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In optical communications, clock recovery, optical time demultiplexing, and 3R
regeneration are known as optical signal processing. Ultra-fast optical signal processing
techniques are mandatory in future high-speed network and transmission systems to
allow effective use of the large optical fiber bandwidth and the light speed capabilities.

One solution is all-optical signal processing that avoids the bottleneck of slow
electronics. All-optical modulation can be achieved through nonlinearties in
semiconductor waveguides like EAM or SOA. Those waveguides have fast and strong
nonlinearties that are appropriate for ultra-fast processing. In addition, semiconductors
require reasonable optical power to operate and they can be integrated with other
semiconductor devices.

In this work, we demonstrated a several new techniques for optical signal
processing, such as ultrafast optical clock recovery. We use the fast and nonlinear time-

dependent loss/gain saturation in EAM/SOA to perform all-optical timing extraction.



This in turn is used for optical clock recovery from data rates up to 160 Gbit/s.
Simulation results shows that the technique has a potential to recover optical clock up to
640 Gbit/s.

Also we demonstrated all-optical logic AND gate using nonlinear transmission
of EAM. The gate shows successful operation at 10 Gbit/s with a 2°' -1 PRBS data and
it has potential for higher speeds.

We also demonstrated optical time division demultiplexing from 40 Gbit/s with
simultaneous clock recovery using cross-absorption saturation inside a single EAM.
The system shows an error free operation using a 2°'-1 PRBS. Also, it shows successful
operation with burst-mode data propagating in a fiber-optic recirculating loop up to a
distance of 10,000 Km.

The optical 3R regeneration is also demonstrated at 10 Gbit/s using a single
EAM. The all-optical timing extraction inside EAM is used for retiming, while the
nonlinear transmission of EAM is used for reshaping. Meanwhile, wavelength
conversion and re-amplification are performed at the same time.

FWM is well known by its ultrafast operation and has been widely investigated
by other groups in SOA’s and optical fibers. Here, we showed that FWM in EAM has
unique characteristics, like wide detuning range and enhancement of conversion
efficiency with reverse bias. Also, we demonstrated FWM demultiplexing from 80

Gbit/s with simultaneous clock recovery using co-propagation inside a single EAM.
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Chapter 1

Introduction

In optical communications, the laser light can be used to carry information from
one point to another. The optical carrier frequency in the order of few hundreds of THz
can allow ultrafast data modulation rates up to hundreds of GHz. Therefore, A great
interest has been developed in optical communication field in recent years, especially
after the remarkable advances in the technologies of lasers, optical fibers, and
semiconductor waveguides. Clock recovery, optical multiplexing, and data regeneration
are essential operations in optical digital communications, and they are defined in that
area, as optical signal processing. Clock recovery, for example, is one of the most
important tasks at network nodes and receivers as it allows synchronous signal

processing operations, which usually yield a high performance.

Transmission of data along optical fibers for long distances result in data
degradation and distortion due to the optical fiber impairments such as Kerr
nonlinearties and chromatic dispersion, in addition to accumulated amplified
spontaneous emission (ASE) noise through cascaded optical amplifier stages.
Therefore, the use of optical signal repeaters and regenerators at periodic transmission
distances is desirable to re-amplify, re-shape, and re-time the transmitted data bits. This

way longer transmission distances can be reached with an error free operation. Another



signal processing operation at receivers is time demultiplexing, which is mandatory for

OTDM data to separate different data channels.

Currently deployed systems of signal processing use optical-electrical-optical
(O-E-O) technology. In this approach, the received optical data is detected and
converted into an electrical signal for electronic processing. The processed data is then
converted into optical signal using electrical/optical converters in order to retransmit
along optical fiber. This conversion process is limited by the speed of electronic
components, which represents a bottleneck for high-speed optical processing that
supposed to function at high data rates up to 160 Gbit/s or beyond. In order to overcome
this bottleneck and make use of the high-speed and the wide bandwidth available in
optical fiber systems, an ultra-fast and all-optical signal processing techniques have to

be developed [1].

1.1. Review of literature on optical clock recovery

As mentioned earlier, one of the most important operations in optical signal
processing systems is optical clock recovery, especially in OTDM systems [2]. Clock
recovery allows synchronous operation and thus high quality for the processed signals.
A recovered clock with a very low timing jitter < 1ps is required to achieve high speed
operations. In phase-locked loop (PLL) circuits [3], which are the conventional

approaches for the clock recovery, the operational speed and performance of the



electronic circuits are usually limited by the speed of phase comparators (mixers).
Therefore, the development of phase comparators based on photonic technologies may
allow these PLL systems to accommodate the high-speed optical communication

systems [2].

Several techniques have been already reported in literature for optical clock
recovery. For example, clock recovery has been demonstrated up to 80 Gbit/s using
electronic RF mixer in electrical PLL configuration [4]. In this technique, the received
data is usually detected using a high-speed photo-detector and then mixed using a
microwave mixer to extract the fundamental carrier frequency. The recovered clock is a
sub-harmonic at 10 GHz. Fig. 1.1 shows the experimental setup. The input data is
detected by a high-speed photo-detector with a 12 GHz bandwidth. An RF mixer (8-12
GHz) is then used to mix this signal with the RF output signal (10GHz) of the VCO.
The recovered clock timing jitter is < 300 fs, and the system is polarization insensitive.
This technique is limited by the speed of the electronic mixer and the requirements of

using high-speed multipliers to extract clock at higher bit rates.



Mififfech
Harmonic Mixer

10 GHz Clock

80 Gbiv's 2t |
Data input | Pin diode
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Coaxial to waveguide
adapter

Phagse Locked Loop
Controller

Fig. 1.1: Optical clock recovery using electronic PLL [4].

Another example of clock recovery is based on semiconductor laser amplifier in
loop mirror (SLALOM). Fig. 1.2 represents the SLALOM and the clock recovery
configuration [5]. The SOA is placed at an offset position from the mid-point of the
loop mirror. The input data is split equally in two arms of the fiber loop, each
propagates for the same distance and then interferes constructively or destructively
when they combine again at the coupler. When a control pulse is injected into one side
of the loop, it travels with one of the data arms and saturates the SOA causing changes
in its refractive index which in turns impose a ‘n’ relative phase shift between the two
counter-propagating data. Thus, the interference becomes constructive when the two

pulses combines again.
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Fig. 1.2: Optical clock recovery using SLALOM. TMLL: Tunable mode-locked laser

[5].

In this technique, the data is running at 160 Gbit/s and the clock at 10 GHz. A
phase locked loop is used to extract the optical clock. The repetition rate of the tunable
mode-locked laser is controlled using a voltage-controlled oscillator (VCO). The output
signal of the SLALOM is detected by a photo-detector to produce an electrical signal.

This signal controls the repetition rate of the VCO.

The photo-detected output error signal from SLALOM has a single polarity. To
introduce additional polarity to this signal, the input data is detected by another slow
photo-detector and subtracted electrically from the error signal. The switching window
of the SLALOM in this case is about 11 ps. The calculated timing jitter from the

recovered clock RF spectrum is < 300 fs.



RF driven electro-absorption modulator (EAM) has been also used for clock
recovery [6]. Two EAMs are used to recover the clock from 160 Gbit/s. The EAMs are
used in conjunction with an electronic mixer to form a PLL. Fig. 1.3 shows the
experimental setup. The first EAM is driven by a 20 GHz RF signal and the second one

by a 10 GHz signal.

EDFA or  EDFA  SOA OF

- input = >EHEAH >HEAH -

frequency [«
doubler |3

RZ data stream - .
at 160Gbit/s »1'E|' GHz input

I concatenated > 12GHz PD
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Fig. 1.3: Optical clock recovery using RF-driven EAM [6].
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Another clock recovery technique uses a high-Q electronic filter [7]. In this
technique the input data is detected by a large bandwidth photo-diode and the RF signal

is passed through a high-Q bandwidth filter (Q =1800). The filter extracts the



fundamental base rate of the data signal, which is the recovered clock. Fig. 1.4 shows

the set-up for clock recovery. The root mean square (r.m.s) timing jitter is < 600 ps.
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Fig. 1.4: Optical clock recovery using a high-Q filter [7].

Another example of clock recovery is based on optical tank circuits, which
utilize a Fabry-Perot interferometer as a tank circuit to extract the fundamental clock
frequency component from the received data. However, such techniques can only
extract the clock frequency for a fixed data rate, for which the optical tank circuit is

designed [8].

Alternatively, injection locking has been used for clock recovery by utilizing
specially designed lasers such as self-pulsating distributed feed back laser. The setup is
shown in Fig. 1.5. This technique is all-optical and reasonably fast (up to 40Gbit/s),
although the bit rate should be very close to the laser self-pulsating frequency in order
to achieve locking and get a reasonably low timing jitter for the recovered clock. In
addition, self-pulsating lasers are complex to fabricate and requires careful control of

the operating parameters [9].
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Fig. 1.5: Clock recovery by injection locking into self-pulsating distributed feed back

laser [9].

Another method is injection locking in a fiber mode-locked laser. The fiber laser
uses a semiconductor optical amplifier (SOA) as the gain medium [10]. Optical data at
40 Gbit/s is injected into the laser to modulate the gain and refractive index of the SOA,
so that the lasing mode can be adaptively tuned to lock onto the timing of the input data.
The laser output is a sub-harmonic recovered clock at 20 Gbit/s. In order to reduce the
pattern effect of the SOA, a comb-like Fabry-Perot optical filter is used to generate a
sequence of pulses from the incoming data sequence in place of zeros before injecting
into the laser, as shown in Fig. 1.6. The free spectral range of the filter is equal to the

data bit rate.
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Fig. 1.6: Optical clock recovery using injection locking in a fiber mode locked laser

[10].

1.2. Review of literature on optical demultiplexing and 3R regeneration

Optical time demultiplexing is another important signal processing operation. It
has been reported using several techniques, For example, nonlinear optical loop mirror
(NOLM) and Cross-phase modulation (XPM) using the Kerr effect in optical fibers. In
NOLM, the demultiplexing is based on the induced phase shift of the optical pulses in
the fiber loop interferometer. It utilizes interference between two counter-propagating
light pulses along several kilometers of fiber [11]. Also, XPM in SOA’s is used in fiber
loop mirrors in a configuration known as SLALOM [12], which overcome the problem
of using long fibers in NOLM’s because SOAs have a strong nonlinearity that introduce

sufficient amount of XPM.

Optical demultiplexing from 80 Gbit/s using Mach-Zehnder interferometer

(MZI) with SOA’s has been demonstrated in [13]. The technique depends on the SOA
9



refractive index modulation in the two arms of the MZI by using differential control

pulses. Fig. 1.7 shows the setup configuration.

SOA-MZI1 Demux

Receiver
sensitiviry

10 Gbit/s Rx

—————————————————————————————————————————————

10 Gbit/s | BER |
Receiver i

50 GHz

_______________________ I | Oscilloscope
| control signal i

(1559 nm)

Fig. 1.7: Experimental setup for 80 Gbit/s demultiplexing using SOA-MZI [13].

Also, demultiplexing from 80 Gbit/s has been demonstrated using cross-
absorption modulation in EAM with a short switching window [14]. In addition, error-
free demultiplexing from 160 Gbit/s to 40 Gbit/s has been demonstrated using four-
wave mixing (FWM) in SOA [15]. Fig. 1.8 shows the experimental setup for FWM
demultiplexing using SOA. More discussion about FWM in EAMs and SOAs will be

presented in chapter 6.
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Fig. 1.8: Experimental setup for 160 Gbit/s demultiplexing using FWM in SOA [15].

Optical 3R regeneration has been also reported using different techniques. 3R is
an abbreviation for re-amplification, re-shaping, and re-timing. The most common
techniques for 3R regeneration are performed using EAMs. The nonlinear transmission
of the EAM reshapes the degraded input data by selective absorption of the optical
noise. Therefore, increasing the optical signal to noise ratio (OSNR) of the output. The
EAM has been used to perform 2R regeneration in [16]. The high absorption at low

pump power suppresses noise on zeros. Fig. 1.9 shows the experimental setup.
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Fig. 1.9: Setup for 2R regeneration at 20 Gbit/s [16].

In addition optical 3R regeneration has been demonstrated at 40 Gbit/s by using
three electro-absorption modulators, in a cascaded configuration, with an electrical
clock recovery circuit and two wavelength conversion stages [17]. One of these
modulators is used for data re-shaping, while another is used in conjunction with the
electronic clock recovery circuit to generate the appropriate optical clock pulses, Fig.

1.10.
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Fig. 1.10: Experimental setup for 40 Gbit/s 3R regeneration using EAM’s [17].

Another technique for optical 3R regeneration has been demonstrated using MZI
with SOA’s in [18]. In this technique two stage of SOA-MZI are used in conjunction
with electronic clock recovery, Fig. 1.11. The technique uses cross-phase modulation in

SOAs and the nonlinear characteristic in MZI to regenerate the input signal.
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Fig. 1.11: Optical 3R regeneration using SOA-MZI [18].
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1.3. Motivation and statement of the problem

As mentioned earlier, ultra-fast signal processing is essential for high-speed
optical networks and optical digital communications. All-optical techniques using
semiconductor devices are the key solutions for achieving such high speeds. Also,
combining two or more signal processing operations in a single semiconductor device is
another goal. We choose semiconductor optical waveguides because of their high
nonlinearties and operational speed. In addition, they can be integrated with other

semiconductor components, thus reducing footprint, cost and power consumption.

In this dissertation, EAM and SOA were used to perform high-speed signal
processing operations. The focus will be on the EAM because it has a faster response
than SOA and it allows combining different signal processing operations using the same
device. The nonlinearties of SOA are also presented in some experiments for the
purpose of comparison with EAM performance and verifying the generality of the

developed signal processing techniques.

In the following chapters, experimental and modeling results for the developed
signal processing techniques are presented. In chapter 2, nonlinear optical
semiconductor waveguides such as EAM and SOA, and the all-optical cross absorption
or gain modulation in such waveguides will be discussed. In chapter 3, we show how
EAM can be used as an all-optical logic AND gate which can have different
applications in optical communications such as switching and routing. In chapter 4, we

14



discuss the all-optical timing extraction process in nonlinear semiconductor waveguides
using a new technique. We demonstrate optical clock recovery up to 160 Gbit/s using
EAM and verify the technique operation using SOA. Also, a simulation model for the
optical clock recovery system is presented. Using this model, feasibility of clock

recovery up to 640 Gbit/s is demonstrated.

