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Abstract

The thesis consists of two different topics: In part 1, the design of an optical
system testbed for long haul transmission using a re-circulating loop, is
presented. The testbed operates at 40 Gb/s, it simulates an 1800 km link, with
optical amplifiers every 80 km, and 16-32 DWDM channels. The theoretical
elements involved in the testbed design are reviewed. The optical components
are described and selected. The optical system design parameters are presented
as well as design targets and optimization parameters. The final implementation
is presented and propagation simulations are performed with RZ/NRZ DPSK,
QPSK modulation formats to demonstrate the testbed functionality. In part 2 of
the thesis, The BER penalty due to PDf in a DPSK demodulator is analyzed and
its effect mitigated. A readily available technique is developed that allows
measuring the individual contributions of PDf and PDL on BER and calibrate the
demodulator in order to reduce the effective PDf by a factor of two which
represents an almost 40% reduction in BER penalty due to PDf. The BER
penalty due to PDf is measured for 10- vs. 40-GHz, RZ vs. NRZ DPSK
demodulators. Finally, PDf mitigation is demonstrated using a PDL emulator,

allowing a 75% reduction in polarization sensitivity.



Résumeé

La thése se compose de deux sujets différents: Dans la partie 1, la conception d'un banc
d'essai pour simuler un systéme optique pour la transmission longue distance a I'aide
d'une boucle de recirculation, est présentée. Le banc d'essai fonctionne a 40 Gb/s, il
simule un lien de 1800 km, avec des amplificateurs optiques a tous les 80km, et
16-32 canaux DWDM. Les éléments théoriques impliqués dans la conception du banc
d’essai sont passés en revue. Les composantes optiques sont décrites et sélectionnées.
Les paramétres de conception de systemes optiques sont présentés ainsi que des
objectifs de conception et d'optimisation. La mise en ceuvre finale est présentée et des
simulations de propagation sont réalisées avec les formats de modulation OOK, DPSK,
QPSK RZ / NRZ pour démontrer la fonctionnalité du banc d'essai. Dans la partie 2 de la
thése, la pénalité due au PDf dans un démodulateur DPSK est analysée et ses effets
réduits. Une technique facilement disponible est développée qui permet de mesurer les
contributions individuelles du PDf et PDL sur le BER et de calibrer le démodulateur afin
de réduire par un facteur de deux le PDf effectif, ce qui représente une réduction de prés
de 40% de la pénalité due au PDf sur le BER. La pénalité due au PDf sur le BER est
mesurée pour les 10 - 40-GHz vs RZ NRZ dans les démodulateurs DPSK. Enfin, la
réduction de la pénalité due au PDF est démontrée en utilisant un émulateur de PDL, ce

qui permet une réduction de 75% de la sensibilité a la polarisation.
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Introduction

The aim of any communication system is to transfer a lot of information quickly and
with no errors. Whether it's data, voice or video, or whether it's carrier, enterprise or
residential, the difference in requirements can be summarized in terms of how much
(data rate and its limit capacity) and how many errors; and lately how fast (latency) [6].
Since the inception of telecommunications at the beginning of the 20" century,
engineers have been faced with 2 goals: improving each of these aspects separately and
solving the aforementioned tradeoff at a given technological stage [1]. The growing
demand for any of these aspects is easy to understand: sharing information, watching
the latest high definition movies, playing high definition games, getting the stock market
data fractions of a second before the competitor and transferring millions in offshore

bank accounts without losing any of the leading digits.

Optical communication is the same as other wave communications (radio, micro-wave)
in the sense that it uses electromagnetic carrier waves to carry information [1]. As the
usable (low impairments) electromagnetic spectrum is limited for a certain type of wave
communication, the frequency bandwidth becomes an expensive currency required to

generate a signal of a certain capacity [2].

Whereas the carrier is always an analogue wave, the information can be either analog or
digital in terms of whether the signal is composed of discrete or continuous values.
Discrete values imply steeper transitions (i.e. more bandwidth) but are well defined.
Analogue signals require less bandwidth but are also less well defined, hence more error

prone [1].

The first radio frequency communication systems were commercially deployed in 1920s,
having carrier frequencies of ~10 KHz. In the 1950s, microwave frequency
communication systems started being deployed, with ~1GHz carrier frequencies, and

consequently more capacity. With ~100 THz carrier frequency, the first optical
12



communication systems were commercially deployed in the 1980s, bringing about much
higher capacity and arguably the information age. Since the 1980s, optical data rates
increased from ~45Mb/s to >1Tb/s with latest 40Gb/s/channel technologies, and

approaching 10Tb/s with the upcoming 100Gb/s/channel technologies [2].

Initial research in optical communications can be mainly attributed to material science.
The optical fiber suffered from high signal attenuation, almost 20dB/km, thus needing
regeneration very often and not commercially appealing [4]. The reduction of fiber loss
to 0.2dB/km renewed interest in the field and stimulated research, as lasers that can
operate in the low loss fiber frequency regime were needed. Still, with long distances to
be covered, there was still need of signal regenerators, which required transforming the
optical signal to its electrical counterpart and back to optical (OEO conversion). The cost
of OEO conversion was still considerable. As such, the development of optical amplifiers
that reduced the need of electronic regenerators made a huge leap in the optical

communication business case [1].

One characteristic of optical communications is the need of a confined transmission
medium (i.e. optical fiber) to keep light from being scattered as it passes through the
atmosphere and for avoiding potential obstacles. Given the high cost of deploying
optical fiber [2] for 1000s of km of oceanic or continental links, research started focusing
on how the same medium (i.e. optical fiber) can be used to carry more data [1]. The

answer to this question lies in optical multiplexing.

Time division multiplexing (TDM), combines multiple optical data streams into a single
stream, by allocating different time slots to the different optical streams. Even if the
speed of electronics can be limited in terms of how fast the bits can be generated,
different lower rate optical streams can be interleaved in time to generate a higher rate
optical stream. Two of the main reasons we are still operating far below the theoretical
capacity of an ideal optical link are fiber dispersion and non-linearities. Fiber dispersion

spreads the optical pulse, which overlaps with adjacent pulses making them unreadable.

13



Dispersion compensating optical modules were developed to combat chromatic
dispersion (section 1.2.2) but other types of dispersion such as polarization mode
dispersion were still difficult to solve with optical modules. An example of non-linearity
is self-phase modulation (SPM). SPM, like other non-linearities, is due to the refractive
index being dependant on optical power and becomes substantial at high optical
powers. The difference in refractive index between the ‘0’ and ‘1’ levels creates a phase

difference between them, impairing their correct detection [1].

As the data rates are increased with TDM, the pulses become much shorter making

them more sensitive to both dispersion and non-linearities [1].

Wavelength division multiplexing (WDM) and Dense WDM (DWDM) schemes divide the
available spectrum into several non overlapping frequency bands. Each band
corresponds to a channel with a certain carrier frequency. All channels co-propagate in
the optical fiber and optical filters are used to combine or individually access the
channels. Although WDM technique covers the whole spectrum, the separation in fixed
bands (potential wavelength contention) as well as the inter-channel dead zones, is

wasteful of bandwidth [1].

Advances in optical multiplexing schemes can involve optimizing a cost effective hybrid
OTDM / WDM solution [1], reduction in WDM wasted bandwidth by using flexible grid
optical filters [1] and properly adjusted signal bandwidths to reduce inter-channel dead
zones, but huge benefits are not expected [1]. However, most current research focuses
on advanced modulation techniques which are tolerant to dispersion and nonlinearities,
and allow higher data rates in the currently deployed channels, without prohibitive
penalties [1, 2]. Most of the deployed 10Gb/s lightwave systems are using the non
return to zero on-off keying (NRZ-OOK) modulation format (see section 1.1.1) [1]. This
modulation format is preferred to any other formats as it provides a very cost effective
solution to 10 Gb/s long haul optical systems. As the data rates go beyond 10 Gb/s, the

penalties from chromatic dispersion (CD), polarization mode dispersion (PMD) and
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nonlinear effects, become much greater than in traditional systems [1]. There is need to
switch to new modulation formats that are more tolerant to such impairments. One
modulation format is the Return to Zero (RZ). As the pulse occupies a fraction of the bit
period, it is more tolerant to pulse broadening. Also, for the same average power, we
can send signals with higher peak powers, thus improving OSNR. All these benefits come
with a price in bandwidth; the RZ format uses twice as much bandwidth as NRZ [1]. Over
the last few years, phase shift keying (PSK) attracted more attention compared to
amplitude shift keying (ASK) since the amplitude modulation at high optical powers is
accompanied by high nonlinearities [1]. Further, to increase spectral efficiency, which is
very low in current lightwave systems (0.2bit/s/Hz) [1], we can use modulation formats
as Quadrature PSK (QPSK) and Differential QPSK (DQPSK), which use two orthogonal
carriers to effectively double the data rate. Furthermore, we can use two orthogonal
polarizations to increase even more the spectral efficiency in modulation format as
Polarization Multiplexed — QPSK (PM-QPSK) and Polarization Multiplexed — DQPSK (PM-
DQPSK). An optical stream that uses PM-(D) QPSK as its modulation format with 50GHz
channel spacing has a spectral efficiency of 1.6bit/s/Hz an increase of 8 times the

current deployed systems [1].

The hardware needed to exercise the additional degrees of freedom (such as optical
hybrids [7]) is not cost prohibitive. The limiting factor is the increased error rate due to
closer placed constellation points or, put differently, the price of high performance real-
time converters / processing required keeping the performance constant [5]. Indeed,
advanced modulation techniques require costly development of digital signal processing
(DSP) methods for processing closely spaced symbols, but the real showstopper has
traditionally been analog to digital converters (ADC) not being able to operate at
increasingly higher data rates. The development of powerful (i.e. up to 10GS/s with 4
symbols) ADC/DAC [5], allowed the deployment of the advanced modulation techniques
described above, while simultaneously enabling dispersion compensation to be

performed electronically instead of optically. The electronic dispersion compensation
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not only provides cost reduction compared to optical dispersion compensation, but also

increase flexibility and reach [1].

A complete solution to modern optical systems is an optimization problem of many
variables which includes: link budgets, penalties associated to different modulations
schemes, algorithms to combat these impairments real time and which can be

implemented in hardware in a cost and power consumption effective manner [5].

A research lab’s need for an optical system testbed operating at high data rates,

allowing testing of new modulation techniques, ensues.

The purpose of Part 1 of the thesis is to build a 40 Gb/s optical system testbed that
simulates an ultra-high bit rate long haul transmission. It uses a recirculating loop to
reduce the cost compared to the equivalent amount of fiber spans, and supports 16-32

DWDM channels.

Several design iterations, each containing several steps, are involved in the building of
an optical system testbed. First, the optical system design specifications need to be
derived based on the application. Next the transmitters/receiver pairs are chosen to
provide a cost effective solution. Based on the system parameters, the link’s various
components are chosen to satisfy the previously calculated link budgets. In this report

only the final solution is presented.

The next task undertaken in this project was to investigate a penalty incurred by
commonly used modulation technique: the modulation is differential phase shift keying

(DPSK) and the penalty investigated is polarization dependant frequency shift (PDf).

In the metro networks, differential phase shift keying (DPSK) is arguably becoming a
format of choice due to its more relaxed optical signal to noise ratio (OSNR) margin and
greater tolerance to nonlinear effects, which are particularly important at higher data

rates. Phase shift keying demodulators for direct-detection exhibit a performance
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penalty due to their inherent polarization dependence referred as polarization

dependent frequency shift (PDf).

A technique is first developed to accurately measure the PDf-induced penalty and
distinguish it from other polarization based impairments such as polarization dependent
loss (PDL). The PDf-induced penalty is shown to decrease with data rates even for larger
PDf values. The analysis explains why the PDf ratio, defined as PDf over the free spectral
range (FSR), better determines the performance of the demodulator. The effect of pulse
carving is then shown to increase the penalty associated to PDf because of the optical
filtering effect of the demodulator. Finally, a cost-effective calibration of the
demodulator, reducing the impact of PDf by half, is proposed, and a new design

approach further mitigating the PDf-induced penalty by 40 %.

