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ABSTRACT

In this dissertation I investigated a multi-channel and multi-bit rate all-optical
clock recovery device. This device, a birefringent Fabry-Perot resonator, had previously
been demonstrated to simultaneously recover the clock signal from 10 wavelength
channels operating at 10 Gb/s and one channel at 40 Gb/s. Similar to clock signals
recovered from a conventional Fabry-Perot resonator, the clock signal from the
birefringent resonator suffers from a bit pattern effect. I investigated this bit pattern
effect for birefringent resonators numerically and experimentally and found that the bit
pattern effect is less prominent than for clock signals from a conventional Fabry-Perot
resonator.
I also demonstrated photonic balancing which is an all-optical alternative to
electrical balanced detection for phase shift keyed signals. An RZ-DPSK data signal was
demodulated using a delay interferometer. The two logically opposite outputs from the
delay interferometer then counter-propagated in a saturated SOA. This process created a
differential signal which used all the signal power present in two consecutive symbols. I
showed that this scheme could provide an optical alternative to electrical balanced
detection by reducing the required OSNR by 3 dB.
I also show how this method can provide amplitude regeneration to a signal after
modulation format conversion. In this case an RZ-DPSK signal was converted to an
amplitude modulation signal by the delay interferometer.

The resulting amplitude

modulated signal is degraded by both the amplitude noise and the phase noise of the
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original signal. The two logically opposite outputs from the delay interferometer again
counter-propagated in a saturated SOA.

Through limiting amplification and noise

modulation this scheme provided amplitude regeneration and improved the Q-factor of
the demodulated signal by 3.5 dB.
Finally I investigated how SPM provided by the SOA can provide a method to
reduce the in-band noise of a communication signal. The marks, which represented data,
experienced a spectral shift due to SPM while the spaces, which consisted of noise, did
not. A bandpass filter placed after the SOA then selected the signal and filtered out what
was originally in-band noise. The receiver sensitivity was improved by 3 dB.
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CHAPTER 1
INTRODUCTION

1.1 Problem statement: Network capacity to satisfy bandwidth demand
In this Information Age, new telecommunication applications can increase both
the quantity and the quality of communication between individuals. Each successive
generation of applications increases the level of interaction between users, but at the same
time requires more bandwidth. Recently, telecommunication service providers have seen
an increase in bandwidth demand. “AT&T Inc. (in 2010) … says the amount of Internet
traffic it handles has more than doubled in the last three years” [B. Worthen 2010].
These new applications have increased bandwidth demand in business and consumer
traffic, as well as fixed and mobile communications.
Telecommunication traffic for commercial purposes drives the modern economy.
Commercial organizations share massive amounts of information with each other and
with their clients on a regular basis. One source of growth is traffic between data centers
which increases as companies distribute their data centers to remote locations. Cloud
computing also promises to further increase bandwidth demand as more and more data is
stored remotely from users.
Consumer traffic has seen a substantial increase in part due to new services like
internet video. It was recently estimated that four percent of all traffic across Comcast’s
network came from YouTube [Cisco 2008], a video sharing site started in 2005.
Telecommunications equipment manufacturers predict future growth from internet video.
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“Last year (2009) Cisco Systems estimated consumer Internet traffic will grow about
40% a year between 2008 and 2013. Internet video will grow even faster, to 60% of
consumer traffic by 2013, from about one-third in mid-2009” [M. Peers 2010]. New
applications like internet video will continue to drive bandwidth demand.
The most recent area of growth is mobility communications. Wireless handheld
devices like smart-phones and tablet computers together with laptop computers provide
bandwidth hungry applications to users remotely. It is estimated that the volume of
mobile data will double every year from 2007 to 2012 [Cisco 2008]. Any increase in
wireless bandwidth demand increases the demand for the entire network.
Fig. 1.1 [Cisco 2008] illustrates the growth trend for business, consumer, and
mobility communications.

The growth of petabytes per month of global traffic is

exponential and driven by increases in all three areas.
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Fig. 1.1: Cisco's Global Internet Traffic Forecast 2006-2012 showing growth in business, consumer, and
mobility traffic [Cisco 2008].

At the same time telecommunication service providers need to provide higher
bandwidth at lower costs.

Paradoxically, the new applications which require high

bandwidth also provide less revenue.

Text messaging, which requires very little

bandwidth, generates $20 per megabyte of data and internet video generates $0.00017 per
megabyte [Cisco 2008].

Innovations in telecommunications must provide increased

capacity at lower cost before they can be adopted in commercial systems.
Upgrading installed systems and increasing their capacity by adding novel devices
and subsystems is more cost effective than installing new systems. New, low cost
devices and subsystems which allow for higher data rates are needed. Optical networking
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has provided high capacity and low cost networks for the last three decades. Improved
optical networks can meet future bandwidth demand. Two areas where the capacity in an
optical network can be increased while costs can be decreased are in clock recovery and
optical receivers.

1.2 State of the art: Clock recovery and optical receivers
A typical optical communication link used in an optical telecommunications
network is shown in Fig. 1.2. Several transmitters (Tx) encode different data streams
onto optical carriers operating at different wavelengths. These optical data streams are
multiplexed together with an arrayed waveguide grating (AWG) for wavelength division
multiplexing (WDM). A module containing dispersion compensating fiber (DCF) for
pre-compensation and a booster erbium doped fiber amplifier (EDFA) may be present
immediately after the transmitters. Several spans of single mode fiber (SMF) or non-zero
dispersion shifted fiber (NZDSF) followed by DCF and an EDFA cover the distance
between the transmitters and the receivers (Rx). At the end of the link a preamplifier
EDFA is present before a second AWG which separates the WDM channels onto
individual fibers. Each of these fibers is terminated by a receiver.
The typical receiver structure is shown in the inset of Fig. 1.2. An optional
bandpass filter can be used to further suppress the out-of-band noise and spurious signals
present in the optical fiber. A portion of the signal is directed to the clock recovery
module (CR) which extracts the timing information from the signal for the decision
element. The received optical data signal is converted to an electrical signal by an optical

16
to electrical (O/E) converter: either a photodiode for return-to-zero on-off keying (RZOOK) signals or by a delay interferometer followed by balanced photodiodes for returnto-zero differential phase shift keying (RZ-DPSK). The signals from the O/E converter
and the CR module are used by the decision element as it interprets the physical signal as
a stream of digital data.

Fig. 1.2: Typical optical communication link showing transmitters (Tx), arrayed waveguide gratings
(AWG), dispersion compensating fiber (DCF) erbium doped fiber amplifiers (EDFA), single mode fiber
(SMF) or non-zero dispersion shifter fiber (NZDSF), receivers (Rx), optical to electrical converters (O/E),
and clock recovery modules (CR). The two insets show a typical receiver and a typical O/E converter,
respectively.
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The decision element samples the received electrical signal at the optimal point.
The optimal point is the middle of the bit period and is determined using the clock signal.
The measured value is then compared to a threshold to determine if the received signal
represents a binary 1 or 0.
One opportunity to simplify the transmission link and reduce cost is to replace the
electrical clock recovery modules present in each receiver with an all-optical clock
recovery module. Optical phase-locked loops can provide clock recovery at higher
speeds than electrical clock recovery modules while self-pulsating lasers can provide a
low cost method to recover the clock optically. All-optical clock recovery methods
which use passive filtering can be advantageous if they can recover the clock signal from
several WDM channels simultaneously.

In this work an all-optical clock recovery

method is used which can recover the clock for multiple WDM channels simultaneously.
This scheme can be used as in Fig. 1.3 where a single optical CR (OCR) module replaces
several parallel clock recovery modules. This simplifies each individual receiver and can
allow for higher data rates at lower costs.
The principle impairments in a fiber optic link are attenuation, chromatic
dispersion, amplified spontaneous emission (ASE) noise, and fiber nonlinearities.
EDFAs provide optical amplification and overcome attenuation from optical fibers while
DCFs can compensate for chromatic dispersion. Fiber nonlinearities can be minimized
by optimizing the optical power present in the fiber.
The remaining impairment, ASE noise comes from the EDFAs. In addition to
amplifying the data signal through stimulated emission, an EDFA emits random photons
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through spontaneous emission. These noise photons are then amplified by subsequent
EDFAs, degrade the signal, and increase the bit error ratio (BER).
Bandpass filters placed before the receiver can be used to filter out the out-ofband noise, the photons with frequencies far from the carrier frequency of the signal.
However, a high number of noise photons can be present in the signal band and cannot be
filtered out in this manner. Enhanced receivers can be designed which are more tolerant
to in-band ASE noise.
One method to increase the system tolerance to ASE noise is to use RZ-DPSK
signals and balanced detection as seen in Fig. 1.2 inset. With balanced detection two
logically opposite pulse streams output from the delay interferometer are subtracted one
from another. This process reduces the required optical signal to noise ratio (OSNR) to
achieve a certain BER by 3 dB. In this dissertation I present photonic balancing, which is
an enhanced receiver and an all-optical alternative to balanced detection. With photonic
balancing the two logically opposite pulse streams counter-propagate in a semiconductor
optical amplifier (SOA). The use of photonic balancing in an enhanced receiver in a fiber
optic link is illustrated in the inset of Fig. 1.3.
Several methods have been proposed to remove the in-band ASE noise from a
signal. The most widely known is the regenerator proposed by Mamyshev which uses
self-phase modulation (SPM) and offset filtering [P. Mamyshev 1998]. Another method
uses a dispersion-imbalanced nonlinear optical loop mirror (NOLM) to distinguish
between the signal and in-band noise [W. Wong 1998]. In this work I discuss saturated
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asymmetric filtering which uses counter-propagating pulses and SPM in a semiconductor
optical amplifier (SOA) to filter out in-band noise as presented in Fig. 1.3.