In chapter 5, we demonstrate other signal processing techniques: optical
demultiplexing and 3R regeneration. The optical demultiplexing is performed
simultaneously with clock recovery in a synchronous operation. The system utilizes a
single EAM to demultiplex 40 Gbit/s input data into 10 Gbit/s with a 10 GHz recovered
clock and an error-free operation. In 3R regeneration, we demonstrate re-shaping, re-
timing, and re-amplification of degraded input data at 10 Gbit/s. The system recovers
the optical clock simultaneously at 10 GHz, and shows negative power penalty for the

regenerated data.

In chapter 6, we investigate FWM in EAM and the enhancement of FWM
efficiency with reverse bias. We also demonstrate demultiplexing by FWM in EAM
with simultaneous clock recovery at 80 Gbit/s. In this clock recovery scheme we use co-
propagation between the data and clock pulses instead of the counter propagation that

was used in the previous experiments.

In chapter 7, we discuss different signal processing techniques that we have

15



presented in this dissertation and possible future work. Appendix A contains the
simulation model for optical clock recovery system, and appendix B contains a

discussion of the timing jitter measurements.
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Chapter 2

Nonlinear optical semiconductor waveguides

In this chapter we will discuss all-optical cross gain and absorption modulation
in nonlinear optical semiconductor waveguides. All-optical cross-modulation refers to
the process in which light modulates light. Semiconductor waveguide materials have
optical properties (e.g. gain or absorption) that depend on the optical power. Examples
of the nonlinear semiconductor waveguides are EAMs and SOAs. The SOAs have been
extensively characterized and discussed by our group in previous dissertations work
[19][20]. Furthermore, the commercial SOA utilized here have been completely
characterized as an optical amplifier in [21]. In this dissertation our emphasis will be on

EAM and its applications in fast optical signal processing.

The conventional application of EAM is RF-optical amplitude modulation, in
which the RF power across the EAM electrodes modulates the light power propagating
through its waveguide. Usually the EAM is reverse biased with a direct current (DC)
voltage, which increases the optical absorption coefficient inside its waveguide as a
result of the Franz-Keldysh effect or quantum confined Stark effect in quantum well.
Applying the RF power in addition to the DC bias alters the absorption coefficient
inside the waveguide as it modulates the voltage across the device electrodes. Different
applications such as optical pulse generation and demultiplexing have been reported

using this electro-optic (E-O) technique in EAM [22][23][24]. Also, the EAM can be
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used to perform all-optical modulation based on the following mechanism. Under DC
bias, when an optical pulse with a sufficient peak power travels along the EAM
waveguide, it gets absorbed and generates electron-hole pairs inside the wave-guide.
These carriers induce screening to the applied electric field [25] as they drift towards
the electrodes under the influence of the applied electric field. The screening of the
reverse electric field reduces the local electric field, which in turn reduces the optical
absorption inside the wave-guide [26]. Thus, a probe optical signal (CW or pulses)
going through the wave-guide will experience an increase in transmission. The device
basically acts as a fast optical controlled saturable absorber. Different applications for
signal processing using all-optical modulation techniques inside EAM have been

reported [14][16][17][27].

The EAM utilized in this dissertation is a commercial device from JAE
Company in Japan. It is a good commercial device. Fig. 2.1 shows a typical structure of
that EAM. It is an InGaAsP based device with multiple quantum wells designed for
operation near 1550 nm. The waveguide is = 200 um long. The packaged device is
fiber pigtailed with a built-in thermal electric cooler for temperature control. The
detailed structure is similar to that described in [22]. The EAM has a zero-bias fiber-to-
fiber insertion loss of ~ 10 dB at 1555 nm, and a polarization dependent loss of less than
1 dB. The 3 dB RF-bandwidth (electrical-to-optical bandwidth) of the EAM is about 13

GHz.
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Fig. 2.1: The EAM structure.

We performed the following measurement to characterize the EAM device. The
measured back reflection from the device is — 43 dB, which indicates a very small
reflection from the device facet to the input optical signal. The optical absorption of the
device increases with higher reverse bias as the absorption edge shift towards longer
wavelength or lower optical frequencies. For example, the transmission of the EAM can
varies from — 6 dB to — 45 dB with a change in reverse bias from 0 to — 6 volts at 1550
nm. The absorption is also wavelength dependent. Fig. 2.2 shows the measured
transmission through the EAM as a function of wavelength at different reverse bias

voltages using an ASE noise source (optical amplifier) as an input probe signal. The
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reverse bias shifts the absorption or bandgap edge to a longer wavelength and thus

reduces the EAM transmission.
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Fig. 2.2: The measured transmission of the EAM versus wavelength at different reverse

bias voltages using an ASE source as an input signal.

Fig. 2.3 shows the transmitted peak powers as a function of the input pump

powers at different reverse biases. In this measurement, the operating wavelength is

1545 nm and the repetition rate of the pump pulse is 1 GHz with a 3.3 ps pulse width.

The transmission is a nonlinear function of the input pulse (pump) power. In other
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words the transmission is a function of the optical pulse energy, which corresponds to
the pump average power. For example, the 0dBm (I mW) input average power
corresponds to 1 pJ (1 mW/1 GHz) of energy per pulse. The pump can cross modulate

the probe signal and thus any data (amplitude information) on the pump pulses can be

transcribed onto the probe signal.
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Fig. 2.3: The measured nonlinear transmission of EAM using pump-probe technique.

The repetition rate is 1 GHz and the pulse width is 3.3 ps.
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The transmission of EAM has a nonlinear dependence on the input optical pump
power. Fig. 2.4, curve (a), shows the probe pulse transmission as a function of time,
after arrival of the pump pulse inside the EAM wave-guide. A fast increase (=10 ps) in
the transmission occurs, followed by a slow recovery time that depends on the carrier
sweep-out dynamics inside the wave-guide [26]. As can be seen from curve (a), the
transmission window is estimated to be 25 ps measured at the full-width half-maximum
(FWHM). We observed that the recovery time depends on the pump pulse energy. For
example, reducing the pump power results in a reduction of the recovery time and the

transmission window width, as shown in Fig. 2.4, traces (a,c-f).

We also observed that the transmission is function of the relative arrival time
between the counter-propagating input pulses. Fig. 2.4 shows the response time of the
EAM as a function of the delay between the counter-propagating pulses inside EAM. It
is measured by monitoring the output peak power of a probe signal while varying the
optical delay of one of the input pulse trains. Curve (a) corresponds to the transmitted
probe at 10 pJ of total input pulse energy and curve (b) corresponds to the counter-
propagating case at the same energy. Note that the optimal timing (for maximum peak
power) is different for the two directions. For the maximum transmitted power in one
direction, the other pulse must arrive at the EAM earlier (= 7.5 ps) and experience

higher absorption.
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Fig. 2.4: Output peak power vs. the delay between the two counter-propagating pulse
trains; one input is fixed at 5pJ (energy per pulse). The other input has pulse energy: (a)
5pJ, (b) 5pJ - output is taken from transmitted counter-propagating pulses, (c) 2.5pJ, (d)
1.6pJ, (e) 1pJ, (f) 0.8pJ. The data was taken using 45GHz detector and 50 GHz

oscilloscope.

The separation between the two peaks corresponds to the time it takes to reach
the maximum transmission and it is due to the transit time (~5ps) across the device and
the time required for screening of the electric field [25]. The closing of the transmission

window is due to carrier sweep-out dynamics [26].
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The measured FWHM of switching transmission window for case (a) in Fig. 2.4
was 25 ps. We could reduce the duration of the switching window for the pulses down

to ~10 ps, by lowering the energy of one of the input pulse train, as can be seen in traces

(c-1).

Fig. 2.5 shows the measured FWHM for the EAM switching window under
different reverse bias voltages and input pump powers, using pump-probe technique at
1GHz repetition rate. Under appropriate pump power and reverse bias, the transmission

window can be less than 25ps, which is suitable for signal processing at 40Gbit/s.
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Fig. 2.5: The measured FWHM of switching window at different input average powers

and reverse biases. Measurements are made at 1GHz, 1545nm, using a 3.3 ps pulse

width.
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Chapter 3

High-speed all-optical AND gate using nonlinear transmission of Electro-

Absorption Modulator

The logical operation ‘AND’ has applications in optical communications for
routing and switching. We investigate an all-optical logic AND operation at 10 Gbit/s
using nonlinear transmission of electro-absorption modulator pumped with two counter-
propagating data streams. The transmitted pump itself was used as the output of the
optical gate to obtain high extinction ratio, and high output peak powers. The gate has
been tested using a 2°'-1 long pseudo-random binary sequence (PRBS). The logical
output of the gate has an extinction ratio of more than 10dB with good eye opening. Our
measurements of the gate transmission window show that all-optical logic operation up

to 100Gb/s is feasible.

Recently, significant number of experiments was reported on high bit rate all-
optical signal processing using electro-absorption modulators [28][29][30]. For
example, wavelength converter and regenerator based on the EAM have been
demonstrated up to 40 Gbit/s [29]. Typically, a weak CW input signal is used to probe
the modulated transmission of EAM, which is induced by intense input pulses [16],
however the high residual absorption in EAM results in a very weak output. In this
chapter, we investigate bit-wise logical AND operation using the EAM with input

optical pulses. We injected two input data streams into the EAM in a counter-
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propagating configuration. We found that with proper timing between the two counter-
propagating input data pulses, either one of the stream can be used as the output with
performance significantly better than that with the CW probe only. The output of the
AND gate shows an error-free operation at 10Gb/s with a clear eye opening. The
measured transmission window time can be reduced down to ~10 ps by attenuating the
input power in one of the pulse streams, so that operation at 100Gb/s is feasible for such

a gate.

Fig. 3.1 shows the experimental setup used to test the AND gate operation.
Pump pulses were generated at a repetition rate of 10GHz by a semiconductor hybrid
mode-locked laser operating at 1544.6 nm. The laser pulse duration, after two 1.5-nm
band-pass filters, was ~ 3ps. The mode locked pulse train is modulated by using a
Mach-Zehnder LiNbO; electro-optic intensity modulator (EOM) driven by a bit pattern
pulse generator (PQG), to obtain the desired sequences of data pulses. After amplification
in an erbium-doped fiber amplifier (EDFA), the data pulses were divided by a 50/50
fiber coupler into two counter propagating data channels and injected into the two ports
of the EAM. Relative delay between the two input data streams was adjusted with a
variable optical delay line. Output pulses from one of the modulator arms was split off

by a 20-80 coupler and used as the output of the AND gate.
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Fig. 3.1: Experimental setup for optical logical AND gate using the EAM in a counter
propagation configuration. PG: Pulse generator, EOM: Mach-Zehnder Electro-optic

Modulator, BPF: Band Pass Filter

A CW signal (probe) was used to monitor and characterize the EAM
transmission with each pump channel separately, and together during the AND gate
operation. After the EAM, the probe signal at Acw was separated from the pump signals
using a band pass filter (BPF). The probe signal was then amplified in an EDFA and
filtered by another BPF to reduce the ASE from the EDFA. Counter-propagation of

pump pulses reduces the possibility of device damage as compared to injection of full
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optical power from one side only. Also this configuration provides two separate input

ports for an AND gate.

As mentioned earlier, our EAM has a zero-bias insertion loss of ~ 10 dB at 1555
nm, and a polarization dependent loss of < 1 dB. The back reflected pulses from the
device were measured to be —43 dB below the input pulse. At the reverse bias of Vr
equal to 6 V and temperature stabilized at 8°C the small signal absorption at the pump
and the probe wavelengths increases by approximately 40 dB. When a sufficiently
intense pulse propagates through the EAM, photo-generated carriers screen out the
electric field inside the wave-guide as the electron-hole pairs drift away from each other
and hence reduces the absorption. As shown earlier in Fig. 2.3, the transmission of peak
power depends on the input pump power. The relative delay of the two counter
propagating pulse trains was adjusted for maximum transmission. Both pumps
contribute to increase of transmission. The curves were taken for a 1GHz pump
repetition rate by selecting one pulse out of every 10 pulses from a 10 GHz pulse stream
to reduce the duty cycle of the pump. This was done in order to avoid undesirable
thermal run-away effects that can lead to catastrophic facet damage at the highest input
optical power. This can be attributed to thermal induced bandgap reduction causing
more absorption, which leads to even more heat dissipation near the facet induced by
the photocurrent. At 6 volts reverse bias the transmission can change by more than 26

dB at an input optical power of 7dBm.
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The two pumps can be considered as the inputs to the logical AND gate, and the
signal at the probe wavelength acts as the output. The probe signal is useful for
characterization of the device operation, however it is very weak (< -40 dBm). In
order to detect it we needed to use an EDFA to amplify the signal that also added
substantial amount of ASE noise to the signal. However, we found that with an
appropriate time delay, either one of the pump pulses could be used as the output of the
logical gate. The advantage of this scheme is higher transmission with larger signals
(EDFA and the band pass filter are not required) and therefore higher signal to noise
ratio . Also, the AND gate’s inputs and outputs are at the same wavelength, which is
important for cascading a large number of gates. Operating at the highest peak powers
we observe the variation of the output between (1 e 1) and (1 e 0) inputs was close to
10 dB. Lowering of the input power resulted in increase of the contrast ratio and

decrease of the output.

The response time of the gate is shown in the previous chapter (Fig. 2.4). The
transmission for case (f) is an order of magnitude lower than that of case (a). We also
observed that the transmission recovery time of the strong counter-propagating pulse ,

trace ‘b’ (5pJ), did not change significantly.

The extinction ratio of the gate is defined as the ratio of the transmission at the
optimal timing to that without the input counter-propagating pulse. We observed that
the extinction ratio increases as the input power is reduced. The extinction ratio at SpJ
in each input was ~10dB. The extinction ratio increases up to ~15 dB for the weakest
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pulses used (case f). This behavior can be attributed to the reduction in output zeros

amplitude with less input power.