Part 1 of the thesis will present the optical system testbed for ultra high speed long haul
transmission, while Part 2 will present the analysis and reduction of PDf penalty in PSK

demodulators. The organization of the thesis is as follows:

In section 1.1, the theoretical elements involved in the testbed design are reviewed. In
section 1.2, the optical system components are described and selected; in section 1.3,
the optical system design parameters are presented as well as design targets and
optimization parameters driving to the final testbed implementation; in section 1.4,
simulations are performed with DPSK, QPSK and DQPSK modulation formats to

demonstrate the testbed functionality; and section 1.5 contains Part 1’s conclusion.

In section 2.1, PDf is introduced; in section 2.2, the experimental setups and
methodologies of the PDf penalty in a DPSK modulator are presented, in section 2.3, the

experimental results are analyzed; and section 2.4 contains Part 2’s conclusion.
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1 Design of an optical system testbed for ultra high speed
long haul transmission

1.1 Background Theoretical Review

Lightwave systems are the normal extension of microwave communication systems. The
major difference between the two is the part of the frequency spectrum they operate.
While microwave systems operate in the range of 1 GHz, lightwave systems operate at
100 THz. Because of this increase in the carrier wavelength, lightwave systems can
achieve much higher capacities. In order to make the electrical to optical conversion,
the optical carrier wave needs to be modulated. In recent years, there has been a lot of
interest in finding the best modulation format for wavelength division multiplexing
(WDM) long haul systems [1]. It was only natural to look at modulation formats that are

successful in the microwave industry and try adapting them to the optical domain.

1.1.1 Modulation Formats

Before any modulation is applied, the carrier wave is in the form of a continuous wave

and is described by the following equation
E(t) = Re[ed, e exp(—im,t)] (1)

where Re represents the real part, € is a unit vector representing the state of

polarization, Ag is the amplitude, wo is the carrier frequency and ¢g the initial phase.

Similar to electrical communications, the data can be sent over the medium by
modulating different parameters of the carrier wave. In the digital case, these
modulation formats are classified in three major groups: amplitude shift keying (ASK) if

the amplitude Ao, is modulated, phase shift keying (PSK) if the phase ¢¢ is modulated
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and frequency shift keying (FSK) if the frequency w, is modulated. Figure 1 shows an
example of the modulated optical carrier for different modulation formats, ASK, PSK and

FSK, when the data encoded is a clock signal.

1 o 1 o L s}

Optical signal

TR -

AR AR VAT

Figure 1 Modulated optical signal for ASK, PSK and FSK given a input electrical signal at
the top [2]

1.1.1.1 ASK Modulation format

In the case of ASK modulation, the electrical field can be written as
E(t) = Re[A(t)e'" exp(~iw,t)] (2)

where the data is encoded directly in the amplitude A(t). In this context, A(t) is of the

following form
A =[P b,f,(t -nT}) (3)

where Py is the peak power, f,(t) represents the optical pulse shape, Ty, is the bit slot
and b, is the data and can take values of 1 and 0. Because the amplitude of the carrier
wave is either high or low, the ASK modulation format is also called on-off keying (OOK).
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The easiest way to generate an ASK optical signal, is to directly modulate the
transmitting laser. By biasing the laser just below its threshold, the laser does not
transmit any light. At each 1 bit, the laser goes over the threshold, emitting light for the
duration of the bit. This method requires the laser to switch from on to off as fast as the
bit rate. Although such lasers exist, this method is not viable at rates greater than 2.5
GHz [2]. The problem with direct modulation is that the laser chirps the sent signal. To
make the laser switch from off to on state, population inversion is needed,
accomplished by injecting more electron-holes pairs in the active region of the laser.
This increase in carrier-charge density changes the refractive index of the active region,
resulting in a time dependent change of the phase, which results in a frequency chirp.

This chirp broadens the spectrum, which leads to temporal broadening.

A solution to the chirping problem is to use a Distributed Feedback (DFB) laser and
externally modulating the continuous wavelength (CW) light. There are two external
modulators used in lightwave systems. One modulator makes use of the electro-optic
effect, by applying voltage on an appropriate material the refractive index can be
changed, which changes the phase of the signal. The second modulator makes use of
the electro-absorption mechanism. This type of modulator acts directly on the optical

power of the signal in response to the applied voltage.

Since the data is coded in the signal’s amplitude, ASK signals can be directly detected at
the receiver by a square law device. A photo-detector transforms the intensity of the

optical field to an electrical signal, thus recovering the data.

1.1.1.2 PSK Modulation format

In the case of PSK modulation, the electrical field can be written as

E(t) = Re[@4exp(ig(t) —iw,t)] (4)
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where the data is encoded in ¢(t). For binary PSK, BPSK, ¢(t) takes two values, either O

or 1, and can be written as

¢(t) = b,af,(t - nT,) (5)

where T, is the bit period, f, is the temporal profile of the optical signal and b,
represents the n' bit. It is important to notice that for PSK modulated signals the optical
power remains constant. Contrary to ASK, PSK modulation cannot be directly detected
at the receiver since all phase information is lost using the direct detection technique. In
this case, we need to use a coherent, either homodyne or heterodyne, decoding
technique before the signal is detected, which converts phase information into
amplitude information (see section 1.1.1.9 for discussion on coherent detection

techniques).

A problem with BPSK modulation is that the phase needs to remain stable for the entire
bit stream in order for the receiver to be able to recover the data. To address this
problem, the differential PSK (DPSK) format was developed. In this case, the phase shift
of the k™ bit depends on the phase of the k-1 bit. DPSK format does not suffer of the
phase-stability since the phase is differentially encoded between two neighboring bits;

the phase only needs to remain unchanged for the two bit period.

Another flavor of the PSK format is the quadrature PSK (QPSK). In this modulation
format is more spectrally efficient compared to BPSK. Two bits are encoded
simultaneously to create one of the four carrier phase, 0, /2, m and 3m/2. QPSK uses
half the bandwidth of BPSK because it reduces the bit rate by a factor of 2. As in the
case of BPSK, this modulation format suffers from phase-stability problem. Here again,
the phase can be encoded differentially between two neighboring bits obtaining the

differential QPSK (DQPSK) format.
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1.1.1.3 FSK Modulation format

In the case of FSK modulation, the electrical field can be written as
E(t) =Re[Aexp(ig, —i(w, T Aw)t)] (6)

where we either add or subtract Aw if the data is 1 or O, respectively. We can notice that
by rewriting the argument of the exponential as iwot + i(dpo tAwt), the FSK format
becomes a special case of PSK, where the phase is increased or decreased linearly for all
the duration of the bit period. An easy way of encoding the data as an FSK signal is to
use direct modulation of the laser. As mentioned in section 1.1.1, there is a time-
dependent phase shift with applied current. This frequency chirp can be encoded as a
means of encoding the data. Although, the signal is easily encoded, the FSK format is
rarely used in the industry because of the difficulties of extracting the data out of the

frequency shifts.

1.1.1.4 Data formats

In optical digital communications, there are two types of data formats. They are
differentiated by the length of the signal stays in a high state compared to the bit

duration. The two formats are called Non-Return-to-Zero (NRZ) and Return-to-Zero (RZ).

1.1.1.5 Non-Return to Zero

In the case of NRZ, the pulse stays the same for the entire bit duration. In the case the
data contains a train of 1, the modulated signal stays high for the entire period. In order

to recover the data, a receiver needs to first extract a clock. This task can become

23



difficult if the data contains a long sequence of 1 or 0. An advantage of the NRZ format
is that it requires half the bandwidth of RZ for the same bit rate. This can be explained
by the fewer transitions in the case of NRZ format compared to RZ. As NRZ pulse
occupies the entire bit period, it is more susceptible to inter-symbol crosstalk, thus can
tolerate no pulse broadening. Also, as the average power is higher in NRZ, it is more
subject to suffer from nonlinear effects. For these reasons, NRZ format is not used at

data rates higher than 10 Gb/s [2].

1.1.1.6 Return to Zero

In the case of RZ, the pulse is high for anything less than the entire bit duration and
returns to zero before the end of the bit period. As it can easily be seen, in the RZ
format, all pulses are the same but the spacing between them depends on the bit
pattern. An important quantity of the RZ format is the duty cycle and is defined as the
ratio of pulse width to bit length, T,/T,. The most common duty cycle is 50% but for
certain applications duty cycles of 66% or 33% are used. Compared to NRZ, RZ format

suffers from less nonlinear effects and is more tolerant to pulse broadening.

1.1.1.7 Optical Signal

Most of the deployed 10 Gb/s lightwave systems are using the NRZ-OOK modulation
format. As the data rates go beyond 10 Gb/s, the penalties from chromatic dispersion
(CD), polarization mode dispersion (PMD) and nonlinear effects, become much greater
than in traditional systems. There is a need to switch to new modulation formats that
are more tolerant to such impairments. One modulation format is the RZ. As the pulse

occupies a fraction of the bit period, it is more tolerant to pulse broadening. Also, for
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the same average power, more signals with higher peak powers can be sent, thus
improving OSNR. All these benefits come with a price in bandwidth; the RZ format uses
twice as much bandwidth as NRZ. Further, to increase spectral efficiency, which is very
low in current lightwave systems (0.2bit/s/Hz), we can use modulation formats as QPSK
and DQPSK, which use two orthogonal carriers to effectively double the bandwidth.
Furthermore, we can use two orthogonal polarizations to increase even more the
spectral efficiency in modulation format as Polarization Multiplexed — QPSK (PM-QPSK)
and Polarization Multiplexed — DQPSK (PM-DQPSK). An optical stream that uses PM-(D)
QPSK as its modulation format with 50GHz channel spacing has a spectral efficiency of
1.6bit/s/Hs an increase of 8 times the current deployed systems. In the next two
sections, the generation of the optical signal in different modulation formats and the

recovery of the data at the receiver side are discussed.

1.1.1.8 Optical signal generation

In this section, the way that different modulation formats are achieved optically is
investigated. A combination of Mach-Zehnder modulators is used to achieve this goal.
Figure 2 shows a Mach-Zehnder modulator and its transfer function. Driving both arms
of the modulator with data and data inverted make the modulator to operate in a push-
pull configuration. Dual drive modulators have the driving voltage halved compared to

the single drive modulators.
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Figure 2 Mach-Zehnder Modulator and its transfer function [3]
The physical concept involves the creation of a phase difference between the two arms
of the MZM by changing the index of refraction of each arm with the applied voltage.

Mathematically, the equation describing the MZM is given in equation 7:

E, = %(e_m —e " )E (7)

where, ¢, = (27r/ﬂ)n,L] and ¢, = (27#2)n2L2, where n and L are the refractive index and

the length of each arm respectively.

The power transfer function shown in Figure 3 is obtained by squaring the electric field

of (7) and interchangeably using the voltage controlling the index of refraction.

Generation of OOK is achieved by biasing the voltage in the middle of the linear regime
and operating it over the linear regime of the MZM transfer function as shown in Figure

3.
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Figure 3 MZ transfer function showing the bias point and operation range of OOK (left),

and the corresponding signal constellation (right)

To generate BPSK, the modulator is biased at its minimum and is driven by NRZ data

with amplitude of 2V, as shown in Figure 4.
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Figure 4 MZ transfer function showing the bias point and operation range of BPSK (left),

and the corresponding signal constellation (right)

The NRZ data needs to be pre-coded first such that there is a 1 each time the data
changes and a 0 if it remains unchanged. An interesting feature of the Mach-Zehnder

modulator makes it very attractive for this application. Each time the modulator passes
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through its minimum the output signal is shifted by exactly m. This can be understood

from the angle of equation (7) and plotted in Figure 5.