Fig. 1.3: Optical communication link using all-optical clock recovery and using counter-propagating pulses
in an SOA as investigated in this work
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1.3 Outline of this dissertation
The remainder of this dissertation discusses my investigations into all-optical
clock recovery to replace electrical clock recovery modules and my work with enhanced
receivers which are more tolerant to ASE noise.
Chapter 2 discusses the state of the art optical signal processing methods. I
review electrical clock recovery as well as all-optical clock recovery methods. I also
discuss state of the art balanced detection for RZ-DPSK signals and in-band noise
filtering methods.
In this dissertation I investigated a multi-channel and multi-bit rate all-optical
clock recovery device. This device, a birefringent Fabry-Perot resonator, had previously
been demonstrated to simultaneously recover the clock signal from 10 wavelength
channels operating at 10 Gb/s and one channel at 40 Gb/s [T. von Lerber 2006]. Similar
to clock signals recovered from a conventional Fabry-Perot resonator [X. Zhou 2001], the
clock signal from the birefringent resonator suffers from a bit pattern effect.

I

investigated this bit pattern effect for birefringent resonators numerically and
experimentally and found that the bit pattern effect is less prominent than for clock
signals from a conventional Fabry-Perot resonator. These results were published in
Optics Communications in 2009 [E. Parsons 2009] and are found in chapter 3 of this
dissertation.
I also demonstrated photonic balancing which is an all-optical alternative to
electrical balanced detection for phase shift keyed signals. An RZ-DPSK data signal was
demodulated using a delay interferometer. The two logically opposite outputs from the
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delay interferometer then counter-propagated in a saturated SOA. The power from either
output of the SOA was determined by the powers input into both ends of the SOA. This
process created a differential signal which used all the signal power present in two
consecutive symbols by utilizing both outputs of a demodulator. I showed that this
scheme could provide an optical alternative to electrical balanced detection by reducing
the required OSNR by 3 dB. These results were presented at the European Conference
on Optical Communications in 2009 [E. Parsons 2009] and submitted to Optics Express
in 2010 [E. Parsons 2010] and are found in chapter 4 herein.
I also demonstrated how this method can provide amplitude regeneration to a
signal after a modulation format conversion. In this case a return-to-zero differential
phase shift keyed signal (RZ-DPSK) was converted to an amplitude modulation signal by
the delay interferometer. The resulting amplitude modulated signal is degraded by both
the amplitude noise and the phase noise of the original signal. The two logically opposite
outputs from the delay interferometer again counter-propagated in a saturated
semiconductor optical amplifier (SOA).

Through limiting amplification and carrier

depletion, which modulated the ASE noise, this scheme provided amplitude regeneration
and improved the Q-factor of the demodulated signal by 3.5 dB. These results were
presented at the European Conference on Optical Communications in 2009 [E. Parsons
2009] and submitted to Optics Express in 2010 [E. Parsons 2010] and are also found in
chapter 4.
Finally I investigated how the self-phase modulation (SPM) provided by the SOA
can provide a method to reduce the in-band noise of a communication signal. The marks,
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which represented data, experienced a spectral shift due to SPM while the spaces, which
consisted of noise, did not. A bandpass filter placed after the SOA then selected the
signal and filtered out what was originally in-band noise. The receiver sensitivity was
improved by 3 dB. These results were presented at the Optical Fiber Communication
Conference [H. Chaouch 2010] and submitted to Optics Express in 2010 [E. Parsons
2010] and are in chapter 4 of this dissertation.

23
CHAPTER 2
STATE OF THE ART CLOCK RECOVERY, BALANCED DETECTION, AND
IN-BAND NOISE FILTERING

2.1 Introduction
In this dissertation I present my work with all-optical clock recovery and with
receivers which are more tolerant to ASE noise through photonic balancing and saturated
asymmetric filtering. In this chapter I review state of the art electrical clock recovery,
all-optical clock recovery, balanced detection for DPSK signals, and in-band noise
filtering.

2.2 Clock recovery
Commercially available receivers use electrical clock recovery modules. These
modules consist of phase locked loops (PLLs) which are represented in Fig. 2.1 [Agilent
2010]. The data signal is input into a phase detector whose output is proportional to the
phase difference between the data signal and the signal from a voltage controlled
oscillator (VCO). By utilizing a feedback loop the phase of the signal from the VCO is
matched to the phase of the data signal.
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Fig. 2.1: Block diagram for electrical clock recovery module [Agilent 2010].

For an example we can consider a clock recovery unit commercially available
from Centellax [Centellax 2010]. This electrical device receives at the input an electrical
40 Gb/s data signal and uses a PLL to generate 10GHz and 20 GHz clock signals. Such a
unit costs $10,000 and is limited by the speed of electronics to the point where it cannot
output a 40 GHz clock signal.
In order to increase data rates and lower costs of clock recovery modules, a broad
variety of concepts and implementations have been proposed for all-optical clock
recovery. These can be classified as methods using optical phase-locked loops, selfpulsating lasers, and filtering methods [T. von Lerber 2009].
Like electrical phase-locked loops, optical phase-locked loops synchronize an
optical local oscillator with an incoming data signal thereby acquiring information about
the signal phase and repetition rate. This information comes from the cross correlation of
the local oscillator and data signal. Optical phase-locked loops can exceed the speed of
electrical phase-locked loops, but are complex [T. von Lerber 2009]. Optical phaselocked loops can use nonlinear optical gates to measure the cross correlation of the data
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signal with the local oscillator. These nonlinear gates can be made from gain modulated
semiconductor optical amplifiers (SOAs) [S. Kawanishi 1988], amplitude modulated
nonlinear optical loop mirrors [H. Bülow 1993], electro-absorption modulators [I.
Phillips 1998], or LiNbO3 modulators [H. Dong 2004]. The cross correlation can also be
realized by four wave mixing in an SOA [O. Kamatani 1994] or two photon absorption in
a silicon avalanche photodiode [R. Salem 2004]. Optical phase-lock loops may also be
formed with oscillating electro-optic loops consisting of a Mach-Zehnder modulator and
an amplifier [M. Chbat 1991] or an electro-absorption modulator with an amplifier [B.
Mikkelsen 2000].
Self-pulsating lasers offer clock recovery schemes that are simple and scalable to
high data rates but have high manufacturing costs. With self-pulsating lasers, the data
signal is optically injected to a laser, and the output is the recovered clock. A mode
locked laser can be used with injection-locking in this manner [M. Jinno 1988] as can a
two-section diode laser [M. Möhrle 1992], or a fiber based laser [K. Smith 1992].
Passive filtering can provide a simple and cost effective clock recovery solution.
With passive filtering, the filter selects certain spectral components of the data signal to
produce the clock signal. Possible filters include Bragg grating filters [J. Lee 2005],
Fabry-Perot resonators and transversely coupled Fabry-Perot resonators [M. Jinno 1992],
ring resonators [M. Jinno 1992], sideband filters [T. von Lerber 2007], and birefringent
resonators [T. von Lerber 2006].
In chapter 3 I discuss a multi-channel and multi-bit rate all-optical clock recovery
device which uses passive filtering. I found that this device produces a clock signal
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which is more useful for further processing than conventional passive filtering schemes
due to reduced bit pattern effect.

2.3 Balanced detection
Electrical balanced detection is a signal processing technique used with phaseshift-keyed (PSK) transmission formats like return-to-zero differential phase-shift-keyed
(RZ-DPSK) signals. The advantage offered by balanced detection is that is reduces the
required optical signal to noise ratio (OSNR) required to achieve a certain bit error ratio
(BER) by 2.7 dB.

This advantage comes from using the signal energy from two

consecutive symbols for each binary decision.
Return-to-zero phase shift keyed (RZ-PSK) signals encode the binary information
on the phase of the carrier of each RZ pulse, and many systems use differential encoding.
With differential encoding the phase of each pulse is determined by the current logical bit
to be encoded and the previous logical bit. If the current bit to be encoded is different
from the previously encoded bit, the phase of the pulse is shifted by π with respect to the
previous phase value. If the current bit is the same as the previously encoded bit, the
phase remains unchanged from its previous value. Even without the reference phase, a
receiver can measure the change in phase between two subsequent pulses and extract the
encoded pattern.
The phase difference between pulses is extracted using a one-bit delay
interferometer (DI). The DI is a Mach-Zehnder interferometer where the optical path
difference between the two arms is exactly one bit period. At the output of the DI the
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two subsequent pulses interfere.