The operation of the AND gate was tested using a PRBS of 2°'-1 long at 10
Gbit/s. Fig. 3.2 shows typical patterns illustrating the AND gate operation. Traces (I)
and (IT) show the input sequences which were transcribed onto the CW probe with each
pump channel turned on separately. Trace (III) shows the output (AeB) that was
produced by the co-propagating transmitted pump (without using EDFA). The small

fluctuation in the output peaks is comparable to the fluctuation of the input.
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Fig. 3.2: AND gate operation at 10 GHz using PRBS for two arbitrary selected input bit

sequences in figures (a) &(b). “A”& “B” are the two pump inputs transcribed by probe

signal; “AeB” is the output read from the transmitted co-propagating pump pulses.

More careful comparison of the input and output signals quality can be made by
observing the eye pattern in Fig. 3.3. The output has an eye opening comparable to that

of the input. Also as expected, there are fewer marks than zeros as compared with the
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input. This can be seen in the gray color density difference between mark and zero

levels Fig. 3.3.b.

20ps /div (2)

20ps /div (b)

Fig. 3.3: Measured eye diagrams, PRBS: 2°'-1, RZ data, 10GHz: (a) One of the inputs
just before the EAM, (b) Output of AND gate read from the transmitted co-propagating

pulses. (20GHz detector followed by an electronic low-pass filter).
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In summary, we have demonstrated that the nonlinear transmission of the EAM
can be used to implement a fast all-optical logic AND gate with two counter
propagating data streams so that the output can be transcribed to either one of the data
streams. We showed that by reducing input power in one of the data streams, the
recovery time of the gate approaches 10 ps, which implies feasibility of 100Gbit/s
operations. The gate inputs and output have the same wavelength that is crucial for
cascading optical logic gates. However, it is also possible to use different wavelengths
for the inputs. A high output contrast ratio up to 15 dB was achieved. The operation of
the optical gate has less than 1dB polarization dependence. Also, it is possible to choose
one of the two outputs based on the optimum delay adjustment. The required input
optical power could be further reduced by utilizing the phase modulation as a result of
the refractive index change associated with the absorption change in the EAM using

interferometric techniques [31].
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Chapter 4

All-optical timing extraction and clock recovery

In this section the technique for all optical timing extraction and clock recovery
is presented. The technique is based on nonlinear all-optical cross-modulation inside

semiconductor waveguides (SOA or EAM).

This technique pertains to a method and apparatus for all-optical timing
extraction and optical clock recovery for high-speed return-to-zero (RZ) binary optical
data streams with data rate up to 160 Gbit/s. In general, clock recovery is required at
receivers to perform synchronous operations such as time-division demultiplexing and
3R optical regeneration. Transmission of data over long fiber links results in timing
jitter, which is one of the major signal degradation problems. The timing jitter refers to
a random variation of pulses arrival time at the receiver, and it can be in an order of
magnitude of the pulse width. One example is the Gordon-Haus timing jitter in soliton
propagation, which is a major limiting factor in ultra-long distance transmission. There
is also a slow variation in the propagation time of the transmitted data caused by
accumulative change in the fiber refractive index due to temperature variation and
mechanical disturbance. The jitter may cause slight changes in the repetition rate of the
data at the receiver. In packet switching systems, the arrival time of the data packets is

relatively random. Therefore, at a node or a receiver the timing of the data needs to be
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extracted and synchronized with a local clock that in turn drives a data processing

device, which can perform other signal processing operations.

In this technique, the all-optical timing extraction determines the timing
difference between two counter-propagating optical pulses using the nonlinear optical
wave-guides. The extracted timing information is used in conjunction with a balanced
photo-detector to generate an electrical error signal. This error signal is used in a phase-

locked loop configuration to perform optical clock recovery.

4.1. Optical clock recovery using an EAM

In the following section we discuss in details the optical clock recovery
technique using EAM as a nonlinear waveguide for all-optical timing extraction. All
optical timing extraction in nonlinear waveguides will be presented followed by a
discussion on error signal generation. In subsequent sections we will discuss the clock
recovery system, its performance, and recovering the clock from a 160 Gbit/s data
stream. We will then discuss the optical clock recovery operation using SOA followed

by discussion on a simulation model for clock recovery in EAM and SOA.
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4.1.1. All-optical timing extraction

Timing extraction is the process in which the arrival time of individual data bits
is estimated and used subsequently to recover the phase and repetition rate of the optical
clock. In this section we show how that can be achieved all-optically by using EAM

nonlinear modulation.

Let us consider the case in which two counter-propagating pump pulses arrive at
different times inside the nonlinear wave-guide. Both pulses contribute to the EAM
transmission saturation. The leading pulse will saturate the absorption, which in turn
effects the transmission of the following arriving counter-propagating pulse. Therefore,
a pulse sees a high transmission if it is preceded directly by a sufficient intense counter-
propagating pulse that allows pre-saturation to the medium absorption. Given that the
nonlinear device has two possible outputs, one for each counter-propagating pulse
steam, as shown in Fig. 4.1.a, a delay-dependent peak power transmission for each

output as shown in Fig. 4.1.b is measured for the case of the EAM device.

Fig. 4.1.b illustrates the transmitted peak power versus the relative arrival time
delay between the two counter-propagating pulses. Each of the two curves represents
one output from each side of the EAM. We note that the highest transmission at one
side occurs if the preceding counter-propagating pulse arrives ~7.5 ps earlier. The steep
rising slopes of the curves have very short time duration in an order of few picoseconds.

This short time duration shows how much delay can be
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Fig. 4.1: a) Schematic configuration of all-optical timing extraction technique using
counter-propagation in EAM nonlinear optical waveguide; b) The EAM measured
transmitted peak power from each output as a function of timing delay between the two
pulses inside the wave-guide. Zero delay corresponds to the moment at which the two

pulses arrive simultaneously inside the wave-guide.
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resolved between the two counter-propagating pulses using this technique. Therefore,
these two curves provide timing information about the two counter-propagating pulse

streams.

Based on this principle, two optical beams with the same or different
wavelengths or polarizations are launched simultaneously into a fiber-pigtailed EAM in
a counter-propagating configuration. Each of the two counter-propagating streams can
be considered as a pump and a probe at the same time. The first beam (referred to as
data) is a pulse train encoded with binary digital information using amplitude shift
keying. The second beam (referred to as clock) is a stable pulse train produced by an
optical pulse source with a repetition frequency close to that of the data and has a
relatively low timing jitter. The amount of transmission change, however, depends on
the relative delay between the data and clock signals inside the device. Therefore, the
transmitted power of the data and clock signal depends critically on the relative arrival

timing of the two pulses inside the wave-guide.

4.1.2. Error signal generation

In principle, the error signal provides complete information on the timing error
between the data and clock pulses. This timing error can be compensated by proper
tuning of the repetition frequency and phase of the optical pulse source. Here, we

generate the error signal by using a balanced photo-detector, shown in Fig. 4.2.a. The
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Fig. 4.2: (a) Schematic for error signal generation using the EAM two outputs and a
balance detector. (b) The measured error signal generated from the system with an open
loop feedback. The frequency difference between the data and clock is 10 kHz, LPF
Bandwidth = 15 kHz.
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EAM has two outputs; each goes to one of the detector inputs. The balanced photo-
detector takes the difference between its two detected electrical signals and produces an
electrical error signal at its output. The output is zero if the two inputs are identical. Fig.
4.2.b shows a typical error signal. The polarity of the generated error signal indicates
which pulse stream is ahead of the other, while the amplitude of the error signal

indicates the amount of the delay between the two pulse streams.

We note also that the magnitude of the reverse bias and input optical power
affect the error signal shape. Fig. 4.3 shows the generated error signals for different
EAM input power after the balance detector (=15 KHz bandwidth). The error signal
amplitude increases with higher input power, because of more absorption saturation that
allows higher transmission. Fig. 4.4 shows the generated error signals for different
EAM reverse bias after the balance detector. The amplitude drops with higher reverse

bias because of absorption coefficient increase inside the optical waveguide.
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Fig. 4.3: The effect of input power on the error signal generated by using EAM at

constant applied reverse bias.
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Fig. 4.4: The effect of reverse bias on the error signal generated by using EAM at

constant input power.

4.1.3. Optical clock recovery system

The all-optical timing extraction technique using counter-propagation pulses
gives information about the amount of delay between the two pulses and which of the
two pulses arrives first. This kind of information is important for optical clock recovery.

Assuming that one of the two counter-propagating pulse streams is the data while the
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other is the clock, the all-optical timing extraction can be used to generate a timing error

signal that in turn can be used to perform optical clock recovery.

Fig. 4.5 shows a typical configuration for the optical clock recovery system. The
clock signal was derived from an optical pulse source, such as a semiconductor mode-
locked diode laser, produces a stable optical pulse train. The data signal is an RZ bit
stream that counter-propagates with respect to the clock signal inside the nonlinear
wave-guide. The transmitted clock and data through the device are then split off and
detected by a balanced photo-detector to produce the electrical error signal. This error
signal is fed back through an electronic amplifier to the VCO input to adjust its
repetition rate. The VCO in turn drives the optical pulse source to adjust its repetition
frequency. The repetition rate and phase of the optical pulse source stabilizes only when

the clock and the data are synchronized.
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Fig. 4.5: Experimental setup for the optical clock recovery system, the nonlinear device
is EAM in this case. PG: Pattern Generator, EOM: Electro-Optic Modulator, BPF: Band
Pass Filter, LPF: Low Pass Filter, VCO: Voltage-Controlled Oscillator, Amp: Electrical

Amplifier, EDFA: Erbium Doped Fiber Amplifier.

In the experimental setup shown in Fig. 4.5, the optical clock source is a hybrid
mode locked semiconductor laser producing 3.3 ps pulses at 1545nm, with a variable
repetition rate of 10GHz * Af, which is determined by a VCO. The data source consists
of an actively mode-locked fiber laser running at 1546 nm and has a repetition rate of
10 GHz. A pattern generator and an electro-optic modulator are used to transcribe the

desired RZ data patterns onto the optical pulse stream. The equally powered data and
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clock pulse streams are injected into the EAM from opposite sides. The EAM has a
bias voltage equals to -3 volts. The two outputs are taken from opposite sides of the
device using 80/20 couplers. A balanced photo-detector (New Focus 1617) is used to
generate the electrical error signal. The slow detector acts as a low pass filter (LPF)
with a bandwidth of 15 kHz. Fig. 4.2 shows a sample of a generated error signal for the
EAM case. The error signal is then amplified with a variable gain amplifier and fed
back to the VCO (HP 83650A) that drives the hybrid mode locked laser. A portion of
the recovered clock is split off by 80/20 coupler before the EAM, such that the input
clock pulses can be measured. The error feedback signal is constantly monitored on a
digital oscilloscope. The average input power to the device of the clock and data are

both ~ 6 dBm.

In Fig. 4.2, the fundamental frequency of the error signal (10 KHz) equals to Af
and one full period of the error signal corresponds to a drift of 100 ps between the data
and clock pulses. The fast slope represents the interval during which the two pulses
arrive almost simultaneously inside the nonlinear wave-guide, while the slow slope
represents the arrival of the two pulses far apart. The polarity of the feedback signal

determines which slope that the PLL locks onto.

In order to characterize the timing jitter of the recovered clock and mode-locked
laser, we measured the clock RF spectrum. The timing jitter is calculated by integrating
over the spectrum phase noise pedestal [32]; see appendix B. Fig. 4.6 shows the

measured RF spectrum for three different cases. Case (a) represents the free running
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optical clock source by itself. It has a center frequency of 10 GHz + 10 kHz, and the
calculated r.m.s timing jitter from that spectrum is < 60 fs [32]. Case (b) is for a locked
clock using the fast slope of the error signal. The clock central frequency shifts back to
10 GHz, which equals the received data bit rate. The calculated r.m.s timing jitter in this
case is < 120 fs. Case (b) has a higher timing jitter than case (a) due to the added jitter

from the data itself.

Relative power spectral density (dB)

-200 -100 0 100 200
f-f,(x10°Hz)

Fig. 4.6: The measured RF spectrum of the recovered clock in case of EAM: (a) Free
running optical clock source, (b) Locked clock on the fast slope of error signal, (c)
Locked clock on the slow slope of error signal. Resolution bandwidth = 10 kHz, f, = 10

GHz. The shift in central frequency between lock/unlock conditions equals to 10 KHz.
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Case (c) represents locking condition using the slow slope of the error signal. It has
also a center frequency of 10 GHz. But the phase noise is larger than that in case (b),
representing more timing jitter. For example the phase noise in case (c) equals -87.7
dBc/Hz at a frequency offset of 100 kHz, while in case (b), it is only -95 dBc/Hz at 130

kHz frequency offset. The calculated r.m.s timing jitter in case (c) was < 240 fs.

The bit-error-rate measurement using the recovered clock to drive the bit error
rate tester at 10 GHz and using 2**-1 long PRBS data revealed an error-free operation.
Fig. 4.7 shows the optical recovered clock in time domain using a 45 GHz photo-

detector and a digital sampling oscilloscope.

e
T

50 ps/div.

Fig. 4.7: The recovered optical clock on digital sampling oscilloscope using a 45 GHz

Photo-detector.
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4.1.4. 160 Gbit/s optical clock recovery using time-dependent loss saturation inside

a single Electro Absorption Modulator

Sub-harmonic clock recovery at network nodes or receivers is important to
allow synchronous signal processing operations on individual channels. The
semiconductor-based phase-comparator is attractive due to its reasonable switching
power, compactness, and possibility for integration. Here, we demonstrated ultra-high
speed optical clock recovery for data rates up to 160 Gbit/s using a single EAM. The
EAM acts as an all-optical phase-comparator without a need for special interferometric
configurations or electronic mixers. The extracted timing is capable to resolve a sub-
picosecond timing error between the data and clock pulses due to the fast loss-saturation
inside the EAM, which is essential for optical clock recovery from ultra-high speed
data. Also we will demonstrate that the technique is bit-rate flexible by experimentally

performing optical clock recovery at different input data bit rates up to 160 Gbit/s.

As already mentioned, the transmission of the EAM is time-dependent on the
delay in arrival between the two counter propagating pulses. As shown in Fig. 4.1, The
EAM has a fast loss saturation, it takes few picoseconds (< 10 ps) for the loss to
saturate, but the recovery time is comparatively longer. The pulse width in this
experiment is about 3.3 ps with a 7 dBm input average power. The recovery time
depends on the EAM reverse bias and the input optical power. For a fixed input average
power and with more reverse bias the recovery time becomes shorter. The switching

window in this case is = 20 ps. The steep slopes in Fig. 4.1 can resolve less than 1 ps
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timing delay in arrival between the two counter propagating pulses. The EAM has a
slow recovery time that results in incomplete loss recovery between bits in case of ultra-
high speed data, which in turn reduces the output extinction-ratio. However, the loss

saturation is fast and sufficient to produce the proper feedback error signal.