0.5

Output phase (rad)
o
Normalized output intensity
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Phase difference between the two MZ arms (rad)

Figure 5 MZ output phase (rad) and normalized output intensity

To generate the optical stream in the QPSK format, two Mach-Zehnder Modulators are
needed and a phase shifter. The two modulators are used to encode BPSK format. Using
the phase shifter, one of the BPSK streams is shifted by n/2 to form the quadrature
signal. The generation of the BPSK signal is very similar to the generation of the DPSK
format described above, with the difference that the data is not pre-coded and the
modulator is biased at V,/2. The QPSK modulator is shown in Figure 6. The operation

regime and bias points of each MZ are the same as those for BPSK (Figure 4).
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Figure 6 MZ transfer function showing the bias point and operation range of QPSK (left),

and the corresponding signal constellation (right)

The RZ signal is obtained by an additional MZI called a carver (or a clock) and its purpose
is to generate an optical pulse train at the desired bit rate. One possible operation range
and the bias of the carver are shown in Figure 7. The carver is biased at its maximum
and is driven by a sine wave with amplitude of 2V, peak to peak and half the data

frequency.
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Figure 7 MZ transfer function showing the bias point when operating as a carver
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The modulations used in the testbed were RZ-DPSK and RZ-DQPSK and their respective
modulator setups are shown in Figure 8, where we can notice the additional MZ1 carver
used for RZ modulation. Here again, the difference between the DQPSK format and the

QPSK format is the pre-coding done on the data, while the hardware remains identical.

RZ-DPSK
IN_ >z >oUT
Clock Data
RZ-DQPSK
In phase data
< MZ2 >
IN MZ1 ouT
Clock F—
< M2Z3_>—{n/2

Quadrature data

Figure 8 Modulator setups used for generating RZ-DPSK and RZ-DQPSK

1.1.1.9 Optical signal recovery

The optical frequency is too high to be able to convert and/or process the electric field
electronically. The next best thing is to capture the photon’s energy (square law
detectors (SLD) generating electric current) but this technique only captures amplitude
but not phase information. SLDs are sufficient for intensity modulated direct detection
(IMDD) techniques since we are only interested in the amplitude of the signal. However,
for phase modulation techniques, SLDs by themselves are insufficient since they are

insensitive to phase.

For the special case of differential phase modulated signals, the data can be relatively

easy recovered using delay interferometers (Dls). For example, in DPSK, a Mach Zhender
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DI can be used, with one additional bit delay in one arm relative to the other arm, such
that the phase in one time slot interferes with the differentially encoded successive time
slot. As such, the data is converted from phase to amplitude modulation which can be
converted to the electrical domain by the SLD. The recovery of the data out of the
DQPSK signal is very similar to the procedure described above. The difference between
the two is that in the case of DQPSK the signal has to be separated into its two
orthogonal carriers. This can be achieved by adding a +m/4 phase shift in one of the
branches of both Mach-Zehnder interferometers. Although the interferometer method
used for differential formats is relatively easy to implement, only the phase encoded
data is recovered, whereas all phase information related to the transmission in the

optical fiber is lost in the process.

Whereas the interferometer method is only available for differentially encoded data,
coherent methods are available for all phase encoded formats, differentially encoded
formats included. Furthermore, the phase information related to the transmission in the
optical fiber is recovered as well, allowing post processing mitigation of several optical
fiber impairments, such as chromatic dispersion. In coherent heterodyne detection the
conversion from phase to amplitude is accomplished by multiplying the optical signal of

frequency f. with a local oscillator (LO) laser of frequency f,, . Both the signal and

the LO hit the detector at the same time generating (among other DC or higher

frequency filtered-out terms) a cross term at a frequency f. — f,,, from which both

amplitude and phase information can be recovered. One challenge with coherent

detection is manufacturing a LO whose linewidth is much smaller than f, — f,, (which

is in kHz or MHz scales). To overcome this difficulty, the same source is sometimes used

to generate the signal and the LO, which is called homodyne detection.
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1.2 Optical Link Components

The overall system can be seen in Figure 21. In this section, the different components

are described and the type selection explained.

1.2.1 Transmitter

1.2.1.1 Laser

The system showed in Figure 21 uses 16 DFB lasers. A DFB laser diode is composed of an
active region, also called gain medium, and a passive guiding layer where the index of
refraction is varied to form a grating (Figure 9). The grating periodicity determines the
emitted wavelength. The DFB lasers were chosen because they offer a very small
linewidth and high enough power. The DFB lasers have a linewidth of 3MHz and could
output up to 20mW of power. DFB lasers are usually used in both lab experiments and
deployed commercially because of their low cost. For coherent detection techniques,
the DFB lasers could be replaced by more costly external cavity lasers, which have much

narrower linewidth, a crucial characteristic in coherent detection.

+

Grating

Active region

Figure 9 Distributed feedback, DFB, laser diode [28].
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1.2.1.2 Modulator

Direct modulation is impractical for data rates above 10Gb/s for long-haul
communication due to unintended phase changes in the carrier frequency as the
current modulates the laser (chirp), and which generates pulse broadening as the signal
propagates through the system. As such, an external Mach-Zehnder modulator was
used to modulate the CW DFB laser. The Mach-Zehnder modulator is a structure
containing a Mach-Zehnder interferometer and two phase modulators. The phase
modulators are made of a material with strong electro-optic effect (LiNbO3) which
changes the phase of the optical field in response to the applied voltage. By combining
two phase modulators in an interferometric structure, we can modulate the intensity of
the optical stream. Figure 10 shows a Mach-Zehnder modulator. Driving both arms of
the modulator with data and data inverted make the modulator to operate in a push-
pull configuration. Dual drive modulators have the driving voltage halved compared to

the single drive modulators.

v
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Figure 10 Mach-Zehnder Modulator

Some of the Mach-Zehnder modulators parameters are very important in the link

design: extinction ratio, insertion loss and RF bandwidth.
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1.2.1.3 Booster EDFA

The optical signal was amplified with a booster Erbium Doped Fiber Amplifier (EDFA).
The main quality of a booster is to be able to amplify high power signals to send them
down the transmission line. Its noise figure (NF) is not very important, since at this stage
there is not much noise built in the signal. Another important parameter for all
amplifiers is the gain flattness for different operating conditions. As such, all DWDM
channels should be amplified by the same amount, and to accomplish that the gain
ripple and gain tilt (the 2 parameters determining gain flattness) should be as small as
possible in the optical power ranges used in the system. The optical power ranges
should take into account that both single and multiple (maximum) channels

experiments are intended in the future.
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There are 2 types of pumps used in EDFAs. The 980 nm band has a higher absorption
cross-section and is generally used where low-noise performance is required. The
absorption band is relatively narrow and so wavelength stabilized laser sources are
typically needed. The 1480 nm band has a lower, but broader, absorption cross-section

and is generally used for higher power amplifiers [29].

1.2.2 Transmission link

1.2.2.1 Optical Fiber: SMF vs. LEAF

The most deployed types of optical fiber in long haul systems are: Single Mode Fiber
(SMF) and Large Effective Area Fiber (LEAF). LEAF fiber has lower dispersion and non-
linearities. SMF was deployed traditionally but to reduce its dispersion (Figure 12)
dispersion shifted fiber was deployed (DSF). Soon, research showed that a minimum
amount of dispersion is needed to mitigate non linearities [2], giving rise to non-zero
dispersion shifted fiber (NZ-DSF); the most popular NZ-DSF being LEAF. Both types were

used in this thesis.
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Figure 12 Different fiber types [30]

1.2.2.2 Inline EDFA

Inline EDFAs are used to compensate the loss incurred in the optical fiber. Each EDFA
contributes to the noise accumulation in the link, but the impact is greater if the input
noise in the amplifier is higher, a situation represented by the last amplifiers in the link.
As such, the noise figure of the inline EDFAs needs to be fairly low. The same comments
on gain flatness apply as in the case of the booster EDFA. Inline EDFAs come in two
flavors: single stage EDFA and double stage EDFA with mid-stage access. The double
stage EDFA design has a few advantages compared to the single stage design. The first
stage is designed with a very low noise figure and is used to amplify the low input
signals. It uses a 980nm pump as this pump offers a high absorption cross-section (see
section 1.2.1.3). The second stage is designed for power amplification as the input
signals to this stage have been already amplified. Two pumps are usually used: a 980nm
forward propagating pump and a 1480nm backward propagating pump [2]. Because of
the dual stage design, this type of EDFA offers a higher overall gain and lower noise

figure compared to the single stage EDFA and is more suitable for long haul applications.
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Figure 13 Dual stage Inline EDFA with mid-stage access [31]
1.2.2.3 Dispersion Compensation

In order to combat fiber dispersion, dispersion compensating modules (DCM) have been
deployed. DCM types are matched to the type of fiber and the length of fiber used in
the link. The main characteristic of DCM is to have the right amount of dispersion, but
their Insertion Loss (IL) and Polarization Dependent Loss (PDL) should also be as low as
possible. Even though electronic fiber dispersion techniques are starting to be used in
the industry, the reality is that most existing systems employ optical DCM. Most
common types of DCM are either dispersion compensation fiber (DFC) or fiber Bragg
grating. DFC are optical fibers with negative dispersion coefficient. As a rule of thumb,
the dispersion coefficient of DFC is negative and 10 times greater than the fiber it
compensates [11]. Fiber Bragg gratings used as DCM have a chirped Bragg grating, such
that lower wavelengths are reflected sooner by the Bragg grating and experience a
shorter delay compared to the higher wavelengths. This effectively adds a negative

dispersion to the system and compensates for the dispersion of the fiber.
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1.2.3 Receiver

1.2.3.1 Demodulator

The optical DPSK-modulated carrier was demodulated using a Mach-Zehnder delay
interferometer (DI) with one additional bit delay in one arm relative to the other arm,
such that the phase in one time slot interferes with the differentially encoded successive

time slot.

2 http://archive.electronicdesign.com/files/29/20891/fig2_web.jpg
® http://zone.ni.com/cms/images/devzone/ph/6d573253317.gif
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Figure 16: Schematic of the fiber-based DPSK demodulator by ITF Labs/Avensys.

1.3 Optical Testbed Design

1.3.1 Recirculating loops in literature

During the bibliographical research part of the thesis, the following testbed designs
were found in the literature. The testbed in Figure 17 was used in the investigation of
single channel 3R regeneration of a NRZ channel. It contains a transmitter receiver pair,
3 acousto-optic modulator (AOM) control switches, and a 100km loop containing EDFA
every 50km spans, and a band pass filter (BPF). The experiment consisted of circulating a
packet of light that filled the 100km loop and apply 3R regeneration after 100km, 500km
and 1000km. In order to optimize of OSNR the power in the LEAF fiber and DCF fiber
was set to moderately high, 5dBm and -3dBm, respectively. The authors used three
optical switches, one to transmit the signal into the loop and the two others to switch
between roundtrips with and without 3R regeneration. The authors found that optical
3R regeneration improved signal quality and extended the transmission length to more
than 10000km. Although, regenerating the signal after every 100km is most beneficial,
the authors demonstrated that even at distances of 500km the transmission length

could reach 5000km.
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Figure 17 Reconfigurable recirculating loop transmission setup to enable cascaded 3R

regeneration with a variable 3R regeneration spacing [32]

The testbed in Figure 18 was used in a multi channel experiment simulating 10Gb/s
propagation. The authors use the optical recirculating testbed to investigate the
influence on signal quality of cascaded optical nodes. The setup contains a transmitter
receiver pair, a transmit switch and a loop switch, of variable length due to a variable
optical attenuator, and variable EDFA spans. The two switches are operated by a pulse
generator with two conjugate outputs. The length of the burst of the transmit switch is
exactly equal to the time it takes the light to complete a full loop. This requirement is
necessary to fill the loop with light and avoid EDFA transients (see 1.3.3.2). The authors
used VPltransmissionMaker software for their numerical simulations. They proposed a

simulation model that gave accurate results up to 250km.
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Figure 18 Experimental setup of the recirculating loop using two optical switches [33]

The loop in Figure 19 is used for single channel total stretched span of 4000km with
Raman and EDFA amplifiers every 80km spans, and a loop length of 480km. It also
contains a transmitter and receiver pair and 2 control switches. The scope of the
experiment was to determine the maximal transmission length for a single channel at
170 Gb/s rate. Some key aspects of the testbed were the span loss of 19.3dB and span
noise figure of 16.6dB. The authors used Raman amplifiers in the loop to minimize the
span noise figure [34]. The optimum launch power was found to be between -1dBm and
0dBm depending on the transmission length. The OSNR after a full loop length (480km)
was found to be 34.2dB.
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4000km [34]

The loop in Figure 20 is used to investigate polarization effects in a dispersion managed
system. It contains a single channel transmitter and receiver pair, a loop of 82 km, 2
control switches, polarization maintaining (PM) fiber and 2 polarization controllers (PC).
One PC is to maintain the polarization in the receiver and a lithium niobate PC is used in
the loop to simulate slow varying polarization effects in long haul optical fiber. The
authors demonstrated that, by using a loop-synchronous polarization scrambling

element, they could mitigate PMD effects for more that 650km of propagation.

