Storage Temperature Toass e -4 125 Case Temperature

Static sensitive device, limited 30 day warranty.

www.picosecond.com

PiCOSECOND PULSE LAES, P.O. BOx 44, BOULDER, CO 80306, USA, TEL: 1.303.443,1249, Fax: 1.303.447.2236
PAGEZ2OFT SPEC-4040085, REVISION 8, APRIL 2004, APPLIES TO MODEL 5865 REV 2
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ProDUCT SPECIFICATION MoDEL 5865 12.5GB/s DRIVER AMPLIFIER

W

Wazk Tegt

[

]

i
I@- }(%ggw-'n»l Eﬁa.mwun Igmpmm Jﬂ’ﬂw lTlnnj_J‘Ell%:l:I h@ELmlt I

Typical Measured 10.66 Gb/s Optical Eye

(PSPL model 5865 driver, modulator controller, and OTI 12.5Gb/s LiNbO3; modulator)
Imput test signal generated by Advantesi Pattern Generator model 03156, Output responze
measured using Agilent oscilloscope modst 861004 with model 351094 optical plug-in module.

10
- et .
= PE——
E N e —8— \ge=0
= . e ; ” —w Wge=13
& — ] g
B =4 >y Vge=-5
3 il oo b e
= e —a—\Vge=12
2 3 ——Vge=15
| —
g 5 ] - —l i =
1 & : o 4. .
I:.
02 03 D4 05 06 D07 08 08 1D 11

Input Voltage (Vamp)

Typical Output Voltage versus Input Voltage
(Gain Control Bias = Vgc, Tease = 35C)

www.picosecond.com
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PrRODUCT SPECIFICATION MoDeEL 5865 12.5G8B/s DRIVER AMPLIFIER

10 | | Ll =
g |- —e—vin=0.250 4 S e e i o
B g | —k—Vin=0.375 " e | i~ o e e
E % —&— Vin=0.500 ,!’/:' = E & o, I
= [~ —a— \Vin=0.750 e g o
= ¥ L
o 6 |~ = vin=t.000 j;j,-“"* =7 - —
E 5 ~ a1 o
= = g 6
g 4 ek S .____‘_———o_
——i—a
: o[ LA z s =
5 2 Tease=35C — .g- 4 — s Vin=0250 —a& Vin=D375 —|
o g o , —&—Vin=0.500 —s—Vin=D.750 |
ol —s—Vin=100  Vgc=0V
450 -125 100 -T5 -50 -25 Q0 2 ; ; ; ;
-10C 10C 30C s0C 70C
Gain Control Bias, Vgc
»Vge (V) Case Temperature
58 75%
| | /-’- 70%
56 Wge=0V -
- 55% Vin=0.500v __|
1= B 15
= s £
3 54 gt = 3 50%
i
el iy 1 55%
2 A g
] LA @ 50%
] 4 | ® ® o \
G 0T b G 45% \\
J , 40%
45 _&  Yin=0250 —a Vin=0.500 —|
—&  Vin=0750 —=—Vin=1.00 35%
45 — i
0C 0C 10C 20C 30C 40C 50C 60C 70C &0C TR TR
Case Temperature Crossing Point Adjust Bias

Detailed test setup information available upon request.

www.picosecond.com
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PropucT SPECIFICATION MoDEL 5865 12 .5GB/s DRIVER AMPLIFIER

el

521 Magnitude (dB)

0 2 4 B8 B 10 12 14 18 18 20
Frequency (GHz)

Typical Small Signal S

(measurad at —20 dBm input power)

-5

—3511

—_—— 522

Magnitude (dB)

-25 4

-30 T T T T T T T T T
¥ 2 4 L:] 5 10 12 14 18 18 20

Frequency (GHz)

Typical Small Signal Sy and S,

(measured at —20 dBm input power)
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PrRoODUCT SPECIFICATION MoDEL 5865 12.5GB/s DRIVER AMPLIFIER