By subtracting both output powers we can obtain the error signal with a fast
slope as shown in Fig. 4.8. The polarity of this signal indicates which of the counter-
propagating pulses arrives first, and the amplitude is proportional to the amount of delay

between those pulses.

1.2 Steep slope

Output 2 — Qutput 1 (a.u.)

30 20 10 O 10 20 30

Delay ( ps )

Fig. 4.8: The subtracted two outputs of the EAM.

Fig. 4.9 shows the experimental set-up for 160 Gbit/s optical clock recovery.
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The RZ data pulses with a wavelength of 1550 nm and 2 ps FWHM are running at 10
Gbit/s with 27-1 or 2*'-1 PRBS. The data pulses have extinction ratio of more than 30
dB. The 10 Gbit/s is multiplexed using a multi-stage passive fiber delay line to obtain
an aggregate bit rate of 160 Gbit/s, Fig. 4.10. The RZ optical clock pulses with a
wavelength of 1545 nm and 2 ps FWHM pulse width, are generated using a mode-
locked semiconductor laser driven by a VCO, which is running close to 10 GHz
repetition rate. The input data average power is set to 6 dBm and the input clock

average power is set to 4 dBm. The EAM is reverse biased at -3 volts.

Optical Data:
kg =1550nm

10 Ghit's *

Recefver | Recovered m e — 1
1:16 Mux | clock I Optical Clock I
| . :
_ A ! A.=1545mm !
160 Ghitls g0520 ! sos0 ! Semmicmductor| |
— . EAM — 1 " * Mode-Locked |
ll_.f e -—-1' | Lager i
| : i b 4
Y A
Y A ! !

Fig. 4.9: The experimental set-up for 160 Gbit/s clock recovery. Mux: Multistage fiber-
delay Multiplexer. Amp: Electrical Amplifier, VCO: Voltage-Controlled Oscillator,

BPF: Band Pass Filter, EDFA: Erbium Doped Fiber Amplifier.
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Fig. 4.10: Four stages optical fiber multiplexer for 160 Gbit/s generation.

The estimated EAM switching window at -3 volts reverse bias and the input
optical power is = 20 ps. Here, the balanced photo-detector bandwidth is 1 MHz. It
detects the two optical outputs of the EAM and generates a low-pass filtered electrical
error signal. The error signal is fed back into a phase-locked loop to control the
repetition rate of the semiconductor mode-locked laser (clock source) until it locks to
one of the incoming data channels. The steep slope of the error signal in this experiment
has a sensitivity of = 200 mV/ps, therefore it can resolve and correct for sub-picosecond

timing errors between the clock and the data pulses.

Fig. 4.11 shows the measured autocorrelation trace of the 160 Gbit/s data. The
deconvolved pulse width, assuming a Gaussian pulse shape, is 2 ps FWHM, and the
pulses separation is 6.25 ps. The spike in the middle of the trace is typical for data
autocorrelations in general. The spike occurs when the delay between the two arms of

autocorrelation becomes zero, therefore each bit in the data pattern auto correlates with
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itself. At different delays, a data bit (0 or 1) auto correlates with a different data bit that
might be 1 or 0, thus autocorrelation amplitude drops by a factor of two. For the case of

all-ones the autocorrelation amplitudes should be equal.

Amplitude (a.u.)

It | | | | | | | | |
40 -30 -20 10 O 10 20 30 40 50

Time (ps)

Fig. 4.11: The auto-correlation trace of the 160 Gbit/s data.

To view the error signal during the system operation, a digital oscilloscope was
connected to the electrical amplifier output. Fig. 4.12 shows the error signal with a
feedback loop open (unlocked) and when the feedback loop is closed (locked). The
random fluctuations in the error signal amplitude, before locking, correspond to the
random phase shift between the data and clock pulses. When the loop is closed the error
signal turns into almost a DC voltage. The acquisition time was measured during the

transition between unlock to lock conditions, and it reveals about 10 usec of transient
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time. The DC voltage maintains the clock repetition rate (10GHz) equals to the data
base-rate, which is equivalent to the repetition rate of one of the incoming data

channels.

Unlock Lock

< ; >
1.0
= 0.5
o
2
5 0.0
=
11
0.5
| |
I | | |

0.0 0.5 1.0 1.5 2.0
Time (x10”° sec)

Fig. 4.12: The measured error signal transient-response at the balanced detector output

during transition between unlock to lock period.

We used the RF spectrum of the clock, Fig. 4.13, to measure the timing jitter of
the recovered clock as mentioned before. For 160 Gbit/s, the calculated r.m.s timing
jitter of the recovered clock is < 340 fs, and the measured phase noise is — 88 dBc/Hz at

a 100 KHz frequency offset from the carrier.
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Fig. 4.13: The RF spectrum of the recovered clock at 10 GHz from 160 Gbit/s input

data.

The clock recovery system was also tested at different bit rates, beside 160
Gbit/s, to check the performance. It was tested at 80, 40, 20, and 10 Gbit/s and then the
timing jitter was calculated. The system shows a good locking in each case. In case of
10 Gbit/s input data, we obtain the lowest r.m.s timing jitter, which is < 120 fs. The
measured timing jitter of the extracted sub-harmonic clock at different bit rates is shown
in Fig. 4.14. In general, this system can recover a sub-harmonic clock from the
incoming data with an optical clock source running at the data base-rate. Here, we
utilized a semiconductor mode-locked laser (clock) that can lock at 10 GHz and it has a

free-running r.m.s timing jitter < 80 fs.
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Fig. 4.14: The measured r.m.s timing jitter of the recovered clock at different data rates

(semi-log scale).

In order to compare the quality of the recovered clock and the original clock
used to generate the data, Bit-Error-Ratio (BER) measurements were performed. The
recovered clock at 10 GHz from 160 Gbit/s data was used to drive the error detector
electrical clock input, while part of the input data to the multiplexer (10 Gbit/s, 2" —1 or
23! —1 PRBS) was split off and optically-to-electrically converted using a PIN photo-
receiver to drive the error detector data input. Fig. 4.15 illustrates the BER
measurements using each of the 160 Gbit/s recovered clock and the back-to-back error

detector clock. In each case, The BER shows an error-free operation (BER <10”) with

55



negligible receiver sensitivity penalty between the recovered and the back-to-back

clock.

: O Back-to-Back Clock
af V Recovered Clock

- Log (BER)
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-35.0 -30.0 -25.0 -20.0
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Fig. 4.15: The bit-error-ratio measurements using each of the 160 Gbit/s recovered

clock and the error detector back-to-back clock.

In summary, ultra-fast optical timing extraction and clock recovery are
demonstrated using a single EAM as a phase-comparator. Although operating in a
regime where the EAM switching window is larger than the data bit period, the loss

saturation inside the EAM is sufficient and fast to perform timing extraction. The clock

56



recovery system is polarization-insensitive and bit-rate flexible. Furthermore, the use of
semiconductor-based components, such as EAM all-optical phase comparator, in the

system allows for monolithic integration.

4.2. Optical clock recovery using an SOA

Using an SOA instead of the EAM in the same setup (Fig. 4.5) the all-optical
timing extraction can be performed using gain saturation. In general an input pulse in
nonlinear waveguides such as SOA causes saturation of gain through stimulation
emission and thus reduces the optical gain. The carrier excitation and relaxation
dynamics occur on a finite time scale that is determined by the material and structure of
the waveguide. Similar to EAM, two counter-propagating pulses that can both act as the
pump and the probe can be used to shorten the effective carrier dynamic time, thus
allowing slow devices to operate at high speeds. The behavior in case of the equally
powered counter-propagating pulses is determined by the timing difference between
them, because the leading pulse will affect the transmission of the second. Since the
change in peak power transmission depends on the relative delay between the two
pulses inside the device. When the two pulses arrive simultaneously, both will be
equally amplified and the balanced detector output is zero. When the two pulses arrive
with a half bit period apart the output is also zero, owing to the symmetry in arrival and
gain saturation. Only when the arrival times are not symmetric does the photo-detector

output a signal whose sign and amplitude depend on the timing of the two pulses.
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In the optical clock recovery experiment using SOA, the optical clock source is
a hybrid mode locked semiconductor laser producing 3.3 ps pulses at 1545nm, with a
variable repetition rate of 10GHz £ Af that is determined by a VCO. The data source
consists of an actively mode-locked fiber laser running at 1546nm and a repetition rate
of 10GHz. A pattern generator and an electro-optic modulator are used to transcribe the
desired RZ data patterns onto the optical pulse stream. The equally powered data and
clock pulse streams are injected into the SOA from opposite sides. The SOA 1is driven
with 120 mA of bias current introducing a small signal gain of ~20dB. The two outputs
are taken from the opposite sides of the device using 80/20 couplers. A balanced photo-
detector is used to generate the error signal. The slow photo-detector acts as a LPF with
a bandwidth of 15 kHz, in this case. The error signal is then amplified with a variable
gain amplifier and fed back to a VCO that drives the hybrid mode locked laser. A
portion of the recovered clock is split off by the 80/20 coupler before the SOA such that
the input clock source can be measured. The feedback error signal is constantly

monitored using a digital oscilloscope.

The error signal for the case of SOA is expected to switch sign compared to the
case of EAM shown before in Fig. 4.2, assuming same feedback polarity. This is
because it is gain saturation in case of SOA and absorption saturation in case of EAM.
Also the magnitude of the error signal in case of SOA is larger because of its gain. Fig.
4.16 shows the error signal for the case where the frequency difference between data

and clock repetition rates (Af) is set to 10 kHz and the feedback loop is open. The
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average input power to the device of the clock and data are both ~ -7 dBm. The
fundamental frequency of the error signal equals Af and one full period of the error
signal corresponds to a drift of 100 ps between the data and clock pulses. The fast slope
represents the interval during which the two pulses arrive almost simultaneously inside

the nonlinear waveguide, while the slow slope represents the arrival of the two pulses

far apart.
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Fig. 4.16: Error signal generated from the system using SOA with open loop feedback.
The frequency difference between the data and clock is 10 kHz, LPF Bandwidth = 15

kHz.

The polarity of the feedback signal determines which slope that the PLL locks

onto. Fig. 4.17 represents the transient time response of the error signal during
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switching from the unlocked to locked condition. In this case the data repetition rate is

10 GHz, while the clock repetition rate was adjusted at I0GHz+10 kHz.
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Fig. 4.17: The measured error signal transient-time during transition between unlock to

lock conditions for SOA case.

Before locking (without feedback) the error signal has large oscillations
indicating large error. Closing the feedback loop results in a transient behavior with 80
ps settling time (15 KHz LPF bandwidth), after which the error signal approaches the
lock condition with almost a DC error voltage indicating the offset voltage applied to

the VCO, which is needed to set Af = 0. We found that the settling time becomes
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shorter with a larger LPF bandwidth. For example, using a detector with a 100kHz

bandwidth produces a 40 ps settling time.

Fig. 4.18 shows the measured RF spectrum for three different cases Case (a)
represents the free running optical clock source by itself. It has a center frequency of 10
GHz + 10 kHz, and the calculated r.m.s timing jitter [32] from that spectrum is < 84 fs.
Case (b) is for a locked clock using the fast slope of the error signal. The clock central

frequency shifts back to 10 GHz, which equals to the received data bit rate.

10 KHz
[ (b)3(c) (a)

Relative Power Density (3.5 dB/div.)

600  -400  -200 0 200 400 600
f-f, (x10° Hz)

Fig. 4.18: The measured RF spectrum of the recovered optical clock in case of SOA: (a)
Free running optical clock source, (b) Locked clock on the fast slope of error signal, (c)
Locked clock on the slow slope of error signal. Resolution bandwidth =21.5 kHz, f, =

10 GHz. The inset shows the shift in the central frequency.
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The calculated r.m.s timing jitter is < 100 fs. It has a slightly higher timing jitter than
case (a) due to the added jitter from the data itself. Case (c) represents locking condition
using the slow slope of the error signal. It has also a center frequency of 10 GHz. But
the phase noise is larger than that in case (b), representing more timing jitter. For
example the phase noise in case (c) equals -82 dBc/Hz at a frequency offset of 100 kHz,
while in case (b), it is -92 dBc/Hz at 130 kHz frequency offset. The calculated r.m.s

timing jitter in case (c) is < 430 fs.

The bit error rate measurement for the system using the optical recovered clock
to drive the error detector at 10 GHz, and with back to back electrical data input to the
error detector, using a 2% -1 PRBS, revealed an error free operation (BER <10™).
Comparing to the EAM case, the required input saturation power in case of SOA is less
than that of EAM by about 10 dB. However, the SOA adds some ASE noise to the
generated error signal that can increase timing jitter, assuming same operating

conditions as EAM case.
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4.3. Optical clock recovery modeling

In this section we present a model for optical clock recovery system using EAM
and SOA. The model is based on nonlinear optical pulse propagation inside gain
[19][33] or absorptive medium. For the case of amplifiers such as SOA, the basic

equations that govern the pulse propagation and saturation analysis are:

Propagation along ‘+ z’ direction: [i + Eﬁj P, (z,t) = g(z,t)P,(z,1) (1)
0z cot
. Y e -0 no
Propagation along ‘-z’ direction: F + Py P,(z,t) = g(z,t)P, (z,t) (2)
zZ C

—g(z,t z,Y)P, .
go g( ) _ g( E) 1 (3)

T sat

. . ) 0
Gain/Loss saturation and relaxation: 3 g(z,t) =
t

Where ‘n’ is the medium refractive index, ‘c’ is the speed of light in vacuum, P(z,t) is
the optical power at point ‘z’ and time ‘t’, g(zt) is the gain coefficient, ‘1, is the

recovery time, and ‘Eg,’ 1s the saturation energy for the gain medium.