P Filer

EDFA EDFA

Figure 20 Setup of PMD compensation experiment using recirculating fiber loop with

loop-synchronous polarization scrambling [35]
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All these setups are very different and the differences are summarized in the following

table.

Table 1 Comparison between 4 optical recirculating loop designs found in literature

Figure Testbed Channels Loop Span size | Number Other
purpose supported length (km) of control | elements
and optical (km) switches
filtering in
the loop
17 3R optical 1 channel 100 50 2 3R
regeneration | and 1 BPF regenerator
18 10G optical Multiple Variable | Variable 2 Optical
propagation channels attenuator
simulation and no
filtering
19 170Gb/s 1 channel 480 80 2 Raman
4000km long and no amplifier
haul filtering
transmission
20 Polarization 1 channel 82 82 2 Polarization
effects in and 1 BPF Controllers
recirculating
loops

It can be seen from Table 1 that the optical recirculating loops are very purpose specific.
The 4 loops described have different lengths and use different purpose specific
elements. However, there are some architectural traits that are common to all 4
examples. The first common element is the number and placement of control switches.
In all 4 instances, the switches were placed right before the loop coupler, the transmit
switch before the transmit side and the loop switch on the loop side. In most cases
these switches are acousto-optic, since the switching speed is in the MHz range, and
attenuation is in the 50dB range. This is opposed to MEMS switches which operate in

the kHz range and have typical attenuation ranges of 20dB.
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1.3.2 Optical recirculating loop proposed design

In this section, the proposed architecture for the optical recirculating loop is presented.
The purpose of a testbed is to reproduce as close as possible the characteristics of a real
system but with less equipment. The testbed is separated in three constituents: the
signal generation, the loop and the receiver. There are 2 additional architectural
elements which are included to control the passage of data between the 3 constituents

mentioned above: a transmitter switch and a loop switch.

The system shown in Figure 21 constitutes the final solution of the recirculating loop
testbed. In each of the following subsections, the choice and characteristics of each of

the loop components is explained in the context of the design objectives.
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Figure 21 Optical Recirculating Loop using LEAF fiber with pre and post dispersion

compensation
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1.3.2.1 Transmitter

The final solution for the transmitter requires 16 channels, modulated at 40 Gb/s, on the
50GHz ITU grid. Also, the input of the loop the power should be -4dBm per channel
(assuming worst case scenario), for a total power of 8dBm [39]. We have chosen -4dBm
as our worst case scenario because it represents the signal input power of a NRZ
modulated channel, the NRZ has the lowest tolerance to non-linearities amongst all the
typical modulations analyzed in this thesis. As NRZ is the modulation format of 10 Gb/s
systems, it constitutes a good starting point for the signal power level in the loop design.
Given that the 90:10 loop coupler has an insertion loss of 10.5dB, the per channel power
at the output of the booster should be 10dBm, and a total power of 22dBm for all the 16
channels. One criterion in the loop design was the maximization of the span length. As
such, all extraneous losses were minimized; specifically the loop coupler was inserted
with the 90 % arm in the loop, to reduce the loop loss due to the coupler to ~1dB. A 99:1
coupler was deemed unnecessary since the additional ~0.5dB reduction in loop loss was

not warranted at the expense of an additional 10dB on the drop side.
The following lasers were already available in the lab:
192.45, 192.65, 192.75, 192.85, 192.9, 192.95, 193.2 THz.

In order to have a complete system of 16 channels on the 50GHz ITU grid the following

lasers had to be bought:
192.5,192.55, 192.6, 192.7, 192.8,193, 193.05, 193.1, 193.15 THz.

The above laser wavelengths were chosen to match the amplifier flattest gain spectrum

in the C band.

The measured lasers output power varies between 12.5dBm and 13.7dBm.
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These lasers are made by Nortel and they have a high output power. All the laser
current drivers and TEC controllers were used to better match the optimal specs and
tune the lasers on the ITU grid (See Appendix for laser specs). The DFB lasers were
chosen because they offer a very small linewidth and high enough power. The DFB
lasers had a linewidth of 3MHz and could output up to 20mW of power. For coherent
modulation the lasers can be replaced with external cavity lasers (ECL), which have

typical linewidths of 100 kHz.

The lasers were multiplexed with an arrayed waveguide grating (AWG) (See Appendix
for AWG specs). The AWG was chosen over a regular DWDM multiplexer, because of its

small insertion loss (IL).

The next component showed in Figure 21 is an optical modulator (See Appendix for
modulator specs). Two Mach-Zehnder modulators were used to generate the different

modulation formats.

Before the booster EDFA, there is around 13dB loss from the AWG and modulator (see
Appendix for insertion loss (IL) of the AGW and modulator). The PDL of the modulator is
used to make sure that the power per channel is equal in all channels, thus the power is
equalized at the input of the recirculating loop, and thus, the total insertion loss of the
modulator is not a fixed figure. As such, 16 polarization controllers are used, one for
each laser. This technique is working for any type of lithium-niobate modulators. In [6],
the authors use the same setup for two QPSK modulators generating 79 channels on the

50GHz spacing at 100 Gb/s.

A 40 Gb/s pulse power generator (PPG) and a SHF 40GHz radio frequency (RF) amplifier
were used to drive the modulators (See Appendix for RF amplifier specs). As the V;; of
the modulator is 5V and the output of the PPG is 1V the use of a RF amplifier to drive

the MZM becomes mandatory.
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The power per channel entering the booster EDFA is about -1dBm and for 16 channels,
the total power is around 11dBm. The main quality of a booster is to be able to amplify
high power signals to send them down the transmission line. Its noise figure (NF) is not
very important, since at this stage there is not much noise built in the signal. In the lab
we have a fixed output power booster from Optilab (See Appendix for booster EDFA
specs). Optilab’s booster EDFA is amplifying the 16 channels and the total output power
is around 23dBm since this EDFA has a fixed output power. In order to get to the
modeled 22dBm total power needed at the output of the booster, a VOA is used and it

adjusts the power entering the transmission fiber.

The measured OSNR of the signal before entering the loop is 40dB. This value was
measured for 1 channel. The typical value of the OSNR after the modulator is 50dB [37]
and is directly linked to the RIN of the laser, which is the sole contributor to the signal
noise at this stage. The only other contributors to noise are the optical amplifiers and

they will add more noise as the signal propagates through the setup.

1.3.2.2 Transmission Line

For the transmission line models, three different types of fibers were used: older SMF,
LEAF and new SMFe. The following parameters will change for each different type of
fibre: the span loss, the nonlinear index and the PMD index. The PMD is a type of modal
dispersion, where the two different polarizations of light travel at different speeds. It
arises from imperfections and asymmetries of the optical fiber. At higher data rates,
PMD limits the maximal transmission length. The ITU recommendations for 10-40Gbps
long haul communications specify that the maximal PMD needs to be less than 0.2ps/
sqrt(km) but common recommendations mention that at 40Gbps [36], the fiber needs

to have a PMD index of less than 0.1ps/sqrt(km) [38]. As design parameters, we will only
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consider the span loss, because it has a direct influence on the choice of inline EDFAs

(See Appendix for SMF, LEAF and SMFe specs).

In the lab, the following fiber spools are available: 250km of old SMF and 300km of
LEAF. Each of these spans has been used as the total loop length. Their span loss is
between 24 and 25dB per 83km of old SMF and around 24dB per 100km of LEAF. The
newer SMFe has a specified loss of 20dB (including connectors) per 100km of length. As
a rule of thumb, the value of 24.5dB of loss per fiber span was used in the modeling of

recirculating loop.

The modulation format directly influences the power entering the transmission line. The
following four modulation formats were investigated: NRZ-OOK, NRZ-DPSK, RZ-DPSK
and QPSK. NRZ-OOK was chosen as reference for the other modulation formats, since it
represents the worst case scenario in terms of maximal power per channel (i.e. non-
linear penalties). From the literature, it was determined that the maximal allowed
power per channel for 40Gbps NRZ-OOK modulation is around -4dBm [39] in order to
minimize the nonlinear effects in the fiber. The total power of 16 NRZ channels is 8dBm.
Compared to NRZ-OOK, DPSK can accommodate an increase of 3dB in power per
channel (due to the constant signal power level and the absence of steep bit transition
slopes) [38, 41], DQPSK an increase of 1dB in power per channel (the two quadrature
signals make DQPSK less robust to non-linear effects compared to DPSK) [38, 41] while
RZ-DPSK can support an increase of up to 6dB in power per channel (as it benefits from
the same effects as DPSK but also has a narrower pulse width, which makes this
modulation more robust to non-linear effects) [40]. In this context, RZ-DPSK is

considered as the other extreme of the system.

To calculate the maximal transmission length of an optical recirculating loop noise
limited by EDFAs, we have used equation 8 as an approximation of the OSNR of the
optical link [37]. To be accurate, the following assumptions must be true: all EDFAs have

identical gains and noise figures, all span losses are identical, each EDFA compensates

48



for the loss of the previous span, the signal wavelengths is around 1550nm and we are

using a laser with high OSNR (greater than 57dB).

OSNR,, =158.9+ P

source,dBm

—T - NF —10log(B,) - 10log(N) (8)

where OSNRgg is the estimated OSNR in dB, the Psource, dsm is the per channel input
power in the loop in dBm, I is the span loss in dB, NF is the amplifier noise figure in dB,
B, is the optical measurement bandwidth in Hz and N is the number of amplifiers

excluding the booster.

If the input power in the loop is -4dBm, with span losses of 25dB, a NF of 5.5dB and a
bandwidth of measurement of 0.1nm, the signal can pass around 7 EDFAs so that the

receiver OSNR to be greater than 15dB.

Three inline amplifiers were used at a distance of 80km of fiber span length, and allow
going twice around the loop without regeneration. These amplifiers require a better NF
than the booster, since this will limit the maximum transmission distance from noise
build-up. The Optilab inline EDFA had a NF of 5.2dB (See Appendix for inline EDFA

specs).

The system has to support a fully compensated transmission channel as well as a not
compensated transmission channel (See Appendix for DCF specs). The loop design
should permit a very flexible setup, allowing a great number of experiments in both
compensated and uncompensated scenarios. For dispersion compensation, the two
different dispersion maps which were used are showed in Figures 22, pre/post
dispersion compensation, and 23, full inline dispersion compensation. These two
dispersion compensation maps represent the two extremes of dispersion compensation
networks architectures. The DCF requirement puts a requirement on the EDFAs to be a
dual stage design and have a mid stage access. Thus, the addition of the inline
compensation should not affect the performance of the loop. Additionally, the

placement of the DCF needs to take into account the noise versus nonlinearities

49



tradeoff: if the DCF is placed at the end of the span, where power is low and nonlinear
effects are minimal, the OSNR becomes much worse. As such, the best place to place
the DCF is in the middle stage where the combined effect of nonlinearities and OSNR is

optimal.

Dispersion Evolution for 2 loop trips with only pre and post
dispersion compensation
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Figure 22 Simulation of the dispersion Evolution for two loop trips using only pre and

post dispersion compensation for two different fiber types, LEAF and SMF
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Evolution of the dispersion for one full loop using full inline
dispersion compensation
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Figure 23 Simulation of the dispersion evolution for one full loop using full inline

dispersion compensation for two types of fibers, LEAF and SMF

Given the above mentioned requirements, there are two extreme cases in terms of

input power levels in the EDFAs: NRZ-OOK with old SMF and RZ-DPSK with new SMFe.