The DI has two outputs: the destructive port for

destructive interference and the constructive port for constructive interference. Each port
outputs an intensity modulated signal which can be detected by a photodiode. The
signals from the two ports are logical opposites. When a pulse or mark is present at one
port, no pulse (a space) is present at the other port.
Balanced detection takes advantage of all the information present at both outputs
of the DI. Each output of the DI, the constructive arm and the destructive arm, is
terminated in a photodiode and the two generated electrical currents are subtracted one
from another to create a differential signal as seen in Fig. 2.2. The required OSNR of the
differential signal is 2.7 dB less than for the signals from measured from a single
photodiode [A. Gnauck 2005].

Fig. 2.2: A typical DPSK receiver.

One way to understand the benefit of balanced detection is to look at the
constellation diagrams in Fig. 2.3. Compared to intensity modulated signals like return-
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to-zero on-off keying (RZ-OOK), RZ-DPSK with balanced detection provides a
constellation diagram where the symbol separation is double for the same average power
[A. Gnauck 2005]. Another way this is manifest is in a doubling of the eye opening of
the balanced or differential signal compared to the single ended signal as seen in Fig. 2.2
inset.

Fig. 2.3: Constellation diagrams for RZ-OOK (Left) and RZ-DPSK (Right).

Another explanation of the 2.7 dB reduction in required OSNR is found in [M.
Schwartz 1996]. When using balanced detection and DPSK, the signal waveform used to
make a decision is twice as long as the waveform used in single ended detection. In other
words, all the information from two symbols is used to make a decision. By using two
symbols the signal energy used is doubled. The noise in each of the two symbols in
uncorrelated so the noise power present is not doubled. By doubling the signal power
without a corresponding increase in the noise power, the OSNR is effectively increased
by 2.7 dB.
Balanced detection with RZ-DPSK signals provides a signal processing method to
decrease the required OSNR by ~ 3 dB. In chapter 4 I present a new method to carry out
the same function in the optical domain. This new method is called photonic balancing
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and uses a saturated SOA to create a differential signal. I demonstrate how this method
reduces the required OSNR by 3 dB.

2.4 In-band noise filtering
The principal noise source in optical communications systems is the noise
contributed by optical amplifiers. This noise is a result of the random photons generated
through amplified spontaneous emission (ASE) from the EDFAs or SOAs in the system.
ASE noise is broadband and has a spectral density that is nearly constant. At the receiver
the photons from ASE noise beat with each other and with the signal photons and
degrade the system performance.
Noise photons with frequencies far from the signal photons (out-of-band noise)
may be filtered out with optical bandpass filters. WDM systems may also use arrayed
waveguide gratings (AWGs) for filtering. ASE noise with frequencies within the signal
bandwidth cannot be filtered out by these methods.
To filter out noise photons within the signal bandwidth (in-band noise) devices
which differentiate between signal pulses and ASE noise are used. The most famous
device was demonstrated in [P. Mamyshev 1998]. An all-optical regenerator (2R) was
proposed for RZ-OOK signals which used self-phase modulation in an optical fiber or
other nonlinear element and a detuned optical filter.
As seen in Fig. 2.4 [P. Mamyshev 1998], an optical signal with mark pulse
amplitude variation and nonzero spaces is input into optical fiber where the signal
experiences self-phase modulation. The power present in the spaces is from ASE noise.
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Self-phase modulation has the effect of spreading the optical spectrum of the marks
without shifting the spaces. The filter at the output of the fiber is detuned from the
original carrier frequency proportional to the shift the marks experience. This both
equalizes the mark pulse amplitude and filters out the ASE noise manifest in the spaces.

Fig. 2.4: All-optical regenerator using self-phase modulation [P. Mamyshev 1998].

It has been shown that this is the only type of regenerator able to improve the
BER of the signal [M. Rouchette 2005]. This is due to the fact that this regenerator has
different transfer functions for marks and spaces; for the signal and the noise. Signal
photons travel together in strong pulses while noise photons in the spaces occur randomly
and have a uniform distribution in time.

The spectral broadening from self-phase

modulation depends on the time distribution of the photons. The signal pulses in the
marks experience broadening, but the random noise photons in the spaces do not. The
same functionality has been carried out using cross-phase modulation in nonlinear fibers
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[J. Suzuki 2005], and has been combined with periodic group delay devices for WDM
operation [M. Vasilyev 2005].
Another method to separate signal pulses from in-band ASE noise uses a
nonlinear optical loop mirror (NOLM) [W. Wong 1998].

A dispersion imbalanced

NOLM as seen in Fig. 2.5 was constructed by connecting two fibers with different
amounts of chromatic dispersion.

The dispersion imbalanced NOLM differentiates

between optical signal pulses and constant ASE noise by sending them to different output
ports. The signal is sent to the transmitted port and the noise is sent to the reflected port.

Fig. 2.5: Experimental setup for dispersion imbalanced NOLM for in-band noise filtering [Wong 1998].

These methods for removing the in-band noise from a signal also function as
amplitude regenerators since they filter out the spurious signals in the spaces while
simultaneously providing a nonlinear transfer function to decrease the fluctuations in the
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marks. In chapter 4 I present saturated asymmetric filtering, a method to remove the inband ASE noise using SPM and counter-propagating pulses in an SOA.

2.5 Conclusion
In this chapter I presented the state of the art for clock recovery, electrical
balanced detection, and in-band noise filtering for fiber optic communication signals. In
the remainder of the dissertation I discuss my work with all-optical clock recovery and
with receivers which use photonic balancing and saturated asymmetric filtering.
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CHAPTER 3
CLOCK RECOVERY WITH TANK CIRCUITS AND BIREFRINGENT
RESONATORS

3.1 Introduction
Clock recovery is a fundamental operation in all digital transmission systems,
including optical telecommunications. A transmitter and a receiver are separated by some
distance and connected by a transmission medium. The decision circuit in a receiver
requires the data rate and phase of the incoming signal to process the data without errors.
Since sending the timing information separately would decrease available bandwidth and
increase costs, this information is provided by a clock recovery module.
As discussed in chapter 2, commercial clock recovery modules are electronic, but
several optical clock recovery schemes have been proposed. The most cost effective alloptical schemes realize passive filtering using optical resonators because they have the
potential to replace several electrical clock recovery modules with a single optical clock
recovery module.
In this chapter I discuss optical resonators which are used for passive filtering for
all-optical clock recovery. All-optical clock recovery based on a Fabry-Perot resonator
or optical tank circuit is presented. A multi-channel and multi-rate clock recovery method
based on a birefringent resonator is also discussed.
Clock signals recovered using either a Fabry-Perot resonator or birefringent
resonators suffer from a bit pattern effect. In this chapter I quantify and compare the bit
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pattern effects for the two schemes. I show that since the birefringent resonator passes
fewer line spectral components of the optical data signal, the corresponding clock signal
has less amplitude fluctuations and is more useful to further processing. The two schemes
also demonstrate the same clock signal decay in the presence of a long sequence of
binary 0s. I use both numerical and experimental results to support these conclusions.
These results were published in Optics Communications [E. Parsons 2009].

3.2 Optical resonators
Optical resonators, including Fabry-Perot resonators, are devices that allow light
to circulate in a closed path. Optical resonators are also considered optical cavities which
store light for a period of time.
A Fabry-Perot resonator consists of two parallel reflective surfaces. These two
surfaces may consist of partially reflective mirrors or the interface between two materials
with different indices of refraction. As illustrated in Fig. 3.1, a pulse enters one end of
the resonator. After propagating through the resonator part of the pulse is transmitted
through the second surface and the remaining energy is reflected back towards the first
surface. Part of this remaining energy reflects off the first surface and the process repeats
itself. If a single pulse is input into the resonator, a series of pulses with exponentially
decaying amplitudes will be output. The temporal separation of the pulses corresponds to
the roundtrip time of the cavity.

35

Fig. 3.1: Illustration of pulse propagation in a Fabry-Perot resonator.

The Fabry-Perot resonator has unique spectral properties which lends itself to
clock recovery. The transmission function of the Fabry–Perot resonator is given by:
T=

where ϕ =

4πnl

λ

(1 − R )2

(1 − R )2 + 4 R sin 2 (ϕ / 2)

(3.1)

is the round-trip phase shift, R is the reflectivity of each surface, n is the

index of refraction of the resonator, l is the resonator length, and λ is the free-space
wavelength of light. Equation (3.1) is periodic in terms of round-trip phase shift which in
turn is a function of wavelength.

The Fabry-Perot resonator will transmit certain

wavelengths of light while filtering out others. The spectral period of (3.1) is the free
spectral range and is:
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FSR =

c
2nl

(3.2)

where c is the speed of light in vacuum.

The Fabry-Perot resonator presents a

transmission maximum every free spectral range. The bandwidth of the transmission
maximum is:

δν =

c 1− R
2nl π R

(3.3)

And the cavity finesse is given by:
F=

FSR

δν

=

π R
1− R

(3.4)

The resonator photon lifetime is:

τp =

1
2πδν

(3.5)

These parameters are used to characterize Fabry-Perot resonators.