The above three equations are difficult to solve analytically; therefore, we
solved them numerically. A Matlab program developed for this purpose is presented in
appendix A. We assumed the EAM or SOA is divided into ‘N’ sections along the device

length, as shown in Fig. 4.20, to model the gain/loss spatial effect on propagating pulses
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along the device. The output of each section becomes the input to the following section.
For a single section with a small length ‘Az’, with a small error, the two counter-

propagating pulses can be considered to be co-propagating [20].
For each time step in numerical simulation, we can find the saturated gain of

each segment using same procedures as [33]. The output power P,y (t) can be written as

a function of input power Pj,;(t):

Pout 1 (t) = G(t) x Pin 1 (t) 4)

Similarly’ Pout 2 (t) = G(t) X Pin 2 (t) (5)

Where G(t) = exp[g(t)] is the time-varying partially saturated gain:

GO
o= ln{Go -(G, - l)exp[_ (Pin (O+P,, (t))/ESat J} ©

Eq. (6) expresses the gain saturation with time as a function of total input power
(Piotai(t)=Pin1(t) +Pin2(t)). This equation does not take into account the gain recovery
time. However, at each time step, the saturated gain recovers to its initial value ‘G,’

with a recovery time ‘1.’ according to eq.(7).
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B g(Za t)

o _ 8
ot g(z,t) = (7

In the case of EAM, the model follows the same principles. However the gain
coefficient (g) is replaced with absorption coefficient (a = - g), which gives the total
saturated absorption as a function of time A(t) = Exp[a]. The experimental values of the
absorption coefficient is a function of the reverse bias as shown earlier in Fig. 2.3 &
Fig. 2.5. The recovery time in EAM depends on the input power and the carrier sweep
out dynamics inside the waveguide under the influence of the applied electric field. We
have used the experimental data, shown in Fig. 2.5, to include the carrier recovery time
in the model. The recovery time dependence on input power and reverse bias has been

taken from this data and entered numerically into the model.
Fig. 4.19 shows the simulated transmission of EAM as a function of input pump

power and different reverse bias. It has a good agreement with the experimental data

shown earlier in Fig. 2.3.
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Fig. 4.19: The solid lines show simulation of EAM transmission functions for different
input pump power and reverse bias. The dots show some experimental points at —2 and

—6 volts.

The clock recovery model (Appendix A) includes a device model for EAM or
SOA as described above. We find out that three sections are enough for a good
approximation. Fig. 4.20 shows a schematic configuration of the PLL open feedback

loop.
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Fig. 4.20: Schematic configuration of the PLL open feedback loop.

Using eq. (4) & (5), the balanced photo-detector output voltage can be expressed as:

Via 0 =1(0)=[Po, 0Py, 0] 21 2, ®)

Where ‘n’ is the photo-detector quantum efficiency, ‘e’ is the electron charge, ‘%’ is
Planck’s constant, ‘ w’ is the optical frequency in radian/sec., ‘Z;’ is the photo-detector

load impedance.

The balanced photo-detector output voltage Vge(t) is a function of the time delay

between the two input counter-propagating pulses, or the phase difference ‘¢’ between
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the RF of signal and clock. The f(¢) can be found by numerically solving for

P, (t)and P, ,(t) as described above, a Matlab program is included in appendix A.

The signal from the balanced photo-detector goes through a low pass filter

(LPF). The output of LPF is the error signal [V.n(t)] which is obtained by solving:

dt T,

Where ‘1.’ is the LPF time constant. This error signal is multiplied by the feedback

gain factor, and then used to control the repetition frequency of the optical clock pulses,

which is controlled by the VCO.

The VCO instantaneous repetition frequency v (t) is given by:
do
27:-\/(t):E:K1 -V, (1) (10)

At
Where K, =2n-G K, & Ag =2m- ?

‘G’ 1s the feedback voltage gain, ‘Kyco’ is the VCO coefficient (Hz/V), and ‘T’ is the

pulses repetition period.

If we assume that the phase variation between the counter-propagating pulses
after locking is small, we can derive an analytical solution for transient response. The

photo-detector output voltage in eq. (8) can be approximated by simple linear relation:
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Vaa () = K0 (11)

Where ‘K5’ is a constant.

Substituting eq. (9)&(11) into eq.(10):

d*e 1 do
9 _k|K,p-— P 12
ar’ 1[ 7K, dt} (12
d’¢ 1 do

+ .9 K K,0=0 13
e ot dt ! 29 (13)

Eq. (13) is a second order differential equation, which has a solution in the form
of exp[s- t], where ‘s’ is given by:
-1 11
+ - =

s=—— +4K K, (14)

- - 2
21, T;

The solution for ‘s’ depends on the sign of the product KK, which depends on

the polarity of the feedback loop. Thus, we can have one of the following possible

cases:

Case (1): KK, > 0, hence ‘s’ is pure imaginary and the solution is growing

up (unstable solution) or exponentially decaying.
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1 : : .
Case (2): KiK; <0 & KKy < eE hence ‘s’ is also pure imaginary and
Tt

the solution is similar to that in case (1).

1 . . .
Case (3): KiK; <0 & KKy > eE hence the solution will be in the form
Tt

exp{%-t]exp{?i /|K1K2|—$ ‘t:I. Which is oscillatory and exponentially
f f

decaying (stable solution). This solution matches our experimental results of the error
signal transient response behavior, such as the one in Fig. 4.17. In this case the
exponential decay time constant is (27¢), and the acquisition time ~ 2/t¢ . The calculated

acquisition time is 8 usec, which is very close to the experimental value of 10 psec

using a LPF with IMHz bandwidth.

The holding range and capture range have been extensively investigated in
general in PLLs. The holding range of the PLL is defined as the range in which a PLL is
able to maintain lock statically [34]. The capture range is defined as the frequency range
within which a PLL is able to lock to the incoming signal frequency, assuming it starts

from a complete unlock condition.

The holding range of the PLL can be estimated from the error signal. The edge
of the holding range is reached at the point where the slope of the error signal changes

sign [3]. According to our experiment a typical value for the peak-to-peak amplitude of
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the error signal after the LPF is about 1 volt, and the VCO sensitivity is 1 MHz/V.
Assuming the loop locks at the mid-point of error signal slope, thus the calculated

holding range is Afyoie= 0.5 volt x 1 MHz/V = 500 KHz.

Usually the capture range is difficult to calculate analytically, however it can be

approximated by the following formula [3]:

1 2K,,G K
Afcapture :fLPF ’ 5 1+\/1+(PD—VCOJ (15)

LPF

Where ‘Kpp’ is the phase detector coefficient = 0.53 V/rad., Kyco= IMHz/V, and fipr=

IMHz. Thus the calculated capture range is about 470 KHz.

Fig. 4.21 shows the simulated error signal using the EAM at different input
pulse energy. As expected the error signal amplitude increases with higher input power.
In this case, the frequency offset between the data and clock repetition rates is set to 200

MHz.
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Fig. 4.21: Simulated error signal versus time using EAM at different input pulse energy

normalized with respect to Eg,. Af =200MHz.

Unlike the EAM case, the generated error signal with SOA has the opposite

polarity and larger amplitude because of the SOA gain, Fig. 4.22.
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Fig. 4.22: Simulated error signal using an SOA, with unsaturated gain coefficient=2,

E=1, and recovery time =100ps, Af =200MHz.

Also, the simulation results show a successful lock operation up to 640 Gbit/s
using EAM. Fig. 4.23 shows the transient response of the error signal amplitude and the
delay (At) between the clock and data versus time for the EAM case. Case (¢) has more
noise than case (a) and (b) due to some quantization error caused by the LPF

approximation.
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Fig. 4.23: The simulated transient response of the error signal using EAM with a 2'-1
PRBS data, running at: (a) 640 Gbit/s, (b) 160 Gbit/s, (c) 10 Gbit/s. LPF BW =

100MHz, Af= 1IMHZ.
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Also, a similar behavior has been verified for the SOA case. Fig. 4.24 shows the

transient response in SOA case at 10 Gbit/s with inverted polarity for the error and

delay signals.
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Fig. 4.24: The simulated transient response of the error signal using SOA with a 10
Gbit/s, 2’-1 PRBS data. Unsaturated gain coefficient =2, recovery time =100 ps, LPF

BW ~14MHz, Af= IMHZ.

From the model, we observed that the timing jitter is related to the error signal

slope ‘S’ which is defined as:

§= Vel (16)
d(At)

Where ‘At is the time of the error signal slope, and ‘V,.(t)’ is the error signal voltage.
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In the following we discuss the effect of error signal slope on the timing jitter.
The slope of the error signal can be measured experimentally from the error signal when
the clock is unlocked, as shown in Fig. 4.21. As discussed earlier, one full period of the
error signal corresponds to a drift equal to one repetition time period between the data
and clock pulses (e.g. 100 ps). Therefore, the error signal time is proportional to the
time delay between the data and clock pulses. Over large interval the slope is

approximately constant, and it can be calculated from the data.

After locking, the same calculated slope can be used to estimate the timing jitter
between the data and clock. In that case, ‘At’ corresponds to the timing jitter between
the data and clock pulses, and ‘V(t)’ is the fluctuation of the error signal amplitude
after locking, which is proportional to the system noise. Assuming this noise is almost
constant at different bit rates, the timing jitter is inversely proportional to the error
signal slope. Fig. 4.25 shows the simulation of the slope inverse (1/slope) at different
input pulse energy, which is proportional to input data rate. The slope inverse increases
with higher input energy and it eventually saturates. Therefore, the timing jitter is
expected to increase with higher bit rates as the data input peak power and energy
reduces and also the error signal fast slope reduces. Assuming a fixed input peak power
at all data rates in the model, the jitter should stay approximately constant. This case is

shown by simulation in Fig. 4.26.

Also, the model has been used to calculate the timing jitter in the EAM case at
different bit rates, which has been already measured in the experiment (Fig. 4.14). Fig.
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4.27 shows the r.m.s timing jitter in (fs) at different data bit rates up to 160 Gbit/s,

which has a good agreement with the experimental results.
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Fig. 4.25: The slope inverse as a function of input pulse energy, at 10 Gbit/s.
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Chapter 5

Optical demultiplexing & 3R regeneration using a single EAM

5.1. All-optical timing extraction with simultaneous optical demultiplexing from 40

Gbit/s using a single Electro-Absorption Modulator

Optical demultiplexing and clock recovery are mandatory for the future optical
time division multiplexing (OTDM) systems. The clock recovery is essential for
synchronization with the incoming data in order to control the demultiplexer-switching
window [35]. Optical demultiplexing has been demonstrated using different techniques.
For example, SOA-based nonlinear optical loop mirrors [36], electro-absorption

modulators [37], and Mach-Zehnder integrated interferometers [38].

In this section we are going to describe a technique that utilizes a single EAM to
perform all-optical timing extraction with simultaneous optical demultiplexing. As
mentioned in the previous chapter, the counter-propagation between the clock and the
data pulses inside the EAM is used to perform all-optical timing extraction and clock
recovery. The demultiplexing technique here is based on modulating the transmission of
the EAM optically, using a counter-propagation scheme between the data and clock
optical pulses. The recovered clock pulses control the switching window of the EAM in

order to demultiplex one of the incoming data channels. Unlike the conventional
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demultiplexing techniques that are based on electrically controlled EAM, here we use
all-optical modulation for optical demultiplexing and simultaneous timing extraction

inside a single EAM.

Fig. 5.1 shows the experimental setup for optical demultiplexing with
simultaneous clock recovery from 40 Gbit/s. The data source has an actively mode-
locked fiber laser that produces RZ pulses at 10GHz repetition rate with a 1545nm
wavelength and a 3.3ps pulse width. The pulses extinction ratio is more than 30 dB. A
pattern generator and an electro-optic modulator are used to transcribe a 2°'-1 PRBS
data onto the optical pulse stream. The 40 Gbit/s data stream (4x10Gbit/s) is generated

using a passive fiber multiplexer similar to that in Fig. 4.10.

The optical clock pulses (RZ) were generated using a hybrid active-passive
mode locked semiconductor laser driven by a VCO running at 10GHz = Af. The clock
pulses have a 3.3 ps pulse width with a wavelength of 1550 nm. The two optical sources
are completely independent and not synchronized, so that when the feedback loop is
open, both sources encounter a random shift in repetition rate and timing jitter with
respect to each other. The input data average power to the EAM is set to 7 dBm while
the clock average power is set to 11 dBm. The EAM reverse bias in this case is -3.5
volts. Under these operating conditions, the EAM switching window contrast is 20 dB,
and the switching window width is 18 ps. The polarization dependent loss of the EAM
as mentioned before, is < 1 dB. Each of the two outputs of the EAM was split off using
an 80/20 coupler and then applied to the balanced detector inputs. The recovered clock
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was split off using an 80/20 coupler, while the output counter-propagating
demultiplexed channel was split off using another 80/20 coupler. The measured back
reflection from the fiber pigtailed EAM is approximately -40dB, thus with the help of a
band-pass filter the back reflected clock pulses does not interfere with the output

counter-propagating demultiplexed channel.
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Fig. 5.1: The experimental setup for 40 Gbit/s optical demultiplexing with simultaneous
clock recovery. PG: Pattern generator, BPF: Band pass filter, Amp: Electrical amplifier,
MUX: Passive optical fiber multiplexer, EDFA: Erbium Doped Fiber Amplifier, EOM:

Electro-optic Mach-Zehnder modulator, VCO: Voltage-Controlled Oscillator.
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Fig. 5.2 is an illustrative example of the generated error signal at the output of
the slow balanced detector that has a bandwidth of 100 KHz in this case. In this
example the feedback loop is open, and the difference between the sources repetition
frequency (Af) (before multiplexing) is adjusted to be 10 KHz. Therefore, the repetition

frequency of the error signal is 4x10 KHz.

Error signal (6 mV/div.)

A
Time (50usec/div.)

Fig. 5.2: The generated error signal at the output of the balance detector (Bandwidth =

100KHz) with an open feedback loop, Af =10 KHz.