5865 Mechanical Dimensions (in inches unless otherwise stated)

¢ 0025
0156 TYP
L5
1
[lﬂ:l @@@@#E—-
pez | 018 X6
O+ X
THRU HOLES

/ 4-40 TAFPET
200 , L

D19 v
i BITETIY
a8 / xe

1= =H
u.sLu A e 140 08 -
: DJ-—: R 'E:D ) 15t ) Dﬂ Po
0545 pogg 0175 X3 f
D.080 | (BOTH ST0ES) 0,475 419 [paey
125 X2 XE KE

0,375 Mea ¥ 009
X2

Ordering Information

Model Number | Connector Configuration »
5865-107 RF input SMA jack, RF cutput SMA jack, solder pins
* Other connector configurations may he available upon request.

Contact Information
Picosecond Pulse Labs

PO Box 44

Boulder, Colorado 80306, USA

Telephone: 1.303.443.1249
Fax: 1.303.447 2236
mailtoinfa@picosecond.com

Sales Support:
Telephone: 1.303.443.12458
Fax: 1.303.447 2236

Visit Us At:

www . picosecond com

wWww.picosecond.com

PICOSECOND PULSE LABES, P.O. BOX 44, BOULDER, CO 80306, USA, TEL: 1.303.443,1249, FAX: 1.303.447.2236
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PrRODUCT SPECIFICATION MoODEL 5865 12.5GB/s DRIVER AMPLIFIER

Instructions for Use
The Picosecond Pulse Labs 5865 12.5 Gb/s modulator driver may be operated using only three of the available

7 pins. The DC pins required for operation are 1, 3, and 7. The RF connectors and DC pins are diagramed and
defined below.

2 3 4 5 6

MMLM

Model 5865 0= 7

12,5 Gb/fs Driver Ampdifiar
casecong
z . . Fule Do
mmm Made in LA
N
Pin Descriptions
Pin # Pin Label Description
IN SMA, signal input, Vo= 1.5 V {(damage threshold)
1 + Positive DC voltage supply, BV (see Note 1 and Note 2)
2 GC V... Variable output control, 15V = V.= 0V (see Note 3)
3 - Negative DC voltage supply, -525V =V=-475VY (sse MNote 2)
4 CP Crossing point adjust, -5V =V =5V (see Note 4)
5 VB DC Voltage bias, -17 = VB = +33 (see Note &)
5] NC Mo connection / Not used
T GND Ground connection
ouT SMA, signal output
Warning: The 5865 requires a ground connection at pin #7 prior to voltage application to prevent damage.
NOTES:

MNote 1: At 8V, approximately 2 3W is dissipated.

Note 2: No powsr sequencing is necessary. Voltages may be applied in any order after ground i1s applied.

Note 3: Qutput Control: With V; at 0V, or left floating (disconnected), the driver will provide maximum gain and
maximum output voltage. The user may decrease WV, to decrease the RF signal gain when the driver is
operating in the linear regime, or to reduce the output voliage level when the driver is operated in saturation (this
will also reduce the power dissipated).

Mote 4: The crossing point may vary until unit achieves thermal equilibrium.

Mote 5: Voltage Bias: The VB pin allows the user to apply a low current (less than 3.5 mA) DC offset fo the
Signal Output for biasing electro-optic modulators through a 2 kG resistor.

www.picosecond.com

PIiCOSECOND PULSE LABS, P.O. BOX 44, BOULDER, CO 80306, USA, TEL: 1.303.443,1249, Fax: 1.303,447.2235
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The H301 optical medulator driver providesa
high-quality, single-ended voltage to drive an
external laser modulator. Typical applications
include driving EML, EAM, and Mach-Zehnder
style modulators. [t amplifies 2.488 to 12.2 Ghis
data input signals to 7.0 Vi, drive levels. The flat
gain and flat group delay response yield a high-
quality, low-jitter electrical drive signal. The driver
meetsapplicable SONET and SDH standards for
OC-192 10 Ghf's optical transmitters and includes
reference and detector outputs to enable external
temperature-compensated control of output drive
levels. The module has field replaceable input and
output K-connectorsfor the input/output drive
signals and an eight-pin connector for the detector,
reference, and power interfaces.