Below, case 1 represents the lowest power per channel that would enter the EDFA given
the modulation with the lowest power requirements and the highest fiber type loss.
Case 2 represents the highest power per channel that would enter the EDFA given the
modulation with the highest power requirements and the lowest fiber type loss. These 2
extremes cases define the input power ranges of the inline EDFA which should

experience a flat gain profile.

Case 1: NRZ with old SMF

At the input of the fiber span, the optical power per channel is at -4dBm. After 83km of
old SMF the power per channel is minimal at -29dBm for a total power of -17dBm. The

first two EDFAs need to provide 25dB of gain in order to fully compensate the loss of the
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fiber. The last EDFA needs to provide 28dB of gain in order to compensate for the span
loss plus the insertion loss of the switch and coupler. The maximal total output power

that an EDFA has to provide is 11dBm.
Case 2: RZ-DPSK with new SMFe

At the input of the fiber span, the optical power per channel is at 2dBm. After 100km of
SMFe the power per channel is minimal at -18dBm for a total power of -6dBm. The first
two EDFAs need to provide 20dB of gain and the last EDFA 23dB of gain. The maximal

total output power that an EDFA has to provide is 17dBm.

The two above mentioned extreme cases put certain system requirements on the inline
EDFAs. The EDFAs needs to allow input powers of -29dBm and provide a minimal gain of
28dB, such that the output is still flat and the noise figure within acceptable limits (6dB).

Also, the maximal output power has to be greater than 17dBm.

1.3.2.3 Receiver

A matched AWG on the 50GHz ITU grid was used to select the different channels under
observation. The filtering was done before the amplification, to clean the signal of
unwanted noise. A tunable dispersion module was used to compensate for the residual
dispersion in the signal. This module can compensate from -700 to 700ps. Only one
wavelength at a time was compensated, thus optimal compensation is achieved, i.e. the

dispersion compensation required to maximize BER.

The pre-amplification used a pre-amp EDFA (See Appendix for preamp specs), which has
a very low noise figure and can amplify very low signals. The pre-amp EDFA has a NF of
4.3 dB. To convert the optical signal to an electrical signal, PIN photodetectors were

used (See Appendix for photo-detector specs). The important figures of a PIN
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photodetector are its responsivity, defined as the output current per received power
(A/W), and its sensitivity, the minimum amount of received signal power to guaratee a
certain BER performance. The photodetector had a responsitivity of 0.35V/W and a
sensitivity of -9dBm for a BER of 1E-10.

The receiver was using a 40Gb/s error detector, which was used to measure the BER.

1.3.2.4 Control switches and loop synchronization

The first control element is the transmit switch which is placed right before the loop
coupler on the transmitter side of the coupler (See switch 1 in Figure 21). It controls the
packet length sent into the loop to prevent successive packets interference in either the
loop or the receiver. The packet length is defined as the time it takes light to travel once
around the loop. Data cannot be sent continuously in the loop for a longer time than the
packet length since it would interfere with the beginning bits of the stream. The
transmit switch basically stops future packets from entering the loop until the current
packet exits the loop and has been completely detected. Were this not the case, mixing
of data in the loop or at the receiver occurs. The second control element is the loop
switch, which is also placed right before the loop coupler, but on the loop side (See
switch 2 in Figure 21). The purpose of this switch is to control the total propagation
length of the each packet of light, by basically controlling the number of turns around
the loop. In order for the loop to work, both switches and the error detector in the
receiver need to be synchronized by the same clock. A timing data generator with
multiple synchronized channels was used to generate the control signals of the switches

and the error detector (Figure 21, DTG component).
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1.3.2.5 Power Evolution

The following table summarizes the calculated power evolution in the system using the

components readily available in the lab as reference.

Table 2 Signal power evolution recirculating twice around the loop

Tx

Gain/ | Total Channel | OSNR
Loss Power | Power (1% pass/
Stage | Component (dB) | (dBm) (dBm) 2" pass) Notes

We are using
16 DFB lasers
each
outputting

A DFB Lasers NA 24 12 12dBm

40 channels
50GHz ITU
B AWG -6 18 6 Grid

Intensity LN
C LN Modulator -7 11 -1 modulator

Fixed output
power at 18dB
has a boosted

D EDFA Booster 11 22 10 40 | mode at 23dB
VOA var. var. var.
F AO Switch -3.5 | NA NA
Loss
measured

between the
transmitter
branch of the
coupler and
the branch
entering the
G 90/10 Coupler | -10.5 8 -4 loop.

Line

Depending on
modulation
desired input
Input to the power from -4
G loop NA 8 -4 to 0 dBm

Worst case
scenario using
H SMF span1 -25 -17 -29 old SMF

With mid-
stage access
for DCF
compensation
(0 to 7.5dB
Inline EDFA 25 8 -4 23.4/17.4 | loss)

Worst case
scenario using
J SMF span2 -24.7 -16.7 -28.7 old SMF
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With mid-
stage access
for DCF
compensation
(0 to 7.5dB
K Inline EDFA 24.7 8 -4 20.4/16.4 | loss)
Worst case
scenario using
L SMF span3 24 -16 -28 SMF
With mid-
stage access
for DCF
compensation
(0 to 7.5dB
M Inline EDFA 28 12 0 18.7/15.6 | loss)
N AO Switch 2.5 9.5 -2.5
Input to the Gain of the
G loop NA 8 -4 loop is 0
Output at 10%
0 90/10 Coupler 11 -3 -15 power port
Rx
Input to the
0] receiver NA -3 -15 From loop
BW 0.3nm,
tunable over
the C band
Tunable (same power
P optical filter 5.5 -20.5 -20.5 loss for AWG)
Tunable
dispersion -700 to 700ps
Q module 5.5 -26 -26 compensation
EDFA NF: 5dB. (See
R Preamplifier 26.3 0.3 0.3 15 | Appendix)
Output going
Delay to balanced
S Interferometer -0.3 0 0 detector

1.3.3 Experimental Methodologies

In this section, several experimental methodologies pertaining to the recirculating loop
design are explained. These methods were perfected during the experimental

implementation of the loop and the description below constitutes a procedural guide.

1.3.3.1 Recirculating loop power re-calibration

One important method used during the recirculating loop setup was the adjustement of
the power levels entering and exiting the EDFAs. These EDFAs did not have a constant

gain feature to ensure that the gain around the loop is constant independent of input
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power conditions and equal to 0dB. If the gain is not 0dB, each trip aound the loop
would either amplify or attenuate the signal, reducing the usability of the setup for
longer transmission distances. In order to achieve optimal BER, the VOAs need to be
adjusted in order to keep the power entering the loop and the effective amplifier gain
optimal. For each modulation format investigated, the optimal powers, hence the
optimal VOA settings are modulation format specific. One inherent loop characteristic is
ring feedback. As such, changing one power level affects both the power levels in
subsequent stages as well as the self power for the next trip around the loop. To
circumvent this issue, the power recalibration is performed with the loop control switch
set to open. This effectively removes the ring feedback generated power instability,

such that the VOA is adjusted to the desired stable point in one iteration.

1.3.3.2 Synchronization of control switches and error detector

The most important timing characteristic of the recirculating loop is the optimal packet
length; defined as the packet length that fills the loop (i.e. the first bit in the packet exits
the loop at the same time that the last bit enters the loop). If the packet length is longer
than the optimal packet length, interference arises, while shorter packet lengths signify
high power variations in the system between sequential packets. For example, in a
300km recirculating loop, the optimal packet length is in the ms (i.e. 10°) timescales. It
will be shown below that the optimal packet length in our loop was found to be 1.4ms.
A packet of 2ms would interfere with itself after passing through the loop, whereas a
packet of 1 second would generate a continuous toggling between 1ms of light and
0.4ms of dark in the loop. This is unacceptable since the power in the loop needs to be
kept constant in order to reduce EDFA transients, which would otherwise artificially

impact the measurements.

The optimal packet length is the reference for all the controlling data timing signals.
There are 5 timing signals controlling the proper functionality of the setup: the transmit

switch signal, the loop switch signal, the error detector integration time signal, the
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pattern repetition signal, and the data timing generator (DTG) clock. Figure 24 shows an
example of the timing diagram for a 2 trips around the loop. The transmit switch signal,
the loop switch signal, and the pattern repetition rate are multiples of the optimal
packet length. The transmit switch signal is the time to generate the optical packet
length. The loops switch signal is the number of times the signal must travel around the
loop multiplied by the optimal packet length. The pattern repetition rate is the transmit
switch time plus the loop switch time. The error detector integration time needs to be
less than the optimal packet length minus the rise time and the fall time of the acousto—

optic modulators (AOM).

Optimal Packet Length

Error Detector Integration
Time Signal

Loop Switch Signal

Transmit Switch Signal

Pattern Repetition Signal _l _I —I

Figure 24 Data timing diagram showing the logical signals controlling the recirculating

loop

1.3.3.3 Measuring eye diagrams with a recirculating loop

In order to obtain an eye diagram or the pattern shape with an oscilloscope, there is one
requirement: the number of clock cycles generating the optical packet length (defined in
section 1.3.3.2), in the data timing generator, needs to be a multiple of the PRBS length

generated in the PPG. For our specific loop, the system is synchronized with the master
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clock generator running at 40 GHz. This clock is then distributed to the PPG. Using the
master clock, the PPG generates the DTG clock, which in turn is used to generate all the

controlling data timing signals. The formula to calculate the optimal packet length is:

OptimalPacketLength(DTG _ ClockCycles) = ﬂoor[ LoopLength(s) J (9)

DTG _ Period(s)* PRBS _Length(bits)

For example, a 277 PRBS data stream generated by the PPG, and for a loop length of
1.4ms, and for a DTG clock of 10MHz, would require a optimal packet length of 13952
DTG clock cycles instead of 14000 DTG clock cycles, which is the full loop length. The
13952 DTG clock cycles amount to 1.3952ms, i.e. a difference of 5ns with the full loop
length. The 5ns is much smaller than the EDFA transients timescales of ms, thus has no

impact.

Once this condition is met, both the eye diagram and bit pattern visualization are

possible.

1.4 Simulation Results

In this section, we perform a sensitivity analysis of the recirculating loop setup’s BER on
several parameters, such as input power in the spans, noise and non-linearities. For the
sensitivity analysis absolute results are un-important; as such, the results below are
discribed in a best case scenario, where the sensitivity of the BER on the various

parameters is analysed.

In this section, we will present the result of the simulation done with the Optiwave
sofware. The simulated testbed is exactly the one described in section 1.3.3. We have
modeled two different modulation formats, DPSK and QPSK. Also, we have simulated
the two dispersion maps described in section 1.3.3. The purpose of the simulations was
to show that the proposed design would work with the established parameters, that is,

a system that would support 16-32 channels at 40 Gb/s operating with error free (BER <
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1E-9) or FEC error free (BER < 1E-3). The simulations did not try to minimize the BER of
each dispersion map with modulation pair, and was not meant to be a comparison

between the different setups.

In Figure 25, we see the eye diagrams of the received signal after transmission of 16
channels at 40 Gb/s through 600km (i.e., 2 loop lengths) of fiber for a NRZ-DPSK

modulated signal. The optical channels were in the C band with 50GHz channel spacing.
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Figure 25 Optiwave simulation results. Eye diagram of 16 co-propagating channels at
40Gb/s after 600km transmission, 50GHz channel spacing, DPSK - LEAF fiber (left), SSMF
(center), SSMF /w inline DCF (right)

The minimum BER for the three dispersion maps is 1.4E-15 in the case of LEAF fiber, 4E-
14 in the case of SSMF and 1.12E-16 in the case of SSMF with inline DCF. The per
channel powers used in the simulations were 0dBm for all three cases: LEAF, SSMF and
SSMF with inline DCF. These BER numbers are very low compared to experimental
values. The optical simulation program is calculating these BER from the estimated Q-
factor of the eye diagram. We can see that for error free signals, the simulation program

is not generating very accurate results.
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Figure 26 Optiwave simulation results. Eye diagram of one of the 16 co-propagating
channels at 40Gb/s after 600km transmission, 50GHz channel spacing, QPSK - LEAF fiber
(left), SSMF (center), SSMF /w inline DCF (right)

In Figure 26, we see the eye diagrams of the received signal after transmission of 16
channels at 40 Gb/s through 600km of fiber for a QPSK modulated signal. The optical
channels were in the C band with 50GHz channel spacing. The per channel powers used
in the simulations were -2.5dBm for all three cases: LEAF, SSMF and SSMF with inline
DCF. For the QPSK modulation format, the BER for the three setups was 6.72E-9, 6.3E-10
and 5.74E-12 for LEAF, SSMF and SSMF with inline DCF, respectively.