3.3 Clock recovery with an optical tank circuit
One of the most elegant all-optical clock recovery devices is the optical tank
circuit [M. Jinno 1992] which uses the passive filtering technique. The optical tank
circuit consists of a simple Fabry-Pérot resonator. This device suffers from a bit pattern
effect: the clock signal power depends on the input data pattern [M. Jinno 1992 and X.
Zhou 2001].
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Fig. 3.2. Spectra of (a) data signal, (b) FP transfer function, and (c) clock signal from [M. Jinno
1992].

The spectrum of a return-to-zero on-off-keyed (RZ-OOK) signal contains, as
shown in Fig. 3.2, equidistant line spectral components separated by the bit rate’s
corresponding frequency f b . When the carrier and first clock tone frequencies are
selectively filtered and heterodyned, the result is a sinusoid with the same frequency f b .
This sinusoid is the recovered clock signal. This method has been demonstrated with
several types of optical filters [M. Jinno 1992 and X. Zhou 2001]. In this chapter I
consider clock recovery using an optical tank circuit and a birefringent resonator.
An optical tank circuit consisting of a Fabry-Pérot resonator can be used as clock
recovery device [M. Jinno 1992 and X. Zhou 2001]. The filter is tuned such that its free
spectral range (FSR) corresponds to f b as seen in Fig. 3.2. The carrier frequency and
clock tones are filtered by the tank circuit, and the resulting heterodyned output is the
clock signal. When employing multi-wavelength clock recovery with a simple Fabry-
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Pérot resonator, the resonator length l has to simultaneously fulfill the requirements for
data rate and channel spacing: l = c 2nf b = mc 2n∆f . Where ∆f is the channel spacing
multiple of the FSR, c is the speed of light in vacuum, m is an integer, and n is the index
of refraction of the resonator.
Modern optical communication systems take advantage of parallelism through
dense wave division multiplexing (DWDM) to increase data rates. It is desirable to
extend this multi-channel parallelism to clock recovery by replacing several parallel
electrical clock recovery devices with a single optical device.

3.4 Clock recovery with a birefringent resonator
A simple clock recovery device based on a birefringent resonator and a polarizer
was proposed in [T. von Lerber 2006]. This device offers the advantage of parallelism
through multi-wavelength operation. A proof of concept experiment was carried out
where the clock signals for 20 channels operating at 10 Gb/s and one channel operating at
40 Gb/s were recovered simultaneously.
Similar to the optical tank circuit, this device suffers from a bit pattern effect
which has been observed previously [T. von Lerber 2004, 2006, and 2007], but never
quantified. A detailed understanding of how the clock signal amplitude fluctuates is
necessary before this device can be used in real systems.
Several methods have been proposed to eliminate the bit pattern effect in
recovered clock signals. The most promising ones take advantage of the self-phase
modulation (SPM) induced by a nonlinear medium. The nonlinear medium can consist of
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a highly nonlinear fiber [C. Kouloumentas 2006] or a gain saturated semiconductor
optical amplifier [Q. Wang 2007]. Unfortunately, these methods involve nonlinear
processes and are not suited for multi-channel operation. Better understanding of the bit
pattern effect will lead to solutions that support multi-channel operation.
A birefringent resonator and a polarizer can generate a sinusoidal signal with
frequency f = c∆n /(λ0 n) , where c is the speed of light and λ0 the wavelength in
vacuum, ∆n is the difference of refractive indices of the polarization modes, and n is the
average index of refraction (∆n << n) [T. von Lerber 2004]. The frequency is
proportional to the degree of birefringence, and not the resonator length. When used in
clock recovery, the match between the resonator length and the data rate is not required.
This permits the resonator FSR to be matched to the channel grid, while the data rate is
determined by the degree of birefringence: B = f b = c∆n /(λ0 n) [T. von Lerber 2006].
An optical signal can excite both polarization modes of the birefringent resonator.
The transmission comb of one mode is tuned to match the carrier frequency, and the other
mode matches the first clock tone. This is shown in Fig. 3.3(b) for 40 Gb/s and 10 Gb/s.
A polarizer placed at the output of the birefringent resonator is oriented to select equal
power from each mode. This heterodynes the carrier and the first clock tone and results in
the clock signal shown in Fig. 3.3(c). The birefringent resonator and polarizer are shown
in Fig. 3.3(d).
The birefringent resonator can recover the clock for multiple channels and data
rates simultaneously. For example, if the FSR is 50 GHz and the separation of spectral
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signal components is 10 GHz, the clock may be recovered for 10, 40, and 160 Gb/s,
simultaneously.

Fig. 3.3. Operation principle of passive all-optical CR using a birefringent fiber resonator. (a) Spectral
decomposition of input signal at 40 and 10 Gb/s. (b) Suitably tuned birefringent resonator may filter both
clock signals simultaneously. (c) Suitably polarized output signal beats at the clock frequency. (d) The CR
device consisting of a birefringent resonator and a polarizer.

Both the optical tank circuit and the birefringent resonator require line spectral
components to perform clock recovery. Phase shift keyed (PSK) modulation formats
such as RZ-DPSK and RZ-DQPSK do not present those tones unless all the pulses have
the same phase. In order to recover the clock of a PSK signal the phases of all the pulses
must be equalized [E. Parsons 2007].
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3.5 Bit pattern effect: Numerical results
The clock signals from both the optical tank circuit and the birefringent resonator
suffer from a bit pattern effect [M. Jinno 1992 and T. von Lerber 2006]. At the output
facet of the resonator, a pulse representing a binary 1 is partially transmitted and
reflected. The reflected portion of the pulse then reflects off the input facet and returns to
the output facet. A second pulse delayed by a time 2nl c and attenuated by a factor of R 2 ,

relative to the first pulse, is transmitted.
The impulse response of a Fabry-Pérot resonator is
∞
nl 

h(t ) = (1 − R ) 2 ∑ R 2 k δ  t − (1 + 2k )  ,
c

k =0

(3.6)

where R , n and l are the reflectivity, index of refraction, and length of the resonator,
respectively. This response is a series of optical pulses that exponentially decay in power.
If a pulse representing a binary 1 is input into the resonator, a series of decaying pulses
will output from the resonator, the 0s on the other hand do not provide any energy to the
filter. The total output power of the resonator will depend therefore on the bit pattern of
the input data signal. This leads to a bit pattern dependent amplitude fluctuation of the
sinusoidal clock signal.
I will use two metrics to characterize the bit pattern effect for both the optical tank
circuit and the birefringent resonator: the decay rate for a long string of 0s and the
amplitude fluctuation of the recovered clock. If the input signal contains a long string of
0s, the output power from the resonator will decrease and the clock signal amplitude will
fall below the noise threshold of the electronic processing device.
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In addition, I will quantify the clock signal amplitude fluctuation by comparing
the relative standard deviation (RSTD) of the input data signal with the RSTD of the
clock signal. This quantity is given by [T. Wang 2004]:

RSTD =

STD
MA

(7)

where STD and MA are the standard deviation and mean amplitude of the clock signal,
respectively.
The two impacts of the bit pattern effect, amplitude fluctuation and maximum
number of 0s recoverable, were simulated for both an optical tank circuit and a
birefringent resonator.
A data sequence containing a long string of 0s is possible given the random nature
of information. This can cause timing loss in clock recovery setups.
The decay rate for these two schemes for a long string of 0s depends on the
photon lifetime of the resonator [M. Jinno 1992 and T. von Lerber 2007]. The longer the
lifetime of a resonator is, the slower the decay of the impulse response.
To illustrate this, a long string of 1s followed by a long string of 0s was simulated
with both the optical tank circuit and the birefringent resonator at a data rate of 10 Gb/s.
Each had a photon lifetime of 660 ps. The output power is shown in Fig. 3.4(a) and
3.4(b). For each case, after 700 ps the pulse power is decreased by a factor of 1 e . The
pulse at 600 ps is slightly above the 1 e level, and the pulse at 700 ps is below the 1 e level.
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(a)
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(b)
Fig. 3.4: Clock signal after a long string of 0s operating at 10 GHz for (a) optical tank circuit and (b)
birefringent resonator. The 1/e level is marked on both plots

The decay time is independent of the data rate, but the number of recoverable
pulses depends on the data rate [M. Jinno 1992]. Resonators with the same lifetimes as
before were input data signals at 40 Gb/s. As seen in Fig. 3.5(a) and 3.5(b), the decay
time, 675 ps, is roughly the same as in Fig. 3.4, but there are four times as many pulses.
This corresponds to the increase in data rate by a factor of four. Both the optical tank
circuit and the birefringent resonator can recover 6 0s at 10 Gb/s and 24 0s at 40 Gb/s.
The clock signal shown in Fig. 3.5(b) decays in a stair step fashion. The steps
have to do with the resonator length and the input pulse repetition rate. At 40 Gb/s, the
pulse period is 25 ps. In the above simulations, the birefringent resonator had an optical
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length of 3 mm. This corresponds to a round trip time of 10 ps. If the resonator length is
increased, the steps smooth out to a continuous decay like that shown in Fig. 3.4(b).