73

Discontinued Product

l:l JDS Uniphase

10 Gb/s Optical Modulator
Driver
H301 Series

Key Features

* Lowpower, 49W

* Lowjitter

* Data rates from 2.488 to 12.2 Gb/s

Applications
* SONET/SDH equipment
* SR, IR, LR optical transmitters



H301 Series | 2

Block Diagram

Referenae0UT
DetecorOUT
GainControl
Gain and Return Loss vs. Frequency
40 40
Gain
a8 —o— 811 M0
]
30 Fol
N
25 10 E
= =
= =
g 0 B
2 £
5
15 =
&
10
&
o Trrrtrrtr1rrrrrr1r 1 1r1rr1 11111 11T 171 40

Frequency (GHZ)

Enpnne |
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fatarani
el e,

EnliRTair. s
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H301 Series | 3

Specifications

Parameter

Data rate

2.488 o 12.2 Ghfs

Fraquency responsa

75 KHz to 10 GHz

Qutput amplitude ( Typical
Maximum
Fap output Typical
Maximum
P.a cutput Typical =24 dBm
Gain 14 to 26 dB, variable
Gain ripple +1.5 dB
Gain contrel range (-10to 0 ¥V DC using external 510 W resistor) Typical 12 dB
Minimum 10 4B
Group delay (2 to 10 GHz) Typical +25 ps
Moise figure 11 4B
Input, cutput impedance 50 0
Input range S00mVto 1.5V
Input VSWR
75 to 200 KHz Typical 1.9
Maximum 2251
200 KHz to -10 GHz Typical l.&:1
IMaximum 2.25:1
Qutput VSWER Typical 2.1
Maximum
Isclated run of ones or zeros bits
Fulse response Typical Ovarshoot/undershoot 10%, drop 10%, rise time 40 ps
Operating temperature Q10 70°C
Storage temperaturs -40to 100 =C
Operating humidity, non-condensing Maximum 85%
Storage humidity, non-condensing Maximum e
Altitude 0 to 3,048 m (0 to 10,000 fr)
Soldering process temperature (30 seconds) Maximum 215°C
Process temperaturs (24 hours) Maximum 150=C
Dimensions (W x H x I¥) 1.2x05x10in
Power requirements
8.0V DC minimum Typical &00 mA
=50 V DC minimum Typical 22 ma
Total power dissipation Minirmumn 49 W

Input/cutput

2.9 mm (field replacement “E*)

Power detector/reference/ground

8-pin package

75



H301 Series | 4

Package Dimensions (in inches [mmy])

Pin1 Pind Ae 0008
ﬂ O
& .
E z & &
9) R
e
0.774 3 Qpo a Rt
[19.60] E. e é. [24.20]
H mancmuse
&) - 0476
= [12.01]
0085 e z | |
[2.26]
|-| Imsg Pin8|.| S%JJ |.|Pin5
089 | !
[2.26] sz
0.441_‘_
[11.20] 1.170
[2a.72]
e ® T
— 0.540
0.218 [13.72]
[5.54]
k.
0270 PinNumber Function
> .88 3 0208 FE-Connzctor THPOT AT coupledl
[5.33] 1 Ve lBY)
0.618 2 Ground
[15.70] 3 Bias (Vsun)
4 DET (Vow)
K-Connedor OLTPUIT (AC coupled)
5 REF
[ Vi Vi
7 Ground
8 Ve (-5.0VDC)

ordering Information

Caseis grou ndedintzmally

For more information on this or other products and their availability, please contact your local JDS Uniphase account manager
or DS Uniphase directly at 800-871-8537 in Morth America and 1-800-8723-3378 worldwide or via e-mail at

H301- ? 10

jdsusales@jdsucom.