Analyzing these results, we see that SMF is better suited for long haul transmission
systems when compared to LEAF. As SMF has more dispersion compared to LEAF, it is
more robust against non-linear effects. If we also compare the different dispersion
maps, inline compensation vs. only pre/post compensation, inline compensation is
better suited for our setup. As the DCF has a small effective area [11], it suffers more
from non-linear effects compared to regular fiber. As we are using one EDFA to
compensate for the majority of DCF power losses in the pre/post compensation scheme,
the input power in the DCF is higher compared to the inline compensation scheme,
where the DCF is inserted in the mid-stage of each EDFA. As such, pre/post
compensation suffers more from non-linear effects, as seen by the higher BER

compared to inline compensation.
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In Figure 27, we can see the eye diagrams of the received signal after transmission of 16
channels at 40 Gb/s through 1800km of fiber for a 50% RZ-DPSK modulated signal. We
chose the RZ-DPSK as modulation format, as it has a good balance between robustness
to impairments and total cost of solution implementation. The optical channels were in
the C band with 100GHz channel spacing. As the bandwidth of a 40 Gb/s 50% RZ-DPSK is
80GHz, we could not fit them in a 50GHz window. In this case, the minimal BER
achieved was 1.58E-6 for LEAF, 2.5E-7 for SSMF and 4.2E-10 for SSMF with inline DCF.
We can notice that our setup using SSMF with inline DCF achieved error free operation
even after 1800km. The per channel powers used in the simulations were -3dBm for all

three cases: LEAF, SSMF and SSMF with inline DCF.
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Figure 27 Optiwave simulation results. Eye diagram of 16 co-propagating channels at
40Gb/s after 1800km transmission, 100GHz channel spacing, DPSK - LEAF fiber (left),
SSMF (center), SSMF /w inline DCF (right)

1.5 Experimental results and setup improvement considerations

The optical recirculating loop shown in Figure 21 was put together with the available
parts. The experimental setup consisted of 1 channel at 10Gb/s with a wavelength of
1550nm, using OOK and DPSK modulation and in line dispersion compensation. Our

setup used an old SMF which had an 0.3dB/km measured loss, including connectors.
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The loop consisted of three span lengths of approximately equal length of 83km. We
have used acousto-optic modulators (see Appendix for specs) as loop switches and five

Optilab EDFAs (1 booster, 1 pre-amplifier and 3 inline).

The first experiment consisted of measuring the best BER at the receiver after 1 loop
length, a straight line experiment of 250km. After optimizing the power of the signal
entering each span, by adjusting the gain of each amplifier with mechanical optical
attenuators, the best BER for OOK was 6.53E-04 for an input power of -3.5dBm and for
DPSK 7.31E-6 for an input power of -2dBm. After investigation, we have found the
sources of our poor BER results: 1) the input power to the inline EDFAs was too low (i.e.
-27dBm/channel) and 2) the amplifiers were generating a lot of ASE (even though they
were spec’ed — see Appendix — to support these power levels with low noise). After the
addition of 7 pilot tones (7 CW signals) to boost the input power level entering the
EDFA, the BER was improved to 4.11E-5 for OOK modulation and 3.25E-7 for DSPK
modulation. No eye diagram was taken at the time of the measurement since the
measurements were meant to be repeated with the new hardware (the new EDFA were

never purchased due to budget constraints).

The second experiment constituted a proof of concept of the loop's functionality. We
have chosen the DPSK modulation, as it had the best BER in the straight line experiment.
The signal was circulated twice around the loop and its BER was measured. After 500km
of propagation, the measured BER of our signal was 3.4E-3 which is below the FEC error

free limit. Our transmission was noise limited from all the ASE generated by the EDFAs.

Our last experiment was intended to measure the gain flatness of the inline EDFAs in a
multi-channel setup. We have used 8 available lasers (see section 1.3.2.1) to build a
testbed of 8 channels at 10 Gb/s. After one loop length the difference in power between

the two extreme channels was of 12.42dB.

There are two main problems with the current inline EDFAs from Optilab. First, the
minimal input power per channel needs to be higher than -16dBm. With our current
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setup, signals entering the EDFAs are as low as -29dBm. The second problem with the
EDFAs is that the gain is not flat for the required input powers so the relative power
difference between channels diverges quickly with each turn around the loop (Figure
28). After each EDFA, the lower signal wavelengths will receive a higher gain than the
higher signal wavelengths. These amplified signals, after propagation in the optical fiber,
will serve as input for the next EDFA. Since all EDFAs have the same gain profile, the
effect is cumulative. For an input signal with 0.2dB power variation across the channels,
the output signal had a 4.17dB power variation after 1 EDFA and 12.42dB after one full
loop. The purchased amplifiers had fixed output power (minimum 18dBm) and were
overdriving the gain for channel profiles of maximum 16 channels available in the lab; as
such, the output profile was always tilted. There are two possible solutions for this

issue.
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Figure 28 Gain flatness of Optilab's inline EDFAs: input signals of -15.7dBm total power
(left), output signals of 10.1dBm (right).

Solution 1

This solution involves redesigning the loop length to match the optimal EDFA input
power such that the amplifier gain is flat in the frequency range of the signals and NF is

minimal. In order to make the current version of the loop functional, the total length per
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span needs to be decreased from 80 km to 40 km, which is possible with the current in-
lab fiber. As such, the power entering the EDFAs will be at a high enough level so that
the output is flat and the NF is the lowest possible for these EDFAs (which is specified at
6dB).

Some drawbacks of this solution are: The max distance of the loop will be halved, VOAs
are needed after each EDFA to lower to power per channel to the desired level, and the
NF is worse compared to an EDFA that amplifies to the needed level, and impossible to

predict beforehand.
Solution 2

Three new Oclaro EDFAs need to be purchased. These new EDFAs have variable gain,
accept low power per channel levels (-29dBm) and have a flat gain across the C band.
The maximum output power of these EDFAs is 18dBm (Please see Appendix for the new
inline EDFA). With solution 2 we have: Higher flexibility from variable gain, lower noise
figure, higher length per span because of lower input power per channel, but higher cost

compared to solution 1.

1.6 Conclusion

In the first part of the thesis, the design of an optical recirculating loop has been
demonstrated. After the analysis of different recirculating loops found in the literature,
a final architecture was proposed as design for our loop. This final design supported all
the features required from this optical testbed: the system supports 16 channels at 40
Gb/s on a 50GHz channel spacing on the ITU grid. The testbed was designed with a lot of
flexibility, such that it can accommodate a variety of different experiments employing
different fiber types, different dispersion compensating maps and different transmission
lengths and different modulation formats. In the last chapter of this section, we showed

simulation results that demonstrate the loop’s usability for a 16 channel NRZ DPSK and
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NRZ QPSK on 50GHz channel spacing for a total of two loop lengths. The longest
transmission length was achieved with the RZ-DPSK modulation on 100GHz channel

spacing and the total length was 1800km.

Disclaimer: The limited experimental results were due to the unavailability of the
equipment (i.e. the purchased amplifiers were grossly out of spec) at the time of the
submission of the thesis. The simulation results helped sustain the proposed
architecture, however, additional experimental tests are required for the testbed

validation.
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2 Analysis and Reduction of Polarization Dependent
Penalty in Phase Shift Keying Demodulators

2.1 Background Theoretical Review

Applications such as video and high-speed Internet are responsible for the tremendous
traffic growth on the optical transport network. Moreover, the deployment of fiber-to-
the-home with higher data rates is putting pressure on Internet Service Providers to
upgrade to the next-generation optical networks. In metro networks, differential phase
shift keying (DPSK) is arguably becoming a format of choice due to its more relaxed
optical signal to noise ratio (OSNR) margin and greater tolerance to nonlinear effects,
which are particularly important at higher data rates [1]. An optical DPSK-modulated
carrier can be demodulated using a Mach-Zehnder delay interferometer (DI) with a one
additional bit delay in one arm relative to the other arm, such that the phase in one
time slot interferes with the differentially encoded successive time slot [2]. The
introduction of the relative bit delay changes the filtering function of the Mach-Zehnder
from an all pass to a comb filter characterized by a free spectral range (FSR) determined
by the delay, typically chosen to equal the bit period. The frequency response of the DI
is usually called transmissivity and is characterized by peaks separated by one FSR. To
reduce the filtering effect, the wavelength of the optical carrier is aligned with one of
the DI's transmissivity peak. Indeed, a frequency offset between the laser and the DI’s
transmissivity peak degrades the performance of DPSK optical communication systems
as some of the signal power is being asymmetrically filtered, generating a distorted
spectrum profile. The penalty was demonstrated to be 1 dB for a 4-5 % frequency offset
[3, 4]. A similar worsening effect is caused by the polarization dependence of the DI’s
effective refractive index, resulting in what is referred to as polarization dependent

frequency shift (PDf). Indeed, the shift in the frequency of the filtering function causes a
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misalignment between the transmissivity peak and the laser source wavelength of the

carrier [2, 4].
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Figure 29: Schematic of the fiber-based DPSK demodulator by ITF Labs/Avensys.

The polarization dependence of the effective refractive index is caused by mainly two
factors in the DI’s structure shown in Figure 29: (1) the additional birefringence in the
fiber bending due to the photoelastic effect, and (2) the polarization crosstalk occurring
in the optical couplers of the demodulator causing polarization mode coupling [5, 6].
The birefringence and polarization crosstalk are jointly responsible for a polarization-
induced random phase difference (Ad) between the two arms of the DI. The PDf is the

maximum frequency shift, Af, induced by two orthogonal state of polarization (SOP) of

. . . . ﬂ'-'ﬂ'.,‘ + FSR . .
the optical signal. The PDf is defined as 2m for a given interferometer [2].
Hence, the PDf scales linearly with FSR which means that a demodulator for higher data

rates will have greater PDf.

There has been some work in reducing the PDf in Mach-Zehnder Dls. Mizuno et al. use a
Jones Matrix Eigen analysis to model the PDf of a Mach-Zehnder Interferometer (MZI)
and demonstrated that the PDf of a MZI can be eliminated by proper adjustment of the
arm length [7]. The birefringence of the MZI can also be controlled by inserting stress-

applying amorphous silicon film in the waveguide [8]. By laser-trimming these films, the
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authors were able to accurately control the birefringence and phase states. In another
experiment, Nasu et al. recently demonstrated that PDf can be eliminated by the
asymmetrical addition of a half wave plate [9]. With the addition of a half-wave plate in
both arms of the DI, the authors were able to greatly reduce the DI’'s PDf penalties
incurred from birefringence effects, as well as polarization crosstalk that was occurring
in the couplers. A free-space DI design approach can also be used to obtain very low

polarization dependent loss (PDL) and PDf [10].

In this part, we first introduce a methodology to efficiently extract the PDf-induced bit-
error-rate (BER) penalty from the PDL exhibited mainly from the couplers and
connectors. While PDf increases with data rates, we show that it is the PDf ratio, defined
as PDf/FSR that plays a predominant role in determining the performance of the
demodulator for different data rates. We will explain the reasons why this is the case.
We also show and explain the optical filtering effect on pulse carving such as 40-Gb/s
Return-to-Zero (RZ) DPSK modulation formats. An additional 0.3 dB penalty compared
to Non-Return-to-Zero (NRZ) was measured due to PDf alone. Finally, a cost effective
technique to reduce the PDf induced BER penalty is presented and validated. The PDf
penalty is further mitigated by 40 % using a PDL emulator to add losses in one of the

polarization axes.