(a)
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(b)
Fig. 3.5: Clock signal after a long string of 0s operating at 40 GHz for (a) optical tank circuit and
(b) birefringent resonator. The 1/e level is marked on both plots

Once the clock signal power has reached zero power, it takes roughly two time
constants of consecutive 1s to increase the power back up to the 1 e level. This is shown
in Fig. 3.6 for both setups and at 10 Gb/s.
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(a)
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(b)
Fig. 3.6: Clock signal after a long string of 0s followed by a long string of 1s operating at 10 GHz for (a)
optical tank circuit and (b) birefringent resonator. The 1/e level is marked on both plots

There is a trade-off between the maximum number of 0s recoverable and the
source laser frequency drift. In order to increase the number of 0s recoverable, the
resonator lifetime needs to increase. Bandwidth and lifetime are inversely proportional.
This reduction in bandwidth reduces the range of carrier frequency drift. If the optical
carrier frequency drifts away from the passband of the resonator, the clock signal power
will decrease [X. Zhou 2001]. The ability to recover the clock for a long string of 0s
constrains the frequency deviation of the source.
For example, if I require clock recovery of up to 14 consecutive 0s, the resonator
lifetime would have to be > 1400 ps for systems operating at 10 Gb/s and > 350 ps at 40
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Gb/s. This would limit the resonator bandwidth to less than 114 MHz at 10 Gb/s and 450
MHz at 40 Gb/s. The light sources used would be required to maintain a carrier frequency
within this range. No frequency deviation has been specified by the International
Telecommunication Union (ITU) for systems with equal channel spacing (G.692).
Deviation in carrier frequency can increase amplitude jitter as well as decrease clock
signal power [X. Zhou 2001].
The optical tank circuit and the birefringent resonator can recover the clock for
the same number of consecutive 0s if the photon lifetimes are equal. The decay rates for
both cases are equal to the photon lifetimes of the resonators.
To simulate the amplitude fluctuation, a pseudo-random bit sequence (PRBS) of
length 2 7 − 1 was input into both schemes, first at 10 Gb/s and then at 40 Gb/s. The pulse
duty cycle was 20%. The FSR of the optical tank circuit was set to 10 GHz and then to 40
GHz. For the birefringent resonator, the FSR was 50 GHz, and the two transmission
combs were separated by 10 GHz to enable clock recovery at both 10 Gb/s and 40 Gb/s.
The normalized RSTD was plotted as a function of filter finesse in Fig. 3.7. As
discussed in [X. Zhou 2001], the bit pattern dependent amplitude fluctuation in optical
tank circuits decreases with increasing filter finesse. Finesse is directly proportional to
the resonator lifetime. A filter with longer photon lifetime will take the energy from a
pulse representing a binary 1 to fill more of the subsequent slots that have no light
representing 0s. This process evens out the clock signal and reduces the amplitude
fluctuation.
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As seen in Fig. 3.7, both the optical tank circuit and the birefringent resonator
have decreasing normalized RSTD with increasing finesse. A decrease in normalized
RSTD means a decrease in amplitude fluctuation. For the tank circuit, the amplitude
fluctuation is similar for 10 Gb/s and 40 Gb/s. The birefringent resonator has less
fluctuation than the optical tank circuit, especially for high finesse filters at both 10 Gb/s
and 40 Gb/s. Less amplitude fluctuation would provide for a clock signal that is more
suitable for further processing by electronics.
For example, if using a birefringent resonator with finesse equal to 210 at 10
Gb/s, the normalized RSTD is 0.391. The normalized RSTD from a tank circuit at 10
Gb/s is 0.4281.
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Fig. 3.7: Normalized relative standard deviation vs. finesse for an optical tank circuit and a birefringent
resonator at 10 Gb/s and 40 Gb/s. The birefringent resonator has a lower normalized relative standard
deviation than the optical tank circuit at both 10 Gb/s and 40 Gb/s.

Fig. 3.8 plots the same normalized RSTD as in Fig. 3.7 vs. the photon lifetime
divided by the bit period of the data signal. This is a more accurate comparison of clock
recovery performance than Fig. 3.7. As seen in Fig. 3.8, the normalized RSTD curves
have the same shape for all resonators, and the birefringent resonators outperform the
tank circuits.
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Fig. 3.8: Normalized relative standard deviation vs. photon lifetime divided by bit period for an optical tank
circuit and a birefringent resonator at 10 Gb/s and 40 Gb/s. The birefringent resonator has a lower
normalized relative standard deviation than the optical tank circuit at both 10 Gb/s and 40 Gb/s.

The reason for the lower normalized RSTD for birefringent resonators comes
from the number of line spectral components that each resonator passes. The optical tank
circuit passes all the line spectral components of the data signal while the birefringent
resonator only passes the first two. The higher frequency line spectral components passed
by the tank circuit cause interference and beat with the recovered clock signal. This
interference increases the fluctuation in clock signal amplitude and the normalized
RSTD.
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To verify this I simulated an optical tank circuit followed by a low pass filter. The
tank circuit had a FSR of 10 GHz for 10 Gb/s operation, a finesse of 210 and a photon
lifetime of 3,342 ps. The normalized RSTD for this tank circuit without a low pass filter
was 0.4281. The low pass filter filtered out higher frequency line spectral components.
Two types of low pass filter were simulated. The first one was a low pass filter centered
on the carrier frequency. The second only passed the carrier frequency and the line
spectral components of a higher frequency in a single sideband manner.

Fig. 3.9: Normalized relative standard deviation vs. low pass filter bandwidth for an optical tank circuit at
10 Gb/s. Both a filter centered at the carrier frequency and a single side band filter was simulated. The low
pas filter lowers the normalized RSTD. The single side band filter performance approaches the birefringent
filter with the same photon lifetime.

The normalized RSTD for these combinations was plotted in Fig. 3.9. The
centered low pass filter has the same normalized RSTD as the optical tank circuit at high
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filter bandwidth. The normalized RSTD decreases with decreasing low pass filter
bandwidth. The single sideband low pass filter has much lower normalized RSTD than
the centered low pass filter. At small low pass filter bandwidth, the optical tank circuit
with low pass filter approaches the performance of a birefringent resonator with the same
photon lifetime of 3,342 ps.
The advantage of the birefringent resonator over the optical tank circuit comes
from the fact that fewer line spectral components are passed. The extra components
passed by the tank circuit are at frequencies different than the desired clock signal. When
present, these frequencies beat with the clock signal and increase the fluctuation of the
clock signal.

3.6 Bit pattern effect: Experimental results

To verify the numerical results obtained above, the clock signal of an optical data
signal was recovered using the setup shown in Fig. 3.10. Light from a laser diode
operating in continuous wave (CW) at 1550.014 nm with an output power of 3 dBm was
passed into two consecutive Mach-Zehnder (MZ) Modulators. The modulators were
operated at 9.95328 GHz which corresponds to the SDH level STM-64. The first was
driven by a clock signal to create an RZ pulse train. The second modulator encoded the
pulses with data generated from a bit error rate tester. The data pattern was a pseudo
random bit sequence (PRBS) pattern with length 2 7 − 1 bits. The data signal was then
amplified by an erbium doped fiber amplifier (EDFA).
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The amplified data signal was input into the clock recovery module. The module
consisted of a polarization controller (PC), a birefringent resonator and a polarizer. The
polarization controller was used to equally excite the two polarization modes of the
resonator. The resonator had passbands at 1550.014 nm and 1550.094 nm corresponding
to 10 GHz spacing. The filter finesse was 210, and the photon lifetime was 660 ps as
specified by the manufacturer. The axis of the polarizer was oriented so that equal
amounts of power were selected from each of the resonator’s polarization modes and
heterodyned. The resulting clock signal was then amplified with an EDFA and filtered by
a bandpass filter with bandwidth of ~20 GHz to reduce the ASE noise.

Fig. 3.10. Experimental setup for recovering the clock from an RZ-OOK signal.

The data signal input into the clock recovery module is shown in Fig. 3.11. The
RSTD of the data signal, measured by an oscilloscope with bandwidth of 20 GHz over
128 bits is 1.223.
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Fig. 3.11: Data signal input into the clock recovery device. The 10 GHz signal consisted of an RZ pulse
train encoded with a PRBS sequence of length 27-1 bits.

The recovered clock signal is shown in Fig. 3.12. The variation in the oscillation
amplitude can be clearly seen and is a result of the PRBS bit pattern input into the clock
recovery module. The degraded visibility of the weaker pulses is a result of electrical
noise from the oscilloscope. Measured over 128 bit periods, the RSTD of the clock signal
is 0.4497. Normalizing the RSTD of the clock signal by the RSTD of the data signal
yields a normalized RSTD of 0.367.
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Fig. 3.12: Recovered clock signal. The oscillation with frequency 10 GHz varies in amplitude according to
the input data pattern.