Sample: H301-1110

Code  Conmector

Code Drriver Option

T Femalein, Female cut T TEET]

2 Femalein, Mals cut 2 Optimized for JDS Uniphase mod ulator
E] Malzin,Male cut

E] AM modulationinput pin

4 Malz in Ferrale cut

tron K is a registersd trademark of Anritsu Corporatio

l‘l JDS Uniphase

Morth America toll-free: 300-2871-8537
Worldwida toll-free: 1-800-8735-5378
whenw jdsuLcom

A1 stataments, technlal Infomation and recommendations raated to the prooucts herdn ar based upon Infcrmation
ballawnt b5 ba ralabk of Sccurats, Howavar, thi 300073 oy of complobana 2 tharesf ks not quarantasd, and no sponsiilty |s
s fer any Inaccuracke, The ussr sumss allrks and IabIEY Whatzsisr In connsstion with i w2 ef 3 precict of Its
application. JOS Uniphasa resarves tha right to changa 2t 3 tma without notice the dstan, spedfications, fundton, 1t or
fom o It= produds descrbed heraln, Inchiding wdrawal & any tma of a product offerad for sale hereh. JOS Uniphaea
miakss o eprasEations that the preics herain ars fres from any Nt Ketual proparty e ef othars, Phass contact J05
Uniphaza for mars Information. 106 Uniphaza and e 106 Uniphass 630 3 tradsmanis of 105 Uniphes Corporation. Cthar
trademarks are tha property of thall raspactke hokders. Copyrght DS Uniphase Corporation Al ghts ressrvad.

10127929 Rew. 001 12001
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o S
Plcnsecond Model 5575A
Bias Tee
' .  Pulse Labs N 4
: i I : DCin
The Model 5575A is a broadband coaxial bias inseriion tee
and DC blocking capacitor designed to pass fast rise pulses
with minimum waveform distortion. The nisetime is 30 ps with
a -3 dB bandwidth extending from 10 kHz to 12 GHz. The
5575A will safely carry 500 mA of DC current. However, core AC =+ DC
saturation limits the low frequency response at DC currents out
above 20 mA. See Notes [1-3].
Risetime (10%-20%) [2] 30 ps, 35 ps max. DC Voltage 50V max.
Bandwidth (-3 dB) [3] 12 GHz, 10 GHz min. Inductance 8 mH, *30%
Core Saturation:
Current -3dB low freq.
Low Frequency (-2 dB} 10 kHz <20 mA <10 kHz
100 mA 70 kHz
500 mA 300 kHz
Insertion Loss (0.01-3GHz) [ 06dB, +05dB DC Resistance 060
Impedance 500 CW RF Power 35 W max.
ieg;,%g?m“em (35PSTOR) | 5e; 1< 100ps. 6%, t=100ps | Connectors SMA jacks (7
DC Current 500 mA max. Capacitance 0.22 UF, -50%, +80%
isolation (AC —DC) =20 dB Dimensions lgscnf}m S
; 0.1=<f=10GHz One year. See Terms and
Rehum Loz 1] VG For) RL > 18 dB - 1.2 dBIGHz * (GHz) | Wamanty Conditians of Sale for defails
.ﬁ\_‘r\"‘\\ - N /]
i N ] "\ vV ]
r ) 1 /™ 1 \ w." A \\ lrlw (I\
| |/ J
L N ,u‘\ J I'.". i A A W 1
1 dB/div and 2 GHz/div 5 dB/div and 2 GHz/div -m “dB/div and 2 GHz/div.
Insertion Loss Return Loss Isolation (AC-DC)
) . i
Ordering Information
3

Model Number
h57THA-104

Notes

20%/div. Top to bottom: 500 ps./div,
100 psidiv, and 20 psidiv
10 ps Step Response

2.5% rhofdiv and 200 ps/div
35 ps TDR of AC port

[1] Parameters listed are typical values. They are guaranteed only when maximum and / or minimum limits are given.
[2] 10 ps nsetime step response and TOR waveform measured using @ PSPL Model 40158 pulse gensrator and an HP-541244,
50 GHz, 9.4 ps digital sampling oscilloscope.
[3] Frequency response measurad using a Wiltron 5447A, 10 MBz - 20 GHz network analyzer.