2.2 PDf Performance Penalty Analysis

2.2.1 Measurement Methodology

The PDf of a delay interferometer (DI) is conventionally assessed by measuring the
optical output power across the optical bandwidth of the DI for different state of
polarization (SOP) of the optical signal at the input. A shift in the transmissivity peak will
occur, corresponding to the PDf. This approach requires a tunable laser and does not

necessarily give accurate measurements as other polarization effects (e.g., polarization
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dependent loss), is not explicitly removed from the measurement. The measurement
methodology introduced in this section requires only one fixed laser and removes PDL

contributing penalties.

In commercial Dls (
Figure 29), a thin film heater is directly deposited on the optical fiber to control the

phase of the DI. This way, the FSR can be thermally shifted by applying a voltage across
the thin film heater. The frequency shift of the FSR profile is linearly proportional to the
applied voltage. Hence, the peak of transmissivity can be maximized for different SOP of
the input optical signal by thermo-electrically compensating the optical power
degradation due to the inherent polarization dependence of the DI. The measurements
are repeated for several SOP settings uniformly covering the Poincaré sphere to

determine the maximum frequency shift possible (Figure 30).

Figure 30 The Poincare Sphere showing the 14 SOP that were chosen for these

experiments [12]

The SOP of the optical signal is set using a polarization controller at the input of the
demodulator. Once the maximum frequency shift of the FSR is determined, PDL

inherent to the demodulator is quantified from the difference in the power of the two
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transmissivity peaks. The two SOPs of the input optical signal corresponding to the
maximum shift in the FSR are orthogonal and represent the fast and slow polarization

axis of the demodulator.
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Figure 31: Power penalty versus frequency shift for two orthogonal SOPs of a 10-Gb/s

demodulator.

Following the methodology described above, the measurements of a 12-GHz
demodulator for 10-Gb/s optical systems were taken (Figure 31). For the frequency shift
increments, the voltage source limited it to 50 MHz. The measured PDf is 350 MHz
which is comparable to the reported PDf by the manufacturer of 360 MHz, measured
using Jones Matrix Eigen analysis (JME). The measurements were fitted to the profile of
the DI’s transmissivity and the curve equation was found to be sin?(0.239*f), where f
corresponds to the frequency shift (x-axis). From this equation, the FSR is then
estimated to be 13.11 GHz. For a known FSR, the normalized power penalty caused by
PDf can therefore be approximated using the following mathematical relationship

sin’(r-PDf/FSR) [11].

Greater accuracy in measuring small frequency shifts can be obtained using an optical
spectrum analyzer with ultra-high resolution (20 MHz). In Figure 32, the optical output
signal spectra of both the constructive and the destructive port of the demodulator are

observed. Evidently, the frequency shift due to the polarization dependence of the
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demodulator is visible on both ports. The optical output signal of the destructive port is
used to align the DI’s peak transmissivity with the laser frequency for any arbitrary SOP.
The measurements were performed at the nulls of the signal spectra where the
spectrum exhibits clearer and more abrupt transitions for smaller frequency shift

measurements. This methodology was used in the following subsections for greater

accuracy.
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Figure 32: Signal spectra of the demodulator showing both the destructive and
constructive ports, with (top) a zoom on a spectral null of the destructive port and

(bottom) of the constructive port.

2.2.2 PDf effect versus bit rate

For a given delay interferometer, the PDf increases with FSR. However, the PDf

penalty depends not only on the PDf of the DI but also on its FSR. In fact, the PDf ratio

(i.e.,PDFI"FSR ), is a key parameter to evaluate the PDf-induced penalty. To explain why
this is the case, we illustrate the effect using two demodulators, one with a FSR of 10
GHz, and one with a FSR of 40 GHz. For this example, the PDf for both demodulators is
assumed to be 1 GHz. The PDf ratio is therefore 10% and 2.5% for the 10-GHz and 40-

75



GHz Dis, respectively. In Figure 33, the power cutoff in the spectrum profiles due to a
shift is shown. Correspondingly, distortion in the spectrum occurs due to the
asymmetrical filtering effect. The power loss can be defined as a function of the total
power, corresponding to 38.6% for the 10-GHz DI compared to 10% for the 40-GHz DI.
Hence, for the same PDf value, the power loss is four times worst for the DI with a
smaller FSR (10 GHz in this comparison), since more portion of the power is being cut
off. For this reason, the PDf ratio is a better indicator of the PDf-induced penalty. The
PDf ratio is not a new idea and it is used in literature to normalize the PDf of Dls. In [14],

the authors use the PDf ratio to compare different DIs’ architectures.

We experimentally verified this conclusion using two Dls. A 40-Gb/s demodulator (FSR
of 40 GHz, PDf of 600 MHz) is compared with a 10-Gb/s demodulator (FSR of 12 GHz,
PDf of 360 MHz). The testbed used is shown in Figure 34 where a single distributed
feedback (DFB) laser output (1551.7 nm) is modulated using a Mach-Zehnder modulator
(MZM) appropriately biased to create NRZ-DPSK modulated data. The MZM is driven by
a pseudorandom bit sequence with a length of 2°%-1. An erbium doped fiber amplifier
(EDFA) is used to compensate the losses of the modulators. The out-of-band noise
generated by the amplifier is filtered using a 0.9-nm band pass filter (BPF). A variable
optical attenuator (VOA) is used to compensate for small PDL originating from the 95/5
splitter (measured to be 0.3 dB). As mentioned in the previous measurements, the
polarization controller (PC) in front of the DI is used to change the SOP of the optical
signal entering the DI. In order to track the signal’s SOP, we use a polarization analyzer
(PA). The optical demodulated signal is then converted to electrical using an optical

receiver and analyzed using a bit-error-rate tester (BERT).
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Figure 33: Comparison of the spectrum of a 10-GHz and a 40-GHz DI.

To assess the PDf penalty at different bit rates, the bit-error-rate (BER) is measured
for small wavelength changes from the transmissivity peak of the constructive port. The
BER is measured for the two orthogonal SOPs corresponding to the slow and fast
polarization axis of the 10-Gb/s demodulator and the 40-Gb/s demodulator. The PDf will

impose a BER penalty on the signal.

| Data | | |
vy ! vy |
I PC | 7,
L0001/ = \1100 = NS
10 T\—/ I O C I >
DFB MZM I MZM | EDFA BPF
RZ
95/5 95/5
ED
P
EA DI C VOA
BD OSA PA

Figure 34: Experimental setup for PDf analysis versus data rate.
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In Figure 35, the first observation is that the 10-Gb/s NRZ-DPSK system is more
sensitive to frequency misalignments between the laser frequency and the
transmissitivity peak. Despite this behavior, the PDf of the 40-GHz DI (600 MHz) is
almost the double of the 12-GHz DI one (360 MHz). As shown in the zero-frequency shift
point (Figure 35b), the BER penalty of the 12-GHz Dl is around 0.90 dB versus 0.12 dB for
the 40-GHz DI which is 7.5 times less. The BER penalty used here is defined as
10:-log(BER1/BER;,) where BER; and BER; correspond to the BER measurements of the
two orthogonal axes at zero frequency shift. The penalty differences can be explained
by the PDf ratio. The PDf ratio of the 10 GHz Dl is 3 % while that of the 40 GHz Dl is only
1.5 %. Smaller PDf ratios result in smaller BER penalties. This ratio enables the

comparison of DPSK demodulators with different PDf and FSR characteristics.
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Figure 35: BER versus frequency detuning. (a) All measurements shown. (b) Zoom in

dotted rectangle PDf and penalty for the respective Dls.
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Figure 36: (a) Spectra of 40-Gb/s NRZ- and RZ-DPSK signals (b) showing the effect of

frequency offset.

2.2.3 PDf versus pulse carving

At higher data rates, pulse carving is used to alleviate some of the dispersion effects.
In such context, the PDf-induced penalty was further analyzed to compare the
demodulation of 40 Gb/s NRZ-DPSK signals and 40 Gb/s RZ-DPSK signals to study the
effect of smaller FSR compared to the bandwidth of the signal. Indeed, RZ modulation
exhibits a spectrum width that is almost doubled compared to NRZ-DPSK. Consequently,
RZ demodulated signals have more residual optical power in the adjacent spectrum

lobes compared to NRZ, which has most of its power in the main lobe. Intuitively, the RZ

79



signal should suffer from additional optical filtering imposed by the FSR of DI. If the
demodulator is perfectly aligned with the DI, the spectral filtering will be symmetrical
and the demodulated signal will keep its symmetry. Any small variations of the
alignment will break this symmetry incurring spectrum distortion (Figure 37). As a result,
RZ-DPSK signal is less tolerant to PDf. The experimental spectra shown in Figure 36
illustrate the effect of a deliberately large frequency offset (11.4 GHz) with respect to
the transmissivity peak. It can be seen that RZ-DPSK suffers more from the power

filtering resulting from greater asymmetry and consequently spectral distortion.
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Figure 37: Spectral profile of a RZ-DPSK signal

To experimentally measure the associated PDf-induced penalty due to pulse carving,
the minimal BER was set to be the same for both NRZ and RZ. This implies that in the
case of RZ pulses, the required OSNR to achieve the same BER is greater to account for
the power loss from optical filtering. An additional MZM (shown in the dashed square in
Figure 34) is used to carve the pulses at 50 % using the 40 GHz clock for the cases of RZ-
DPSK modulated signals. Figure 36b shows the comparison of BER penalty between a 40
Gb/s RZ-DPSK and a 40 Gb/s NRZ-DPSK signal. As it can be seen, RZ pulses are more
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sensitive to frequency shifts. The measured PDf induced BER penalty for the 40-Gb/s
NRZ signal was measured to be 0.12 dB compared to 0.46 dB for the 40-Gb/s RZ signal.
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Figure 38: BER versus frequency detuning for demodulated 40 Gb/s RZ- and NRZ- DPSK

signals: a) all measurements, b) zoom closer to transmissivity peak.
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Figure 39: (a) BER penalty vs. frequency shift of the slow (red dots) and fast (blue dots)
polarization axis of a 10 Gb/s demodulator. (b) Reduced PDf with calibration. (The
continuous lines in graphs above represent the fitted curves to the dot experimental

data on the same graph)
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2.3 Mitigating PDf Effect

2.3.1 Cost-effective Solution

A cost-effective way to reduce the PDf-induced penalty can be achieved through
proper calibration of thermo-electrically compensated demodulators. After finding the
two voltages values that compensate for the slow and fast polarization axis as described
in section 2.2.1, the voltage value corresponding to half the difference is applied to the
DI. This way, the DI is tuned to maximally demodulate optical signals of any SOP
inducing only at most half the frequency shift associated to the PDf [11, 12]. This
effective PDf is shown in Figure 39b, which is 188MHz with a BER penalty of 0.46dB for a
DI with an device PDf of 375 MHz. The 188MHz and 375MHz values were calculated
from the minima of the fitted lines (a zoom-in vizualization of the fitted lines minima is
impossible in the figure due to the quasi flatness of the curves at the minima
observation levels). Without calibration, the BER penalty can be as high as 1.5dB (Figure
39a). Although the physical PDf remained constant, the maximum frequency shifts is

halved to PDf/2 reducing the PDf-induced penalty.

2.3.2 PDL to Compensate PDf

A PDL emulator was used to reduce the DI’'s sensitivity to polarization. The PDL
emulator consists of a device that splits the light into two orthogonal polarizations. With
the use of a Variable Optical Attenuator (VOA), one of the two polarizations is
attenuated. The two signals are then recombined, thus inducing a PDL effect on the
propagating signal. The PDL emulator has two paths, one with loss and one without.
Using a polarization controller, the slow axis path (with loss) is aligned with the fast axis
of the DI, thus experiencing no PDf-induced penalty. As a result, the orthogonal SOP

going through the slow axis path (lossless path) experiences the maximum PDf effect of
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the DI, with its corresponding power penalty. Essentially, the PDf is compensated with

PDL.
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Figure 40: PDf mitigation with BER high and BER low representing the highest and

lowest measured BER, respectively, for ten measurements.