The error signal is utilized in a configuration similar to conventional phase-
locked loop to drive a VCO, which in turn drives an RF mode-locked laser (clock
pulses). The error signal controls the repetition rate of the clock pulses until it becomes

equal to that of the counter-propagating pulse stream (data).
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Once the two repetition rates becomes equal, the error signal turns into almost a
DC voltage, which keeps the two repetition rates the same and maintains the timing
delay between the two pulse streams at some fixed value (lock condition). This delay
value can be slightly tuned by varying the electrical gain in the electrical feedback path
until the clock pulses overlaps with the EAM switching window. Using an optical delay
line, the delay between the incoming data and the clock can be adjusted to select the
desired demultiplexed channel. The demultiplexing operation can be performed at the
same time with optical clock recovery. As the leading pulse (clock) saturates the loss
inside the wave-guide the following incoming counter-propagating pulse (data bit) will
see high transmission and propagate to the output. Given that the data rate is higher than
that of the clock and the recovery time of the device under reverse bias is fast enough,
the data pulse that is not preceded by a clock intense pulse will be absorbed inside the

wave guide allowing demultiplexing for the selected channel only.

Fig. 5.3.a shows the eye diagram of the 40Gbit/s four multiplexed channels
(10Gbit/s, 2°'-1 PRBS). Fig. 5.3.b is the eye diagram of one of the arbitrary selected
output demultiplexed channel (25ps/div). Fig. 5.3.c is the recovered clock (10 GHz)

associated with the demultiplexed channel.
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() 25 ps/div.

(b) 25 ps/div.

(©) 25 ps/div.

Fig. 5.3: (a) The eye diagram of the OTDM data at 40 Gbit/s. (b) The eye diagram of
demultiplexed channel at 10Gbit/s (c) The optical recovered clock (10 GHz), using a

45GHz detector. The eye diagrams were taken using a 20 GHz detector.

Fig. 5.4 shows the RF spectrum of the recovered clock. It has a center frequency
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at 10 GHz. The calculated phase noise is — 94.5 dBc/Hz at 250 KHz frequency offset.
The r.m.s timing jitter calculated for the recovered clock using the clock RF spectrum is

<200 fs.

Power spectral density (10dB/div.)

25 20 15 -10 05 00 05 10 15 20 25
6
f-f, (x10° Ha)

Fig. 5.4: The RF spectrum of the recovered optical clock, Resolution bandwidth = 50

kHz, f, = 10 GHz.

Measurement of the BER versus received power of the 10 Gbit/s data is shown
in Fig. 5.5. The data pattern is a 2°'-1 long PRBS. The measured receiver sensitivity is —
19.3 dBm at 10 BER as shown in the back-to-back case. The recovered clock was used
to drive the error detector while measuring the demultiplexing BER. The demultiplexed

10 Gbit/s data showed an error free operation with a power penalty of 3.2 dB.
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Fig. 5.5: The Bit-error- ratio measurement for optical demultiplexing from 40 Gbit/s

down to 10 Gbit/s with simultaneous clock recovery.

In summary, we have demonstrated a technique for optical time demultiplexing
with simultaneous all-optical timing extraction using a single EAM. The technique is
based on counter-propagation between the clock and data optical pulses inside a single
EAM. The system showed an error free operation and a small timing jitter (< 200 fs) for
the recovered clock. The bit-error-ratio measurement for demultiplexing from 40 Gbit/s

(2*'-1 PRBS) to 10 Gbit/s showed an error free operation with a 3.2 dB power penalty.
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5.2 Optical 3R regeneration using a single EAM for all-optical timing extraction

with simultaneous re-shaping and wavelength conversion

3R regeneration is considered a key-function for future long haul all-optical
networks. It preserves data quality and allows for longer transmission distances [39],
thus enhancing the transparency, scalability, and flexibility of optical networks [40].
Moreover, wavelength conversion is important to avoid wavelength blocking at optical

networks nodes [40].

In this section we present a technique that utilizes a single EAM to perform
simultaneous all-optical timing extraction, re-shaping, and wavelength conversion. As
mentioned in chapter 4, the extracted timing is used to generate an error signal that is
used to recover the optical clock. The same EAM is used to encode the incoming data
onto the re-timed clock pulses in order to perform 3R regeneration and wavelength
conversion. Conventional 3R regeneration techniques require at least two cascaded
stages, one to perform timing extraction in order to recover the clock and the other to

function as a nonlinear decision element [41].

Here in this technique the nonlinear optical transmission characteristic of the
EAM under reverse bias allows for re-shaping of the degraded data, and at the same
time all-optical timing extraction. Using the input data pulses as the control optical

pump for the EAM, the input data pattern is encoded onto the clean, well-shaped, and
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re-timed optical clock pulses, which already have a wavelength different than that of the

data.

A counter propagation scheme between the clock and the data pulses inside the
EAM is used to perform reshaping and timing extraction. Fig. 5.6 shows the measured
nonlinear transmission of the EAM versus average input pump power, using a pump-
probe technique at 1GHz repetition rate. The low optical transmission at small pump
power allows noise suppression on zeros [16], while the transmission leveling off at
high pump powers and small reverse bias (-2 v) reduces the amplitude noise on ones
[42]. As mentioned earlier, the switching window of the EAM depends on the reverse
bias and input power, as shown earlier in Fig. 2.5. For regeneration, the transmission
window should be larger than the clock pulse width and smaller than the bit repetition
period. Thus the data timing jitter, up to a certain level, is not transferred to the clock
pulses and the shape of regenerated pulse will be the same as that of the clock pulse

[43].
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Fig. 5.6: The measured EAM transmission versus input average pump power at 2v

reverse bias.

The all-optical timing extraction is performed using the time-dependent
transmission characteristic of the EAM. As shown earlier in Fig. 4.1, the transmitted
power from each side of the EAM is a function of the delay in arrival between two input
counter-propagating pulse streams. Each pulse causes a fast saturation of the loss inside
the EAM followed by a slow recovery time, hence, affecting the transmitted power of
the next incoming counter propagating pulse based on its arrival time. Monitoring the
optical outputs from both sides gives information about the amount of delay between

the pulses and their precedence in arrival. Using a balanced detector, both output signals
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are differential combined producing an electrical error signal, Fig. 4.2, which gives
complete information about the timing error between the two counter-propagating pulse
streams. As mentioned in section 5.1, The error signal controls the repetition rate of the
clock pulses until it becomes equal to that of the counter-propagating pulse stream
(data), and it maintains the timing delay between the two pulse streams at some fixed

value (lock condition).

To achieve simultaneous 3R regeneration, the fixed delay value between the
two-locked pulse streams can be slightly tuned by varying the electrical gain in the
electrical feedback path until the clock pulses overlaps with the EAM transmission
window that is produced by the data pulses. Thus, the data can be encoded onto the

clock pulses during the lock condition and 3R regeneration is achieved.

Fig. 5.7 shows the experimental setup for optical 3R regeneration experiment.
The data source has an actively mode-locked fiber laser producing RZ pulses at 10 GHz
repetition rate with a 1545nm wavelength and a 3.3ps pulse width. A pattern generator
and an electro-optic modulator are used to transcribe a 2°'-1 PRBS data onto the optical
pulse stream. The optical clock pulses (RZ) were generated using an active-passive
mode-locked semiconductor laser driven by a VCO running at 10GHz + Af. The clock
pulses have a 3.3 ps pulse width with a wavelength of 1550 nm and an approximately
39 dB optical SNR as measured on an optical spectrum analyzer (OSA) with a 0.1 nm

resolution bandwidth (RB). The two optical sources are completely independent and not
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synchronized, so that when the feedback loop is open, both sources encounter a random

shift in repetition rate and timing jitter with respect to each other.
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Fig. 5.7: Experimental setup for 3R regeneration with simultaneous optical clock
recovery and wavelength conversion. PG: Pattern generator, BPF: Band pass filter,

Amp: Electrical Amplifier, EOM: Electro-optic Mach-Zehnder modulator.

The input data average power to the EAM is set to 13.5 dBm (transmission
window = 30 ps, at —2v), while the clock average power is set to 3 dBm. The EAM
reverse bias (Vg) is -2.3 volts. Each of the two outputs of the EAM was split off using

an 80/20 coupler and then applied to the balanced detector inputs. The recovered clock
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was split off using an 80/20 coupler before the EAM, while the 3R regenerated data was
split off after the EAM using another 80/20 coupler. The low pass filtering of the slow
balance detector helps to eliminate the high frequency jitter (>100KHz) from being
transferred to the clock pulses, while the PLL configuration tolerates the low frequency
jitter (<100KHz), in order to maintain locking with the data. As mentioned earlier, The
measured back reflection from the fiber pigtailed EAM is approximately -40dB, thus
the back reflection does not disturb the propagating pulses, and the polarization

sensitivity of the EAM is <1 dB.

Fig. 5.8.a shows a histogram of the eye diagram for the degraded input data. The
amplitude noise is introduced by adding a broadband ASE noise using an EDFA, while
the timing jitter is introduced by applying a frequency modulation (FM) to the input
data, with a frequency of 500KHz (arbitrary chosen >100KHz) and an amplitude equals
approximately to a half pulse width. The optical SNR of the degraded data was
measured to be 18 dB on an OSA with a 0.1 nm RB. This optical SNR is close to the
minimum requirement for 10 Gbit/s transmission, and it was obtained by injecting the
maximum available ASE noise power. Fig. 5.8.b shows a histogram of the eye diagram
for the 3R-regenerated data. The suppression of the amplitude noise and timing jitter
results in a clear eye opening similar to that of the clean data with a 38 dB optical SNR.
The r.m.s timing jitter calculated for the recovered clock using the clock RF spectrum is
< 230 fs. Fig. 5.9 shows the 3R-regenerated data (upper trace) with simultaneously

recovered optical clock (lower trace) at 10 GHz.
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Fig. 5.8: (a) The eye diagram of the degraded input 2°'-1 PRBS data, 10 Gbit/s. (b) The
eye diagram of 3R-regenerated data. The eye diagrams were measured using an optical
communication analyzer with a built-in SONET/SDH electronic low-pass filter with a

cut-off frequency of 7.465 GHz.
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Fig. 5.9: The 3R-regenerated 2°'-1 PRBS data (upper trace), simultaneously optical

recovered clock at 10 GHz (lower trace).

Measurements of the BER, shown in Fig. 5.10, were performed to investigate
the system performance. The input data is a 2°'-1 PRBS, running at 10 Gbit/s. The
receiver is a PIN photo-receiver with optical pre-amplifier. The measured receiver
sensitivity is —19.4 dBm at 10 BER. The power penalty of the degraded data is + 6.4
dB with respect to the back-to-back case. The BER of the 3R-regenerated data was
measured using the recovered clock to drive the error detector. The 3R-regenerated data
showed an error-free operation with a negative power penalty of 4.7 dB with respect to
the degraded data and a positive power penalty of 1.7 dB with respect to the back-to-
back case. No error floor has been observed up to the maximum available output power

at the receiver.
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Fig. 5.10: The bit-error- ratio measurement using a 2°'-1 PRBS data running at 10

Gbit/s.

In summary, we have developed a technique for performing simultaneous all-
optical timing extraction, re-shaping and wavelength conversion using a single EAM.
The technique is used to perform 3R regeneration. The system performance was tested
using 2°'-1 PRBS data running at 10Gbit/s with a 3.3 ps pulse width. The input data was
degraded by adding a 500 KHz timing jitter and reducing the optical SNR to 18 dB. The
system showed a 4.7 dB improvement in the power penalty, and less than 230 fs of

timing jitter for the recovered clock. The same performance is expected for longer
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pulses given that they have sufficient peak power to saturate the loss inside the EAM.
For example, 10 ps pulses require about 4.8dB increase in the input average power to
obtain the same peak power as that used in this experiment. Also, this technique has the
potential to operate at higher bit rates, 40 Gbit/s, because of the small EAM
transmission window that can be achieved. However, more input power is needed to
achieve the required EAM nonlinear transmission characteristic for reshaping at higher

bit rates, which might be above the damage threshold of the device.
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Chapter 6

Four-wave mixing in EAM and SOA

6.1. Four-wave mixing process in semiconductors

In the Four-wave mixing (FWM) process, an optical pump input at ®, is
launched into a semiconductor wave-guide together with a probe signal at ;. The two
signals (pulses or CW) are co-polarized and co-propagating along the waveguide. The
electric fields of the two signals interfere and modulate at the beat frequency QQ = ©; -
®,. This modulation creates dynamic index and gain/absorption (SOA/EAM) gratings
moving inside the active region of the wave-guide, which scatter some of the pump
power at a new optical frequency ®; = ®,- 2 = 2m,- ;. This new generated signal is
called FWM signal or conjugate signal. In SOAs the carrier dynamics includes carrier
population modulation, spectral-hole burning, and carrier heating. The first process
involves inter-band transitions between the conduction and valence bands, and the
associated carrier lifetime is in the order of few hundreds of picoseconds. While the two
latter processes are intra-band and has a lifetime in the order of few hundreds of femto
seconds [44]. In EAMs the processes resulting in FWM are not well understood, but as

it will be shown in this section, there are also fast and slow processes.

FWM is one of the important nonlinear optical operations for high-speed optical
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signal processing due to its ultra-fast response. The FWM switching window is
typically on the order of a pulse width and depends on the temporal overlap between the
pump and probe pulses inside the medium. Also, FWM is modulation format
independent; it applies to any data modulation format including amplitude, phase, and

frequency modulation.

In this section we will describe the nondegenerate (w,#®m;) FWM process in
semiconductor wave-guides using analytical equations. The following equations
describe the FWM process in SOAs [45] or EAMs. In case of EAM, it can be treated as
a saturable absorber with a negative gain coefficient, and in case of SOA the gain
coefficient is positive. The electric field describing the co-propagating waves along ‘z’

direction can be described by:

E;(z,t) =E(2) exp[i(k,;z — w;1)]

Where j = p, b, s indicates pump, probe, and FWM signal respectively. Following
procedures similar to those in [46], the coupled-amplitude equations can be derived

[45].

o (1-ia)-q, [E,,(2)

1
dz 5 P(z)
1 " Aat
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dES (z) _ go (1 _ 1(1) —a, ES (z)— K(Z)Elz) (Z)E:‘ (z)exp(i1Azz)

1
dz 2 P(z)
1 " Aat

Where Ak=2k,-ky-k; is the wave-number mismatch, g, is the unsaturated optical
gain/loss per unit length, Py is the saturation power, a is the line-width enhancement
factor, o is the SOA internal loss per unit length, and x(z) is the FWM coupling

coefficient given by:

3

1 g, l-io, 1

K(Z)=— —_

@) 21+P(z/ Z{l—ihfrm p
Psat

m

Where m=1,2, or 3 represents the process of carrier density modulation,
dynamic carrier heating, and spectral hole burning, respectively, in case of SOA. For
the EAM case, it will represent each of the processes above that are responsible for the
FWM process. Unfortunately, due to the complex interactions of the electro-absorption
effect (bandgap shift), carrier dynamics, and the dynamics of the local electric field
(field screening and recovering), we do not yet have a complete physical model of the
FWM process in EAM. Detail understanding of the physics involved in the FWM
process in EAM will be considered in the future work. Returning to the equation for
k(z), /" is the detuning frequency, T, is the life time of each mechanism, Py, is the
saturation power, o, is the ratio between real and imaginary parts of refractive index
change.
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Solving the coupled wave equations using the boundary condition Ey(0)=0, we

get:

K(l)lexp[iAkl]

E.()=- ‘E,(DE,
IAAKH | (——=°———a,)dz
I 1+P( /
Hence, the FWM conversion efficiency is:
P (1
n= .0 =G’P} -R(AL) (17)
P,(0)

Where G = I( Pls —o,)dz isthe SOA saturated gain
1+

.