The normalized RSTD of 0.367 closely matches the numerical results shown in
Fig. 3.7. According to Fig. 3.7, a filter with finesse of 210 at 10 Gb/s would produce a
clock signal with normalized RSTD 0.391. An optical tank circuit with this finesse would
produce a clock signal with normalized RSTD >0.4. The result obtained experimentally
for the birefringent resonator leads to a lesser bit pattern effect than the numerical results
for the optical tank circuit for a resonator of equal finesse. With clock recovery using a
birefringent resonator the bit pattern effect is less than with an optical tank circuit. This is
due to the fact that the birefringent resonator passes fewer line spectral components than
the optical tank circuit that would beat with the clock signal as explained in section 3.3
and shown in Fig. 3.9.
The same setup shown in Fig. 3.10 was used to measure the number of
consecutive 0s recoverable using a birefringent resonator. The data signal driving the
second modulator was a string of 33 1s followed by a string of 95 0s.
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The recovered clock signal from this data signal is shown in Fig. 3.13. The 1 e
level is marked in the figure, and arrows point to the pulses corresponding to the first and
seventh 0s. An envelope depicting the exponential decay is marked in the Fig. 3.13.
The 1 e level is passed after 7 consecutive 0s are input into the resonator. This matches
the numerical results in Fig. 3.4(b).
Fig. 3.14 shows the clock signal after 14 consecutive 0s are input. The1 e level
and the decay envelop are marked in the figure. Arrows point to the first, seventh, and
fourteenth 0s. The clock signal is still discernible after this number of 0s. The clock
2

signal oscillation amplitude after 14 consecutive 0s is 1 e the maximum value.
The clock signal amplitude after a long string of 0s decays according to the
photon lifetime of the resonator. These results match the results presented in the literature
for an optical tank circuit.
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Fig. 3.13: Clock signal after a long string of 0s.

Fig. 3.14: Clock signal after a long string of 0s.
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3.7 Conclusions

In this chapter I compared the bit pattern effect for the optical tank circuit and the
birefringent resonator. I explained the principle of operation and the cause of the bit
pattern effect for both schemes. I analyzed the bit pattern effect using numerical
simulations and experiments. I showed that the birefringent resonator can recover the
clock for the same number of consecutive zeros as the optical tank circuit. I also show
that the clock signal amplitude fluctuation is less for the birefringent resonator than for
the optical tank circuit.
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CHAPTER 4
ENHANCED RECEIVERS UTILIZING PHOTONIC BALANCING AND
SATURATED ASYMMETRIC FILTERING

4.1 Introduction

In this chapter I present my work with receivers which are more tolerant to ASE
noise using photonic balancing and saturated asymmetric filtering. These enhanced
receivers take advantage of optical signal processing using an SOA. The SOA is a
suitable device for all-optical signal processing due to its high gain, nonlinear properties,
and fast recovery time. All-optical signal processing techniques using SOAs include
pulse amplitude equalization for clock recovery [Q. Wang 2007], wavelength conversion
[G. Contestabile 2009], regenerative amplification [G. Contestabile 2010], and extinction
ratio improvement [M. Nielsen 2002].
In this chapter the interaction of counter-propagating pulses in a saturated SOA
provides signal processing functionality and leads to enhanced receivers. As shown in
Fig. 4.1(a), a return-to-zero differential phase-shift-keyed (RZ-DPSK) signal is input into
a delay interferometer (DI) with one-bit delay which demodulates the RZ-DPSK signal.
The intensity modulated signals from the two outputs of the DI are logical opposites.
These two signals then counter-propagate in the SOA. During every bit slot, a strong
pulse or mark, representing binary data, enters one side of the SOA, and a weak “pulse”
or space, consisting of noise, enters the other side. This scheme has been used as a
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passive optical network (PON) extender [A. Tervonen 2010]. A similar setup has been
proposed as a method for phase regeneration of RZ-DPSK signals [V. Grigoryan 2006].

(a)

(b)
Fig. 4.1: Schematic of counter-propagating pulses in an SOA. An RZ-DPSK signal is demodulated by
a delay interferometer and the logically opposite signals counter-propagate in the SOA. Shown are (a)
DPSK receiver and (b) DQPSK receiver.
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This same setup may be used for DQPSK signals. As in Fig. 4.1(b) a DQPSK
signal is split by a 3 dB splitter and the two outputs, the in-phase and quadrature data,
pass through a DPSK receiver where one arm of each DI has a relative phase shift of
±π/4. A separate SOA is used for the in-phase and for the quadrature data.
In this chapter I review basic properties of an SOA. I then demonstrate photonic
balancing and saturated asymmetric filtering which use this scheme. I also demonstrate
how photonic balancing can be used for amplitude regeneration after modulation format
conversion. For all three of these schemes the signal is not converted back to the phase
domain after processing with the SOA. If the signal were returned to an RZ-DPSK
format self-phase modulation from the SOA would counteract any signal improvement
achieved.
With photonic balancing the saturated SOA creates a differential signal and
provides functionality analogous to electrical balanced detection. I demonstrate that
photonic balanced detection leads to a ~ 3 dB reduction in required optical signal to noise
ratio (OSNR) over single-ended detection.
The SOA also provides amplitude regeneration of the demodulated signal through
gain saturation and ASE modulation. I demonstrate how this signal processing technique
can regenerate the amplitude of the demodulated signal leading to a 3.5 dB improvement
in Q-factor for DPSK signals and a 1.75 dB improvement for DQPSK.
Finally I demonstrate saturated asymmetric filtering which provides a method to
remove in-band ASE noise from a signal before detection. These three methods are
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demonstrated experimentally by observing eye diagrams and BER measurements at 10.7
Gb/s and 22.3 Gb/s.
These results were presented in the European Conference on Optical
Communications [E. Parsons 2009], the Optical Fiber Communication Conference [H.
Chaouch 2010], and submitted to Optics Express [E. Parsons 2010].

4.2 Semiconductor optical amplifiers

The key component for the enhanced receivers presented in this chapter is the
SOA. An SOA is fabricated from a semiconductor p-n junction with low end-facet
optical reflectivity. When used around 1550 nm, SOAs are typically made from InP.
Population inversion is achieved by electrically pumping the forward biased p-n junction.
The carriers injected by pumping are excited either to the conduction band (electrons) or
to the valence band (holes). The valence band and conduction band are illustrated in Fig.
4.2. Without these excited carriers, an incident photon would be absorbed and excite an
electron from the valence band to the conduction band as in Fig. 4.2(a). With population
inversion, an incident photon is more likely to produce stimulated emission than
absorption as in Fig. 4.2(b). Under these conditions the SOA provides gain to the input
optical signal.
The excited carriers may also recombine spontaneously or independent of any
input optical signal as seen in Fig. 4.2(c). This process produces photons that may be out
of phase or frequency with the input signal.

These photons degrade the signal by
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increasing the bit error ratio (BER) and are treated as noise. These noise photons are
subsequently amplified and are called amplified spontaneous emission (ASE).
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Fig. 4.2: (a) Absorption, (b) stimulated emission, and (c) spontaneous emission.
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The gain provided by an SOA varies with the power of the input signal. Like
most amplifiers, SOAs are characterized by their small signal gain and the saturation
gain. The small signal gain is typically 20 – 30 dB. At larger input powers, there are too
many incident photons which deplete the excited carriers. Since the number of excited
carriers is limited, any additional photons will not induce stimulated emission. The gain
is given by:
G (t ) =

G0
G0 − (G0 − 1) exp[− E0 (t ) / E sat ]

(1)

Where G0 is the small signal gain, E 0 (T ) is the energy of the input pulse from time t = 0
to t = T , and E sat is the saturation energy. As seen in (1) as the input energy exceeds the
saturation energy the gain approaches unity. Signals with lower input powers see more
gain than signals with higher input powers. A sample gain vs. input power is shown in
Fig. 4.3 [G. Keiser 2000].
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Fig. 4.3: Typical gain vs. input power curve [G. Keiser 2000].

This negative feedback present in this nonlinear regime can be used for all-optical
signal processing. In the nonlinear or saturation regime the output power of the SOA is
independent of the input power.
When the input signal saturates the SOA and depletes the carriers for stimulated
emission it also depletes the carriers for spontaneous emission. With fewer excited
carriers there is a lower probability that the excited carriers will recombine spontaneously
and produce noise.
Pulses which saturate the SOA experience saturation-induced self-phase
modulation [G. Agrawal 2002]. This self-phase modulation will broaden the spectrum of
the input signal and chirp the pulses.
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4.3 Experimental Setup

To demonstrate these enhanced receivers the experimental setup shown in Fig. 4.4
was used.

The optional components are shown in the dashed boxes.

The signal

generated with DFB lasers operating at 1550.0 nm and Mach-Zehnder modulators was
either a carrier suppressed return to zero (CS-RZ) pulse stream with 22.3 GHz repetition
rate and 67% duty cycle or a 10.7 Gb/s RZ-DPSK signal with 33% duty cycle modulated
with a pseudo-random bit sequence (PRBS 223-1).

The CS-RZ pulse train was

unmodulated and consisted of a sequence of pulses with alternating phase of 0 or π.
Either signal was intentionally combined with a broadband noise source (amplified
spontaneous emission (ASE) noise) which had an optional 20 GHz bandpass filter. The
noisy signal was amplified by an erbium-doped fiber amplifier (EDFA). An optical
spectrum analyzer (OSA) was used to measure the OSNR. An optional bandpass filter, a
variable attenuator, and an optional SOA followed the EDFA.