To quantify the reduction in polarization sensitivity of the DI, the BER was measured
ten times, each for 16 input SOPs spread evenly across the Poincare sphere. The
measurement set is repeated twice, once with the PDL emulator and once without it.
The highest and lowest BER was measured sequentially. As a figure of merit of the DI’s
polarization sensitivity, the ratio of the two BER measurements is used. Each
measurement was first normalized to the same baseline (i.e. BER of 10”). The results are
presented in Figure 4040 where noticeable improvement can be observed. The
calculated 99% confidence interval was calculated using a Taylor series approximation of
Fieller’s theorem [16]. The DI’s sensitivity to polarization was found to be 2.18 + 0.16.
The ratio dropped to be 1.3 £ 0.13, a 40 % reduction in sensitivity. The sensitivity to PDf
was reduced by 40%. Note that a ratio of 1 corresponding to polarization insensitive

could not achieved due predominately to the use of discrete components which
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introduced their own polarization-induced BER penalty. We think that the results could

be better through device integration.

We can also calculate the improvement in Q-factor due to the addition of the PDL

emulator. Using equation 10 [1], we can approximate the Q-factor for a known BER.

Lo €)1
BER—2erfc(2j_Qﬂe

QZ

2 (10)

Figure 41 shows the Q-factor penalty incurred from PDf with and without our PDL
emulator. We can see that the/Q-factor penalty function shape resembles the BER-
penalty function shown in Figure 40. When no PDL emulator was used the system
experienced a Q-penalty of 0.19dB + 0.038dB. With the addition of our PDL emulator,
the Q-penalty decreased to 0.06dB * 0.048dB. The Q-factor improvement when using
the PDL emulator was 0.13dB.
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2.4 Conclusion

In this part, we have presented a readily available method of measuring the PDf of
a delay interferometer (DI) for DPSK demodulation. Using the methodology, the
corresponding PDf-induced penalty for 10 and 40 Gb/s NRZ and RZ-DPSK systems was
explained and experimentally investigated. We found that the penalty has a large
dependence on the PDf ratio rather than PDf alone. We also showed the PDf induced
penalty becomes larger in cases where the signal bandwidth is wider than the FSR of the
DIl. Indeed, RZ modulation experiences additional filtering of its optical power spectrum
leading to greater spectrum distortion from asymmetric filtering. The work was
concluded with a cost-effective calibration of the DI's phase component on one of the
Dl's branches to effectively reduce the PDf induced BER penalty by half. Moreover,
adding PDL to compensate for PDf is shown to be an effective design to mitigate the DI
polarization sensitivity by 40 % and effectively improve the Q-factor by 0.13dB.

The PDL emulator method presented in section 2.3.2 does not completely
compensate the PDf induced penalty. There are other methods, such as a device to
track the Q factor and adjust the polarization state of the signal to obtain the lowest
penalty possible, to more effectively mitigate the PDf induced penalty. However, such
methods are more costly and not in line with the DPSK modulation low cost philosophy

(a detailed cost / benefit analysis is beyond the scope of this work).
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Conclusion and Future Work

The subject matter presented in this thesis follows a general to particular
chronological narrative. First, the design and testing of a 40Gb/s optical recirculating
loop is presented. Whereas this testbed necessitated an analysis of the various link
components’ requirements to combat the link impairments and satisfy the system timing
and link budget requirements; the second part of the thesis was much more specific and
focused on one particular impairment of one particular link component: the analysis and
reduction of PDf in phase shift keying demodulators.

The optical design loop will be used in a variety of experiments by other members
of the lab when studying advanced modulation techniques. For a more detailed
description of the loop's functionality please consult the conclusion in section 1.6. The
testbed can be used as such, but the replacement of three amplifiers is strongly
encouraged in order to improve performance and usability. This testbed can be further
modified by the subsequent users in order to improve the performance and usability of
the setup depending on the different needs at a future time, but the changes are likely
to be minimal since the most work has already been done. An example of an upgrade to
the setup is changing the transmitters and receivers to operate at 100GB/s.

The investigation of the PDf penalty in DPSK demodulators amounted in a cost
effective calibration technique allowing the reduction of the BER by half, and also a
technique allowing the DI's polarization sensitivity by 40% by introducing a PDL element
before the DI. For a more detailed description of the findings please consult the
conclusion in section 2.4. Both techniques are useful since they provide insight in the
phenomena related to the receiver's polarization characteristics, but most importantly
they are also cost effective solutions. Moreover, even though these techniques have
been studied in the context of receivers, they can also be applied to other optical link
components that employ MZDls, such as optical filters. In optical filters employing

cascades of MZDI, the polarization effects can be significant. As such, it would be
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interesting to investigate the application of the two techniques described above in the

context of cascaded MZDI optical filters.
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Laser
Fitel DFB Lasers

Appendix ---- Optical Specs

Item # Description

1 1557.36nm CW Laser, 20mW LD Anode
Ground, <2MHz Linewidth

2 1556.96nm CW Laser, 20mW LD Anode
Ground, <2MHz Linewidth

3 1556.55nm CW Laser, 20mW LD Anode
Ground, <2MHz Linewidth

4 1555.75nm CW Laser, 20mW LD Anode
Ground, <2MHz Linewidth

5 1554.94nm CW Laser, 20mW LD Anode
Ground, <2MHz Linewidth

6 1553.33nm CW Laser, 20mW LD Anode
Ground, <2MHz Linewidth

7 1552.93nm CW Laser, 20mW LD Anode
Ground, <2MHz Linewidth

8 1552.52nm CW Laser, 20mW LD Anode
Ground, <2MHz Linewidth

9 1551.12nm CW Laser, 20mW LD Anode

Ground, <2MHz Linewidth
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AWG

Enablence
Parameter Symbol Specification Units Comments
MIN TYP MAX
Channels - 40 -
Channel - 50 GHz
Spacing
Channel fe 194.40 to 192.45 THz Corresponds
Frequency to 1542.142
to
1557.768nm
Wavelength Af. -0.03 +0.03 nm Offset from
Accuracy ITU grid
ITU Band PB -5 +5 GHz Centered at
each ITU
frequency
Insertion IL 6.0 dB Maximum
Loss with ITU
band
Insertion AlL 1.5 dB Overall
Loss channels
Uniformity
Polarization PDL 0.5 dB Maximum
Dependent with ITU
Loss band
1dB A1dB 0.18 nm Measure
Passband 1dB down
from min IL
at average
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polarization
3db 63dB 0.28 nm Measure
Passband 3dB down
from min IL
at average
polarization
Adjacent AX 22 dB Minimum
Channel with ITU
Isolation band
Non- NX 30 dB Minimum
adjacent with ITU
Channel band
Isolation
Total TX 19 dB Cumulative
Isolation sum of all
AX and NX
Return Loss RL 45 dB May depend
on
connector
style
Mach-Zehnder modulator
Avanex
Parameters Specification Units
Operating Wavelength 1525 -1615 nm
Range
Insertion Loss <6 dB
Optical Return Loss >45 dB
Extinction Ratio >20 dB
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RF amplifier

SHF
Parameter Symbol Unit Specification Conditions
MIN TYP MAX
ngh fHIGH GHz 41
frequency
3dB point
Low fLow GHz 36
frequency
3dB point
Gain G dB 27 30 Inverting
Gain control Vv 0 -5 Reduces
function gain by
mA 0 10 more than
3dB
Output Poids dBm (V) 24
power at
1dB
compression
Output Peat dBm (V) 29
power at
saturation
Maximum dBm 4 In
input power operation
10 Without
power
supply
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Booster EDFA
Optilab

Parameter Specification Unit
MIN TYP MAX
Maximal Qutput power 18 23 dBm
Input Signal Level -2 dBm
Number of channels 42 -
Gain Flatness 1 dB
Noise Figure 6 dB
Inline EDFA
Oclaro
Parameter Specification Unit
MIN TYP MAX
Wavelength Range 1529 1564 nm
Input Power -27 1 dBm
Gain 17 29 dB
Mid-stage Loss 7.5 dB
Output Power 18 dB
Gain Flatness 0.7 1.3 dB
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Noise Figure 5.5 6.1 dB
Polarization Dependent 0.5 dB
Gain
Polarization Mode 0.3 ps
Dispersion
Optilab
Parameter Specification Unit
MIN TYP | MAX
Wavelength Range 1528 1564 Nm
Output Power 15 23 dBm
Input Power -14 6 dBm
Gain 10 23 dB
Mid-stage Loss 8 dB
Gain Flatness 1 dB
Noise Figure 5.2 dB
Polarization Dependent 0.2 dB
Gain
Polarization Mode 0.5 ps
Dispersion
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Pre-Amplifier EDFA

Optilab
Parameter Specification Unit
MIN TYP MAX
Wavelength Range 1528 1564 Nm
Output Power Variable dBm
Input Power -29 dBm
Gain 25 dB
Noise Figure 4.5 dB
Polarization Dependent 0.2 dB
Gain
Polarization Mode 0.5 ps
Dispersion
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Acousto-Optical Modulator

Gooch & Housego

Parameter Specification Unit
Acoustic Mode Longitudinal -
Wavelength Range 1300-1600 nm

Static Transmission >97 %
Operating Frequency 35 MHz
Diffraction Efficiency >85 %

Light Polarization Random -
Optical Power Density <50 KW/cm?
Acoustic Aperture Size 2 Mm
Rise Time 260 ns/mm Beam Diamete
Deflection 20.6 rad
Angle@1550nm
RF Power Level <0.5 w
Impedance 50 Q
VSWR@35MHz 1.2:1 -
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Optical fibers
LEAF

Corning
Parameter Specification Unit
MIN TYP MAX
Attenuation (without 0.22 dB/km
connectors)
Dispersion 4.5 11.2 ps/(nm*km)
Polarization Mode 0.04 0.1 ps/vkm
Dispersion
SMFe
Corning
Parameter Specification Unit
MIN TYP MAX
Attenuation (without 0.18 dB/km
connectors)
Dispersion 18 ps/(nm*km)
Polarization Mode 0.04 0.1 ps/vkm

Dispersion
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Old SMF

Corning
Parameter Specification (measured) Unit
Attenuation (with 0.3 dB/km
connectors)
Dispersion 17 ps/(nm*km)
Polarization Mode Not Available ps/Vkm
Dispersion
Dispersion Compensation
Inline DCF
Parameter Specification (measured) Unit
Attenuation (with 6 dB
connectors)
Dispersion -1350 ps/nm
Polarization Mode Not Available ps/vVkm

Dispersion
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DCM

Teraxion
Parameter Specification Unit
MIN TYP MAX
Dispersion 700 ps/nm
Bandwidth 50 GHz
Channel Grid 50 GHz
Dispersion resolution 10 ps/nm
Phase ripple std. dev. 0.08 Rad
Insertion Loss 6 dB
Polarization Dependent 0.3 dB
Loss
Polarization Mode 0.5 Ps
Dispersion
Input power 27 dBm
Demodulator
ITF Labs
Parameter Specification Unit
Free Spectral Range 40 GHz
Isolation 28 dB
PDF 0.55 GHz
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Wavelength Range 1530-1610 Nm
Differential Delay between <0.25 ps
Pigtails
Photodetector
SHF
Parameter Specification Unit
MIN TYP MAX
Wavelength Range Cand L band -
High Frequency 3dB Point 30 GHz
High Frequency 3dB Point 30 kHz
Conversion Gain 350 450 mV/mWwW
Receiver Sensitivity -9 dBm
Output Saturation Voltage 5 6 Y,
(peak-peak)
Rise/Fall Times 9 10 ps
Optical Input Power 13 dBm
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Clock Recovery
SHF

Parameter Specification Unit
Data Input
Bit Rate VCO1 39.8 41.6 Gbps
Bit Rate VCO2 41.6 43.1 Gbps
Input Voltage 50 800 mV
Return Loss 8 dB
Reference Clock Input
Input Frequency 0.622 0.674 GHz
(Bit Rate / 64 mode)
Input Frequency 1.244 1.348 GHz
(Bit Rate / 64 mode)
Input Frequency 2.488 2.696 GHz
(Bit Rate / 64 mode)
Input Voltage 400 800 mVyp
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