Picoseconn Puise Lags P.O. Box 44 Bouloer, CO 80306, USA TEL: 1.303.443.1249 FAX: 1.303.447.2236
WWW.PICOSECOND.COM

Spec-4040045, Revision 3, January 2004
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APPENDIX F

CORNING INC, SMF-LS™ CPC6 SINGLE-MODE NON-ZERO DISPERSION-
SHIFTED OPTICAL FIBER SPECIFICATION SHEET
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CORMNING  Coriiny beorporsied Corning” Optical Fiber
Telaooemaminicalions Produsts Dnasion I‘g FI
!r::fngql_kl,;!‘ I’:i::l-' ki e
gt (HL SHD-TRGd (N MO ATETE)
Faot: [910) 305.T285 {In North Armenca) Product Information
Ted: (60T 0745354 (oadnice of Morih Amenica)
Fiaut: (BO0T) 5787041 oaimice of Morth Americal

PI1050 Corning® SMF-LS™ CPC6 Single-Mode
o Non-Zero Dispersion-Shifted Optical Fiber
GENERAL

mnmnﬁlﬂﬂmmmrmmmhmnmdmhm fuliphe Charrel EgEemE openaing in
the 1550 nm windone:. This product has been develioped o messt errerging 1550 i networs dessign reouiemaents,
inchuding e use ol erbium-dopad liber ampitiers [EDFAS) and miipis-channel “dense WOM™ technolagy. Tha fer
it cgilimized b0 Faredie milipis high-ba-rae waveiength channgls in the 1860 nm wirdas aver g sysiem Eegie
Clthar uses inoiucke: mecium 10 ong-distance, singie- and multi-channal 1550 nm sy Tor inkalics and
Img—dntu.nnu-u.pﬂmms

SMIF-LE fiber is optimized for Ut in The 1550 rim wavalkengTn mgion. Wih ioe dsparson in fhis opomating windo,
fibad inloareatinn-caming capscty & o in righasl. Tha paieniod segmemed com design provicias i gisparen,
attenuation, and bend kss al the 1550 nm cperaing werelenggth. In addition, nondiness allects such 53 lnur-wase
mising, which might ofersss nil mllipls channel operalion &1 1550 nm, Are suppRessed by SNSLNNG non-zem
CHADETAIN A0S T 15501560 nim oparaling Dand.

Corning fber & protected for long-tem padomsnce and retabiity by CPOE costing. Corning's anhanced dual
aerylale CPUE coaling provides excelon] W probection and & sasy In ok il CFCE can ba mechanically
airippesd and Nas & culside dismeiar of 245 pm. CPCE B aptimaed 1or usa in many single- and mubi-fiber cabile
cesigng

SAF-LS e is manulfaciured wing e Oulsds Yapor Depoaiion [OWD) procass, which produces a totally synthatia,
uhra=pes Tl &5 & resl, Goming EWPLS 1Dar has consSIant geomaino propartias, high smength and ow
attenuation. Cornire] SMF-LS fiber can ba oourted an 10 deliver excelient performrance and bigh reiabiitg resl gliar
real. Massurement methods cormgly with MU secomeendaiions 5,850, IEC 60733~ and Ballcors GR-20-COAE.

= Designed for use in mullischanns high-bit-rate sppications.

& Paerned segmeried Gore design pevices 0w dapersion, aenuation, and band loss At 1550 nm
* Chistanding gecsmatical proparties for low spice koss and high splioa yialds.

= (D manuinciuring reliability and product consistency.

DPFTICAL SPECIFIGATIONS
& ARmALSAA
Amanuation Cel: Foint Disconnauy:
5025 dBhm a1 1550 rm iy powrt hsccriinuity’ grasater an 010 a6 &l 1550 nm,

2050 dBsm & 1310 nm
Adiznaian ab tha Waley Paak:

Tha atianuaiion at 138343 nm shal not mooed 20 dB&km.

A The atenuston in a given savslength rerge

Punge WS . - e — ey i e T altenualion of the MEMGrence
{rwn] - o {komi sitiinggh £ s mass el 2
|_ 1625 - 1575 1850 .05

Fage 1ol4

80



OPTICAL SPECIFICATIONS, jcontinued]
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