The signal was

demodulated by a DI with free spectral range of either 10.7 GHz or 22.3 GHz. An
oscilloscope and bit error ratio tester (BERT) was used to measure the signal eye
parameters and bit error ratio immediately after demodulation. The two arms of the DI
were connected to either end of the SOA.

A variable delay line ensured that the

corresponding marks and spaces representing the same symbol arrived at the SOA
simultaneously and circulators separated the incoming signals from the outgoing signals.
As a receiver a variable attenuator and optional bandpass filter controlled the signal
processed by the SOA into the oscilloscope or BERT.
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In this work the length of the SOA was 1.6 mm, per the manufacturer, and the
pulse length inside the SOA was 2.9 mm. If the pulse length was shorter than the SOA
the presence of more than one pulse in the SOA could degrade the system performance.

Fig. 4.4: Experimental setup for all-optical signal processing. The optional components are in the
dashed boxes. An RZ-DPSK signal or a CS-RZ test signal is used. The four filters (20 GHz bandwidth)
are only used with amplitude regeneration and saturated asymmetric filtering. The SOA before the DI is
only used as a reference case for photonic balancing.

4.4 Photonic Balancing

A new concept I investigated called photonic balancing carries out the same
function as electrical balanced detection discussed in chapter 2. When electrical balanced
detection is used with RZ-DPSK signals the required OSNR is reduced by 2.7 dB [A.
Gnauck 2005] compared to single ended detection. This is due to the fact that balanced
detection uses all the information from two symbols for each binary decision, doubling
the signal power. The noise present in the two symbols is uncorrelated, so the noise
power is not doubled [M. Schwartz 1996]. Photonic balancing creates a differential
signal optically which uses all the information from two symbols.
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Fig. 4.5: General scheme for balanced detection with three photodiodes

For explanation we refer to Fig. 4.5 which is a general scheme for balanced detection.
Fig. 4.5 shows a delay interferometer where each output arm is split into two by 3 dB
splitters. The uppermost arm goes to photodiode A, the lower one to photodiode B, and
the middle two combine so their total power is measured by photodiode TOTAL. Fig.
4.5 illustrates a principle without worrying about the practical realization, which would
be more complicated than appears from drawing.
We can use any two of these photodiodes to achieve electrical balanced detection.
The most common approach is to use photodiodes A and B by subtracting the electrical
currents and comparing to 0. The decision equation is:

PA − PB ≥ 0

(2)

where PA is the power from photodiode A, and PB is from photodiode B. For example if
this difference is greater than 0 the symbol is interpreted as a binary 1 else it is
interpreted as a binary 0.
Equivalently we can use photodiodes A and TOTAL. In this case the decision
equation is:
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PA − (1 2 )PTOTAL ≥ 0

(3)

where we compare the power from photodiode A to the total power from both arms of the
delay interferometer. Since the total power is the sum of the power from A and B it can
be shown:

PTOTAL = PA + PB

PA − (1 2)PTOTAL = PA − (1 2)(PA + PB )

= (1 2)PA − (1 2)PB ≥ 0
PA − PB ≥ 0
This is equivalent to equation (2).

For the second case we need to measure PTOTAL, so complexity is not reduced. If
PTOTAL is constant and known a priori we only need to measure either PA or PB. We then
compare the measured value to the constant PTOTAL.
For a saturated SOA the total output power is nearly constant irrespective of input
power. When used in the counter-propagating configuration the total output power is the
sum of the output power of the mark and the output power of the space. The two
symbols split the output power according to their relative strengths at the input.
Whichever symbol has more power at the input will have more power at the output. By
comparing the sampled output power from a single photodiode to the total output power
which is known and constant we can make a decision. Obtaining half the total power as
time averaged power is standard practice in receivers. This allows us to use all the
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information present in two symbols while employing one photodiode. In this way we can
have the benefits of balanced detection, the 3 dB reduction in required OSNR, while
using a single photodiode. While the SOA is not an ideal power limiter, it is a reasonable
approximation for our purposes.

Fig. 4.6: pdf of single ended detected DPSK signal with and without SOA.

The probability density functions (pdfs) of a demodulated RZ-DPSK signal with
single ended detection were calculated using multicanonical Monte Carlo method. Fig.
4.6 shows the pdf of a demodulated DPSK signal without an SOA (solid line) with the
BER at 1.13×10-3 and the same signal using photonic balancing (dashed line). The BER
for the photonic balancing case is 4.12×10-5, an improvement of nearly two orders of
magnitude.
For the first experimental results the BER vs. power input into the receiver was
measured for the reference signal immediately after the DI without an SOA, the signal
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after photonic balancing with an SOA, and the reference signal amplified by a straight
SOA after the DI. The resulting BER vs. average power into the receiver are shown in
Fig. 4.7. The receiver sensitivity is improved by using photonic balancing. Using a
straight SOA after the DI increases the required input power when compared to the
reference.

Fig. 4.7: BER vs. average power input Pin into the receiver for a reference signal, signal after
pulse collision, and straight SOA.

To demonstrate the reduction in required OSNR allowed by photonic balancing,
two SOA configurations were compared as shown in Fig. 4.4. A 10.7 Gbit/s RZ-DPSK
signal was used. Note that no bandpass filters were used.
For photonic balancing, counter-propagating pulses in the SOA were used. The
average power into each side of the SOA was 10.6 dBm. As a reference an SOA in
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conventional configuration was placed immediately in front of the DI and the signal was
measured after the DI. The optimal average power into this SOA was -2 dBm which was
the optimal power to minimize added phase noise to the signal. This configuration is the
best to compare to photonic balancing because the SOAs in both configurations provide a
similar amount of gain. They also provide a similar amount of added ASE noise because
a pulse enters the SOA and modulates the ASE noise during each bit slot for both cases.
Fig. 4.8 shows the bit error ratio (BER) vs. input OSNR for both cases. For
photonic balancing (PB) the required OSNR is ~ 3 dB less than for the reference case.
This improvement is the same that would be provided if electrical balanced detection
were used.

Photonic balancing provides the same reduction in OSNR as electrical

balanced detection.
When compared to a reference signal without an SOA, photonic balancing yields
only a 1 dB reduction in OSNR. The improvement is less than balanced detection
because the SOA used in photonic balancing contributes some ASE noise to the signal.
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Fig. 4.8: BER vs. OSNR for photonic balancing (PB) and reference signal. The reference signal was
amplified by an SOA before demodulation.

4.5 Amplitude regeneration after format conversion

This scheme can also provide amplitude regeneration after a modulation format
conversion. Future transparent networks will provide optical methods to convert the
modulation format of data signals. This conversion should be coupled with regeneration
to ensure that impairments which affected the original signal do not degrade the
converted signal. For example, a DI can provide modulation format conversion by
demodulating an RZ-DPSK signal from a phase encoded signal to an amplitude encoded
signal. The amplitude jitter of the demodulated signal is affected by both the amplitude
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fluctuations and the phase fluctuations of the original RZ-DPSK signal [P. Johannisson
2006].
SOAs have been used previously for amplitude regeneration either with electroabsorbers [T. Vivero 2009] or in a Mach-Zehnder structure [D. Wolfson 1999]. A single
SOA in a conventional configuration cannot provide amplitude regeneration because
noise is added to the spaces and the signal extinction ratio decreases [T. Vivero 2009].
The exception is the quantum dot SOA which has been demonstrated to provide
amplitude regeneration [G. Contestabile 2010], but these devices are far from
commercialization.
With counter-propagating signals in an SOA I demonstrate how a single
commercially available SOA can be used for amplitude regeneration after a modulation
format conversion. When operating in the nonlinear regime, an SOA can decrease the
amplitude fluctuations of the marks, relative to the eye opening, by providing limiting
amplification. When used in the counter-propagating configuration shown in Fig. 4.1, the
marks ensure that the counter-propagating spaces see the same nonlinear gain as the
marks. Also the marks limit the amount of ASE noise added to spaces. This is due to the
fact that the marks deplete the carriers available for spontaneous emission. This maintains
a high extinction ratio and prevents an excessive amount of added ASE noise. In this
manner the mark level fluctuations are decreased, and the space level fluctuations are not
increased, relative to the eye opening. This improves the Q-factor of the demodulated
signal.
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To characterize the amplitude regeneration capability a CS-RZ test signal was
used in the setup in Fig. 4.4 because it is physically the same as a DPSK signal where
each pulse differs from the previous pulse in phase by π. The advantage of using this
signal is that after the DI all the marks are present on one arm, and all the spaces are on
the other. All four bandpass filters in Fig. 4.4 were used.

(a)
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(b)
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(c)
Fig. 4.9: (a) Mark and space separation, µ (b) standard deviation of mark and space level
σ1,0, normalized by µ, and (c) Q improvement of the demodulated signal vs. input Q for
DPSK signals.