3 1 1-i
And R(AL) = Z Eo . o, 1 is the wavelength detuning

m=1 2G(1+P(% ) 1—127‘5me Pm
sat

factor.

Typical values of SOA parameters are: T, =100 ps, 1, =650 fs, 13 =50 fs, a0 =12
cm'l, om= 4, go= 5000 cm'l, Pyt =5 dBm, G =15 dB. Typical values of EAM parameters
are: |oum| <1, T can be interpreted as the phenomenological carrier decay time which

relates to the absorption recovery time that depends on the reverse bias and the input
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optical power as mentioned earlier, and it can vary from 10ps up to 100ps, g, can vary

from -115 to —575 cm™ depending on the reverse bias.

In the following section, we describe experimental results on four-wave mixing
in EAM under reverse bias and with wavelength detuning, and compare it with SOA.
This will be followed by discussion on experiment of optical demultiplexing using

FWM in EAM with simultaneous clock recovery at 80 Gbit/s.

6.2. Characterization of four-wave mixing in electroabsorption modulator and its

application to ultra-fast optical signal processing

The FWM in SOAs and optical fibers have been already demonstrated. For
example, optical demultiplexing from 160 Gbit/s [15], 160 Gbit/s optical sampling by
gain-transparent FWM in SOA [47], and optical demultiplexing from 40 Gbit/s using

FWM in dispersion-shifted fiber [48].

Although SOA usually has higher FWM conversion efficiency than EAM due to
its internal gain, we observed that the FWM in EAM has a wider wavelength detuning
range and the reverse bias of EAM enhances the FWM efficiency. Using picosecond
optical pulses as pump and probe, the FWM conversion efficiency in EAM was
characterized. It was observed that the efficiency is relatively low at small wavelength

detuning of the pump and probe but increases at large detuning until it becomes almost
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constant. This behavior is completely different from that of SOA, in which the
efficiency reduces with more detuning and always increases with higher forward

current.

Fig. 6.1.a shows the optical spectrum of the pump, probe, blue-shifted (1540.2
nm) and red-shifted (1568.9 nm) conjugate signals. The pump and probe are co-
propagating along the EAM waveguide. A polarization controller was used to co-
polarize the pump and probe signals and an optical delay line is used to adjust the delay
between the pump and probe at the EAM input in order to maximize the FWM
conversion efficiency. The pump wavelength is 1559.3 nm with a 10 dBm average input
power at 10 GHz repetition rate and a 3.3 ps pulse width. The pulsed probe is a 10-GHz
pulse train with a fixed wavelength at 1549.5 nm (4 ps pulse width) and 10dBm average
input power. The EAM reverse bias is set to zero volts. The measured OSNR of the
blue-shifted and red-shifted FWM signals are 16.5 and 14.5 dB respectively. The two
conjugate signals have approximately same conversion efficiency (= 0.05%), unlike
FWM in SOA where the blue-shifted conjugate usually has a higher efficiency than the
red-shifted one [45]. We also note that reverse bias introduces more loss to the blue-
shifted signal than the red-shifted one due to the EAM absorption-edge shift toward
longer wavelength, which introduces higher absorption at shorter wavelengths. Fig.
6.1.b shows the wide detuning range in EAM, about 25 nm, for both the red-shifted and

blue-shifted FWM signals. In this case, the input average power for each of the pump

103



o L e BAGIUMIIIIT | SIIITEIIELL -----------------------------
E | : Probe Pump
e Y S Pulses |} Lo
T A | | | |
= E i ; ; i
S A e b
B Blue-shlfted : Red-shlfted
o o[ Fwm 0 FwWM
® [ : i | i
O E ; ; ; '
=] E— R — SR - 38 NN S —
o i J\J\J )

_ED L 1 | L1111 | L1111 | L1111 | L1 11

1530 1540 1550 1860 1570
Wavelength {pum)

(@)

Optical power (dBm)

1500 1510 1520 1530 1540 1550 1560 1570 1.580 1.590
Wavelength (um)

(b)

Fig. 6.1: The measured optical spectrum of the pump, pulsed probe, and FWM signals.
The resolution bandwidth is 0.1 nm, and the reverse bias is zero. (a) The wavelength

detuning is 10 nm. (b) The wavelength detuning is 25 nm.
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and probe is 14 dBm. The measured detuning-range of the EAM in this experiment is
limited by the gain bandwidth of the EDFA used to amplify the pump and probe signals
and the tuning range of the band-pass filter. We note that the two conjugate signals have

the same optical power, and the measured OSNR of the FWM signals is about 23 dB.

Fig. 6.2 shows the output power of the pump, probe, and red-shifted FWM
signals measured at different reverse bias on an optical spectrum analyzer (resolution
bandwidth = 0.1 nm). The repetition rate of the pump is 10 GHz and has a wavelength
of 1552.41 nm. The 10-GHz probe pulse train has a wavelength of 1547.58 nm. Each of
the pump and probe signals has a 14 dBm average input power. The FWM signal
wavelength is measured at 1557.03 nm (red-shifted) and 1542.89 nm (blue-shifted). The
FWM power increases by 2 dB between zero and 0.7 volts reverse bias for the red-
shifted FWM and then it levels off. While the blue-shifted FWM signal increases by 1.5
dB between zero and 0.4 volts, and then it starts to drop. This drop is due to the EAM
bandgap-edge shift to longer wavelength with higher reverse bias. For the pump and
probe, the output powers decreases with increasing reverse bias, as expected. We
believe the reason for FWM power increase with reverse bias is the following: The
reverse bias increases the absorption coefficient inside the EAM, which in turn
enhances the nonlinear interaction between the pump and probe and also reduces the
carrier sweep-out time; and consequently increases the FWM efficiency. However,
beyond =~ 0.7 volts the pump and probe powers start to attenuate significantly which

counteract on the pump-probe nonlinear interaction enhancement and eventually
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balances the increase in the FWM efficiency until it levels off, such as the case of the

red-shifted FWM signal as can be seen in Fig. 6.2.
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Fig. 6.2: The pump, probe, and red-shifted FWM output power at different reverse bias,

using 10 GHz probe pulses.

Fig. 6.3.a shows the FWM efficiency of EAM at different reverse biases as a
function of wavelength detuning. The pump wavelength is 1536.1 nm and the probe is

detuned from 1540.23 nm up to 1560.38 nm. The efficiency here is defined as ratio of
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Fig. 6.3: (a) The FWM efficiency versus wavelength detuning at different reverse bias.

(b) The measured FWM efficiency in SOA using 10 GHz pump and probe signals.
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the output FWM power to the input probe power. The efficiency increases with
detuning and becomes almost constant beyond 10 nm. The reverse bias between zero
and 0.6V increases the efficiency by about 1.86 dB for the red-shifted conjugate, and
1.3 dB for blue-shifted one. Beyond 0.6V the blue-shifted FWM attenuates more than
the red-shifted one because of EAM bandgap shifts to longer wavelength. Above 0.6V,

the pump and probe powers start to attenuate significantly, as mentioned earlier in page
“106’°, however in this case the attenuation overcomes the enhancement from the reverse

bias and the FWM signal power starts to decrease.

Fig. 6.3.b shows the FWM efficiency for SOA at 120 mA forward current. The
SOA utilized in this experiment is a InGaAsP-based device [21], it has a 20 dB small
signal gain at 120 mA of forward bias current. The pump is at 1555.3 nm and the probe
is detuned from 1550.3 nm down to 1535.5 nm. The blue-shifted FWM has higher
efficiency and can be detuned by 24 nm, while the red-shifted FWM has a lower
efficiency and can be detuned by 16 nm only. The efficiency always increases with
higher forward current, as the internal SOA gain increases. The limited detuning range
of the red-shifted FWM signal in case of SOA is due to the ASE noise that reduces the
OSNR of the FWM signal and eventually masks it. Although, the EAM has always a
lower FWM efficiency than SOA due to the SOA internal gain, the EAM shows a wider
detuning range for both red-shifted and blue-shifted FWM signals. Even though the
FWM signal in EAM is relatively weak, a high gain EDFA with low noise figure can be
used to bring the FWM signal to a higher power level with reasonable OSNR, as

demonstrated in the next section.
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Fig. 6.4 (a & b) shows the FWM efficiency at different detuning wavelengths as
a function of reverse bias for blue-shifted and red-shifted FWM signals, respectively. In
Fig. 6.4.a, the enhancement in blue-shifted FWM signal is 1.74 dB measured at 1531.95
nm between zero and 0.8V, and it is 0.8 dB measured at 1512.6 nm between zero and
0.4V. In Fig. 6.4.b, the enhancement in the red-shifted FWM signal is 2.11 dB
measured at 1544.66 nm between zero and 1V, and it is 1.5 dB measured at 1584.9 nm
between zero and 0.8V. These results indicate that the enhancement in FWM efficiency

with reverse bias reduces with higher detuning.

In order to qualititively explain the FWM variation with detuning in EAM, we
can assume that there are a slow and fast processes which are interfering destructively,
and they have opposite signs. Therefore, for small detunings where both processes are
relevant the conversion efficiency is less than that for higher detunings where only the

fast process is important.
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Fig. 6.4: The FWM efficiency at different wavelength detuning as a function of reverse

bias: (a) The blue-shifted FWM signal, (b) The red-shifted FWM signal.
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To measure the switching window of the FWM signal in the EAM, we offset the
repetition rate between the pump (3.5 ps) and probe (4.5 ps) pulses by 10 KHz. A slow
detector was used to measure the output FWM signal power. Fig. 6.5.a shows the
measured switching window with = 5.3 ps FWHM, which should be adequate for
demultiplexing up to 160 Gbit/s (pulse separation: 6.25 ps). Fig. 6.5.b shows the
simulation results for the switching window FWHM as a function of different pump and
probe pulses widths. In this model we assumed a Gaussian pulse shape for the probe
pulses and sech? for the pump pulses, and the FWM power is calculated from eq. (17)

by using the following simple formula where phase matching was assumed:

P, a PP,

‘Py’ is the output FWM signal power, ‘P, is the input pump power, and ‘P’ is the input

probe signal power.

Assuming low input powers, the model is in a good agreement with the
measured data. It shows that sufficiently short input optical pulses (= 1ps) can produce a

short switching window =1.2 ps, which is appropriate for signal processing up to 640

Gbit/s.

Fig. 6.5.c illustrates the measured switching window width at different input

pump power. We observed that the switching window width is constant (5.3 ps) up to
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7dBm and then it starts to increase with higher input powers. It increases by about 700
fs between 7 and 10 dBm. We believe that this increase is mostly due to some pulse
reshaping by EAM absorption saturation at high input powers, which affects the
temporal overlap between the pump and probe pulses and thus the switching window

width.
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Fig. 6.5: (a) The measured FWM switching window at 7 dBm input pump power. (b)
The simulated switching window as a function of pump and probe pulse-width. (¢) The
measured FWM switching window at different input pump power. The pulses width of

pump and probe signals are 3.5 and 4.5 ps, respectively.

In summary, we have investigated FWM in EAM and compared it with SOA.
We demonstrated that FWM has a wide tuning range of ~25 nm limited by the EDFA
gain bandwidth and band pass filters tuning range. We also demonstrated that the FWM
efficiency curve as a function of wavelength detuning in EAM behaves very differently
from that of the SOA. In addition, we showed that a ~ 0.7-volt of reverse bias could

improve the FWM efficiency in EAM by 2 dB.
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6.3. Simultaneous 80 Gbit/s optical demultiplexing and clock recovery using four-
wave mixing and co-propagation timing extraction inside a single

electroabsorption modulator

In this section we describe a novel technique that uses a single EAM to perform
two simultaneous operations: All-optical timing extraction using fast absorption-
saturation, and optical demultiplexing using FWM. We use co-propagating data and
clock pulses for timing extraction in the EAM, which provides clock recovery at 10
GHz. The optical demultiplexing and simultaneous clock recovery is performed at 80

Gbit/s.

As mentioned earlier, the high-speed optical timing extraction and signal
processing are essential for ultra-high speed networks to perform synchronous
operations such as demultiplexing and regeneration. Four-wave mixing is one of the
promising nonlinear all-optical techniques for ultra-fast signal processing. In addition,
fast time-dependent absorption-saturation inside EAM can be used for ultra-fast optical
timing extraction. Different techniques have been already reported on ultra-fast clock
recovery using interferometric switches based on SOA [5], or RF-driven EAMs in
conjunction with electronic mixer [6]. In chapter 5, we have described simultaneous
clock recovery and demultiplexing at 40 Gbit/s using absorption saturation and counter-
propagating between data and clock pulses inside EAM. We also showed in chapter 4
that the counter-propagating clock and data pulses inside a single EAM could be used to
perform ultra-fast optical clock recovery up to 160 Gbit/s.
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Here, we demonstrate simultaneous FWM and timing extraction inside a single
EAM using co-propagation between the data and clock pulses. A novel technique was
developed that uses the EAM to achieve high-speed retiming and demultiplexing at the
same time. The co-propagating configuration allows us to perform timing extraction and
FWM between the data and clock pulses simultaneously. The extracted timing is
capable of resolving sub-picosecond timing error between the data and clock pulses due
to the fast absorption-saturation inside the EAM, while the FWM allows for small
switching window (= 6ps) despite of the relatively slow absorption recovery time of the

device (= 30ps in this experiment) that is limited by the carrier dynamics.