The standard deviations and means for the mark and space levels of the
demodulated signal were measured directly by the oscilloscope. For the spaces the signal
measured was ASE noise. The measured values are: σ1,0, the standard deviation of the
mark, space level, and µ, the difference between the means of the mark level and the
space level. The values of σ1 and σ0 were normalized by µ. The corresponding Q-factor
was Q = µ/(σ1+σ0).
Fig. 4.9(a) shows the measured value of µ at the input and at the output of the
SOA for several input values of Q. The SOA increased the separation between the mark
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and space level for a wide range of input Q values. Fig. 4.9(b) shows the standard
deviation of the mark and space levels (σ1 and σ0) normalized by µ at the input and output
versus input Q-factor. After normalizing by µ, we see σ0 is unchanged by the SOA, but
σ1 is decreased by the SOA. The simultaneous increase in µ and the decrease in σ1

without an increase in σ0 lead to an improvement in Q of ~ 3.5 dB as seen in Fig. 4.9(c).
Subsequent measurements using pseudo-random bit sequence (PRBS) DPSK signals
yielded similar values. This is higher than the 1.1 dB Q-factor improvement reported in
[E. Parsons 2009].
To observe how the device would respond to an RZ-DQPSK signal, the same CSRZ signal was input to the receiver, but one arm of the DI had an added phase shift of
π/4.
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(a)
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(b)
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(c)
Fig. 4.10: (a) Mark and space separation, µ (b) standard deviation of mark and space level
σ1,0, normalized by µ, and (c) Q improvement vs. input Q for DQPSK signals.

As seen in Fig. 4.10(a) and Fig. 4.10(b) µ is decreased while σ1 is decreased and
σ0 is unchanged after normalization by µ. This leads to an improvement in Q-factor of ~

1.75 dB as seen in Fig. 4.10(c). While less than the improvement for RZ-DPSK signals
this shows that counter-propagating pulses in an SOA can provide amplitude regeneration
for RZ-DQPSK signals.
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4.6 Saturated Asymmetric Filtering

With saturated asymmetric filtering the highly saturated SOA generates an
asymmetric spectrum. A filter detuned from the carrier frequency can take advantage of
this induced asymmetry and filter out a portion of the in-band ASE noise [H. Chaouch
2010].
As the marks traverse the SOA they experience self-phase modulation (SPM). In
addition to spectral broadening the pulse is chirped such that lower frequencies are
present in leading edge of the pulse and higher frequencies are in the trailing edge. The
lower frequencies in the leading edge experience more gain due to gain saturation than
the frequencies in the trailing edge. The spaces, which consist of noise, do not experience
SPM and are unchanged spectrally. After the SOA the power in the marks is shifted while
the noise power in the spaces is not. A filter detuned from the original carrier frequency
will pass the signal present in the marks while filtering out the in-band noise in the
spaces. This is similar to the regenerative process proposed in [P. Mamyshev 1998].
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Fig. 4.11: Spectra of the marks and spaces after counter-propagating in the SOA.

In order to illustrate this in a CS-RZ test signal was used as in Fig. 4.4 such that
after demodulation a sequence of 1s was in one arm and a sequence of 0s in the other.
The spectrum without any filtering is shown in Fig. 4.11. The vertical dashed line in Fig.
4.11 represents the original carrier frequency. The marks’ spectrum is asymmetric with
respect to the carrier frequency: more power is present in the red-shifted wavelengths
than in the blue-sifted ones. The spaces spectrum remains symmetric due to the colliding
pulse SOA configuration that limits the spaces’ gain.
Fig. 4.12 shows, first, the eye diagrams before and after the SOA in the straight
and colliding pulse configurations. The eye diagrams in Fig. 4.12 correspond to a Qfactor of 7.1 dB for (a) 10.1 dB for (b) and -3 dB for (c). This clearly demonstrates that
only the colliding pulse scheme, with a detuned filter, provides a significant Q-factor
improvement. We can explain this by the fact that the highly saturated SOA, in its
straight configuration, amplifies the noise present in the spaces even though it reduces the
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marks fluctuations. On the other hand, when operated in its collision configuration the
spaces experience nonlinear gain along with the marks. In this case, the stronger saturated
SOA associated with a detuned filter extends this improvement to 3 dB.

(a)
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(b)

89

(c)
Fig. 4.12: Eye diagrams of (a) noisy demodulated RZ-DPSK signal without SOA for a receiver
filter centered at the signal wavelength of 1550.15 nm, (b) noisy demodulated RZ-DPSK signal after
colliding pulse SOA followed by a detuned filter at 1550.26 nm, (c) noisy demodulated RZ-DPSK signal
after direct (non-colliding) SOA followed by a detuned filter at 1550.26 nm.
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Fig. 4.13: BER vs. Pin for Saturated Asymmetric Filtering. The
reference signal was taken after the delay interferometer. Filter bandwidth was
20 GHz.

Finally the effect of Saturated Asymmetric Filtering on receiver performance was
measured. As seen in Fig. 4.4 a 10.7 Gbit/s RZ-DPSK signal was used and all four
bandpass filters in Fig. 4.4 were present. The average power into the SOA was 18.5
dBm. The bandpass filter with 20 GHz bandwidth after the SOA was detuned from the
carrier frequency.

Fig. 4.13 shows BER vs. Pin into the receiver for saturated

asymmetric filtering for various filter shifts and the reference signal taken after the DI.
As seen in Fig. 4.13 Saturated Asymmetric Filtering improves the receiver sensitivity by
more than 2 dB when compared to the reference. This is due to the fact that the in-band
noise present in the spaces was filtered out by the scheme.
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4.7 Conclusions

I demonstrate photonic balancing, amplitude regeneration after modulation format
conversion, and saturated asymmetric filtering using counter-propagating pulses in a
saturated SOA.

I demonstrate that photonic balanced detection leads to a ~ 3 dB

reduction in required optical signal to noise ratio (OSNR) over single-ended detection. I
demonstrate a 3.5 dB improvement in Q-factor of the amplitude regenerated signal.
Finally I demonstrate saturated asymmetric filtering which provides a method to remove
in-band ASE noise from a signal before detection.
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CHAPTER 5
SUMMARY AND OUTLOOK

This dissertation presents my investigations into all-optical clock recovery to
replace electrical clock recovery modules and my work with enhanced receivers which
are more tolerant to ASE noise. These devices could be used in optical communication
networks to increase available bandwidth while reducing total costs.
In this dissertation I investigated a multi-channel and multi-bit rate all-optical
clock recovery device. This device, a birefringent Fabry-Perot resonator, had previously
been demonstrated to simultaneously recover the clock signal from 10 wavelength
channels operating at 10 Gb/s and one channel at 40 Gb/s. Similar to clock signals
recovered from a conventional Fabry-Perot resonator, the clock signal from the
birefringent resonator suffers from a bit pattern effect. I investigated this bit pattern
effect for birefringent resonators numerically and experimentally and found that the bit
pattern effect is less prominent than for clock signals from a conventional Fabry-Perot
resonator.
I also demonstrated photonic balancing which is an all-optical alternative to
electrical balanced detection for phase shift keyed signals. A return-to-zero differential
phase shift keyed (RZ-DPSK) data signal was demodulated using a delay interferometer.
The two logically opposite outputs from the delay interferometer then counter-propagated
in a saturated semiconductor optical amplifier (SOA). This process created a differential
signal which used all the signal power present in two consecutive symbols. I showed that
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this scheme could provide an optical alternative to electrical balanced detection by
reducing the required OSNR by 3 dB.
I also demonstrated how this method can provide amplitude regeneration to a
signal after a modulation format conversion. In this case a return-to-zero differential
phase shift keyed signal (RZ-DPSK) was converted to an amplitude modulation signal by
the delay interferometer. The resulting amplitude modulated signal is degraded by both
the amplitude noise and the phase noise of the original signal. The two logically opposite
outputs from the delay interferometer again counter-propagated in a saturated
semiconductor optical amplifier (SOA).

Through limiting amplification and noise

modulation this scheme provided amplitude regeneration and improved the Q-factor of
the demodulated signal by 3.5 dB.
Finally I investigated how the self-phase modulation (SPM) provided by the SOA
can provide a method to reduce the in-band noise of a communication signal. The marks,
which represented data, experienced a spectral shift due to SPM while the spaces, which
consisted of noise, did not. A bandpass filter placed after the SOA then selected the
signal and filtered out what was originally in-band noise. The receiver sensitivity was
improved by 3 dB.
Future investigations into clock recovery using birefringent resonators may be
carried out. Equalizing the signal pulse phases to recover the clock from phase-shiftkeyed signals is one possible avenue of investigation [E. Parsons 2007].

Certain

processes such as nonlinear polarization rotation may be used to create a pulse stream
with constant phase from a phase-shift-keyed signal [Y. Dai 2010]. Another interesting
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topic is to use the recovered clock signal as part 3R regenerator. If the clock signal is
used for retiming is can be part of a multi-channel, multi-bit rate reamplifying, reshaping,
and retiming (3R) regenerator.
Additional work with the enhanced receiver scheme may also yield interesting
results. First the effect of filter width and shape on the signal after saturated asymmetric
filtering should be studied. Investigating these schemes in the context of a passive
optical network (PON) extender is also promising [A. Tervonen 2010].
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