Fig. 6.6 shows the experimental setup for simultaneous optical clock recovery
and demultiplexing from 80 Gbit/s. The optical return-to-zero data pulses (1547.93 nm)
have a pulse width of 4.5 ps FWHM, and they are running at 10Gbit/s with 2°'-1 long
PRBS. The 10 Gbit/s data pulses are multiplexed using a multi-stage passive fiber
delay-and-add line, similar to that in Fig. 4.10, to obtain an aggregate bit rate of 80
Gbit/s. The optical delay line and the polarization controller are utilized to adjust the
delay and polarization of the data to maximize the FWM efficiency. The RZ optical
clock pulses (1553.86 nm) have a pulse width of 3.5 ps FWHM, and they are generated
using a mode-locked semiconductor laser driven by a VCO running close to 10GHz.
The data and clock were launched to co-propagate inside the EAM each with a 14dBm
average input power. A 90/10 splitter is used to split 10% of the data and clock power

after the first EDFA. Then the 10% power is split again using a 50/50 splitter into two
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branches, each with a BPF (1547.93 nm, and 1553.86 nm). A balanced photo-detector
(1 MHz bandwidth) detects the two optical signals (data & clock) and generates a low-
pass filtered electrical error signal. This error signal is fed back to control the repetition
rate of the semiconductor mode-locked laser (clock) until it locks to one of the
incoming data channels. The other 90% of the output power is amplified and filtered

using a 2nm BPF at 1559.78 nm to obtain the FWM signal output.
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Fig. 6.6: The experimental setup for optical clock recovery and demultiplexing. PC:
Polarization Controller, BPF: Band Pass Filter, EDFA: Erbium Doped Fiber Amplifier,

Amp: Electrical Amplifier, VCO: Voltage-Controlled Oscillator.

Since increasing the reverse bias introduces higher attenuation to the blue-

shifted FWM signal compared to the red-shifted one, we chose the red-shifted FWM
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signal as the demultiplexed 10 Gbit/s data. Fig. 6.7 shows the output power of the
pump, probe, and red-shifted FWM signals measured at different reverse biases on an
optical spectrum analyzer (resolution bandwidth = 0.1 nm). In this case, the probe is 80
Gbit/s RZ pulses modulated with 2°' -1 long PRBS, and it has a wavelength of 1547.93

nm.
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Fig. 6.7: The pump, probe, and red-shifted FWM output power at different reverse bias,

using an 80 Gbit/s, 2°'-1 PRBS probe signal.
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The pump is running at 10 GHz and it has a wavelength of 1553.86 nm. Each of
the pump and probe has a 14 dBm average input power. The FWM signal wavelength is
measured at 1559.78 nm (red-shifted). The FWM power increases by 1.5 dB between
zero and 0.5 volts, and then it levels off. That corresponds to increase in conversion
efficiency from 0.097% to 0.14%. The conversion efficiency is defined here as the ratio
of the FWM output to input data peak power. For the pump and probe, the output

powers attenuate with higher reverse bias, as expected.

Fig. 6.8 shows the output optical spectrum after the first EDFA, which is a low-
noise pre-amplifier with a noise figure = 3.5 dB. In order to extract more gain for the
FWM signal, two fiber-Bragg gratings (0.1 nm bandwidth) were used to suppress some
of the transmitted data and clock powers. The data grating has a 30 dB reflectivity at
1547.83 nm and the clock grating has a 26 dB reflectivity at 1553.59 nm. Unfortunately,
the available gratings at that time had such small bandwidth. Using larger bandwidth
gratings will supress more power from the transmitted data and clock and allow the
FWM to extract more gain from the pre-amplifier. The output FWM signal here has a
15.8 dB optical signal-to-noise ratio. The FWM average power measured directly after
the EAM output is about —34 dBm. The calculated conversion efficiency defined as the

ratio of FWM output to input data peak power is about 0.1%.
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Fig. 6.8: The optical spectrum of the FWM and the filtered data and clock signals.
Detuning between the data and clock wavelength is about 5.9 nm. Resolution bandwidth

1s 0.1 nm.

In the co-propagation scheme, each individual pulse (clock or data) causes fast
absorption saturation inside the EAM followed by a slower absorption recovery, hence,
affecting the transmitted power of the next incoming co-propagating pulse (data or
clock) based on its delay in arrival. Fig. 6.9.a shows the error signal when the feedback
loop is open (unlock) and the VCO frequency is set to (10GHz+10KHz). The repetition
period of the error signal is (12.5 usec) corresponding to (10x8 KHz) difference in
repetition frequency between data (80Gbit/s) and clock (10GHz). The estimated

sensitivity of the steep slope is about 30 mVolt/ps.
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Fig. 6.9: (a) The measured error signal during unlock. (b) The error signal after locking.

Fig. 6.9.b shows the error signal after locking. Compared to the unlocked case, it
is almost a DC voltage with some fluctuations corresponding to timing jitter between

the data and clock pulses. Fig. 6.10.a shows the RF spectrum of the recovered clock
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with a center frequency of 10 GHz. The timing jitter is calculated from the clock RF
spectrum by integrating over the phase-noise pedestal. It yields an r.m.s. timing jitter <
350 fs. Fig. 6.10.b shows the recovered 10GHz optical clock pulses on a sampling

oscilloscope using a 45 GHz photo-detector. The ringings are due to the detector

response.
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Fig. 6.10: (a) The RF spectrum of the recovered clock. (b) The recovered clock as

measured in the time domain.

121



Another amplifier stage with a BPF is used to display the 10 Gbit/s
demultiplexed channel on a sampling oscilloscope. Fig. 6.11 shows the 10 Gbit/s FWM
demultiplexed eye diagram from 80 Gbit/s. The eye is displayed on the optical channel
of the oscilloscope with a built-in SONET/SDH low-pass electrical filter with a
bandwidth of 7.465 GHz. The oscilloscope histogram statistics were used to estimate
the quality factor (Q) of the demultiplexed channel. The Q* factor measured from the
eye diagram is about 14.8 dB, and the calculated BER based on this Q factor, assuming

a Gaussian noise distribution, is 1.8x10°%,

20 ps/div.

Fig. 6.11: The eye diagram of the 10 Gbit/s demultiplexed channel using 7.465 GHz

optical channel of a sampling oscilloscope.

The simultaneous clock recovery and FWM in this experiment is achieved at 2
volts reverse bias of EAM. Fig. 6.12 shows the effect of reverse bias on the error signal

steep slope. The reverse bias increases the slope sensitivity of the error signal as the
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cross-absorption modulation enhances inside EAM. We noted also an increase in the
FWM eye amplitude with reverse bias. Fig. 6.12 illustrates the increase in the eye
amplitude normalized to the amplitude at zero bias. One reason for this amplitude
increase is the EAM band-edge shift to longer wavelength with more reverse bias,
resulting in more absorption of the clock and data power in EAM before the first EDFA
input and thus allows more gain for the FWM signal. Another reason is the FWM power
enhancement at the EAM output by 1.5 dB at 2-volt reverse bias, which improves the

OSNR of the demultiplexed channel, as indicated in Fig. 6.7.
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Fig. 6.12: The measured slope sensitivity of the error signal and the relative FWM eye

diagram amplitude versus EAM reverse bias.
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In summary, we have demonstrated a new ultra-fast technique using
simultaneous FWM and timing extraction inside a single EAM, which allows high-
speed optical demultiplexing and clock recovery at 80 Gbit/s. We also investigated the

enhancement of the FWM signal and the error signal slope with higher reverse biases.
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Chapter 7

Discussion & future work

We have discussed all-optical nonlinear effects inside semiconductor optical
waveguides (EAM & SOA) and its applications for ultra-fast optical signal processing.
We have also demonstrated all-optical cross-modulation technique in EAM and the
wavelength dependence of its transmission. The switching window of the EAM depends
on both the reverse bias and input power and it can be significantly shorter than that of
the SOA. In addition, we have demonstrated how the nonlinear transmission of the
EAM can be used as an all-optical logic AND gate and its capability to work at high-

speeds with more than 10 dB of contrast ratio.

We have developed a new technique for optical digital signal processing using
nonlinear optical semiconductor wave-guides. The technique is based on the nonlinear
time-dependent transmission saturation. This technique has been used for all-optical
timing extraction, which in turn is used to perform optical clock recovery. The all-
optical extraction can resolve timing delay between clock and data pulses less than a
picosecond. The clock recovery has been experimentally demonstrated up to 160 Gbit/s,
using 23] long PRBS data. The simulation results show that our timing extraction
technique using EAM for sub-clock recovery can be applied to data rates up to 640
Gbit/s. Unlike other techniques, this technique doesn’t require high-speed photo-

detectors [4], and it is bit-rate flexible.
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We have demonstrated optical time demultiplexing with simultaneous clock
recovery using a single EAM at 40 Gbit/s. The system showed an error free operation
and a small timing jitter for the recovered clock, less than 200 fs. The bit-error-ratio
measurement of the demultiplexed channel at 10 Gbit/s (2*'-1 PRBS) showed an error
free operation with a 3.2 dB power penalty. The system was also tested as a receiver in
a recirculating loop transmission experiment. The burst-mode data was running at 40
Gbit/s and it has a 2”-1 long PRBS bit-pattern. The data propagates for 10,000 Km of
transmission distance. The duration of a one data packet is about 500 usec with about
100-usec rise and fall time. The system shows a successful optical demultiplexing to 10
Gbit/s burst-mode data with a simultaneous optical clock recovery at 10 GHz. The

estimated BER of the received data was about 107,

The 3R regeneration has been demonstrated using a single EAM at 10 Gbit/s.
The nonlinearity of the EAM transmission allows for re-shaping of the degraded input
data stream. The recovered clock is amplified and used for re-timing. The optical 3R

regeneration was performed using 2°'-1 long PRBS.

For future work, one of the critical issues in clock recovery scheme is the choice
of low pass filter bandwidth. The low pass filter averages over the amplitude
fluctuations of the data that could be due to pattern dependence, and the fluctuations in
average power due to random distribution of ones and zeros along the bit pattern. The

latter is a more significant problem and it places a limit on the low pass filter bandwidth
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and the clock acquisition time. For example, in the experiment a 15 KHz bandwidth
LPF gave 80 psec transient time, while a 100 KHz bandwidth filter gave 40 psec, and a
1 MHz bandwidth LPF gave about 10 psec. Although, a low pass filter with small
bandwidth may reduce the bit-pattern effects, choosing a larger bandwidth can reduce
the acquisition time, and increases the ability of the system to track more phase noise in
order to correct it. One solution to get short acquisition time while reducing the bit-
pattern dependence is to use large bandwidth LPF and normalize the feedback error
signal with the fluctuating input power of the data stream, which can be obtained by
using an external photo-detector with an appropriate bandwidth. Because the photo-
detected power of the input data depends on the pulses peak power and the bit pattern,
we believe the normalized error signal will eliminate the dependence on the bit pattern,
and at the same time the large bandwidth of the LPF will allow a faster transient time

response.

For the 3R regeneration, considering higher bit rates such as 20Gbit/s and
40Gbit/s is important. The EAM has already shown to have a good performance for
demultiplexing at 40 Gbit/s. Although at these bit rates it may require higher data input
power to achieve the same nonlinear transmission characteristic as already shown in

chapter 5.

As demonstrated in chapter 6, the FWM in EAM depends on the reverse bias
and wavelength detuning between the pump and probe. The FWM efficiency behaves

completely different from that of SOA. For future work, more experimental
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investigation on the FWM effect in EAM will be needed in order to better understand
the physical mechanisms involved and their interactions. Also, numerical modelling of
the FWM effect in EAM in the future work will provide valuable insights to these
different effects and provide predictions on the limitations of the FWM in EAM for

ultra-fast optical signal processing.
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APPENDIX A

Optical clock recovery model

The following is the Matlab simulation code for optical clock recovery system

using EAM or SOA:

clear all;

pack

clk=clock

% Initialization of different variables

N=1000000; % Simulation run time in ps

Points=round(4*0.2/0.3); % (number of device sections = refractive index * device
length / light speed)

Tol=100; % clock repetition period in ps

To2=6.25; % Data repetition period in ps

aa=0.01; %Data amplitude in watts

pulsewidth=2; % Pulse FWHM in ps

Pplus=zeros(1,Points); %Input clock forward propagation in space

Pminus=zeros(1,Points); %Input data backward propagation in space

Poutplus=zeros(1,N+Points); %Output data backward propagation in space
Poutminus=zeros(1,N+Points); %Output clock forward propagation in space

sl=zeros(1,N+Points); % First low pass filter output
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s2=zeros(1,N+Points);
dif=zeros(1,N+Points);
dT=zeros(1,N+Points);

dt=zeros(1,N+Points);

% Second low pass filter output
% Error signal
%Difference between data and clock repetition periods

%Delay between data and clock pulses in time in ps

taw=70000; %Low pass filter time constant
dT(2)=0.01;

dt(2)=1;

Ge=le-3; % Feedback gain

v=-2; %EAM reverse bias voltage in volts
% PRBS generation

m=7; % 2™-1 PRBS

Tp=m*(2"m-1)*To2;
D=2"m-1;
switch m
case {7,15}
bb=m-1;
case {10,20}
bb=m-3;
case 23
bb=18;
otherwise

bb=28; % m=31

%PRBS repetition period
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end

y=bitget(D,m:-1:1);

for r=1:2"m-2

D=bitor(xor(bitget(D,m),bitget(D,bb)),bitshift(D,1,m)); %PRBS generation using XOR
y=[y bitget(D,1:1:m)];

end

clearr;

%

% EAM calibration

x=10*10g10(0.2*1000)-14.815; %Input average power
k0=[7.715e-008,1.5267¢-007,-4.5688e-006,-1.7827e-005,5.7436e-006];
k1=[1.377e-005,0.00019336,0.0009887,0.0023412,0.0031067];
k2=[0.00034983,0.0057732,0.034654,0.090146,0.098493];
k3=[0.00088404,0.02165,0.17089,0.53528,0.64851];
k4=[-0.032769,-0.48843,-2.5801,-5.6382,-4.0244];
k5=[0.6273,10.431,63.412,169.69,184.92];
k=[kO0;k1;k2;k3;k4;k5]*[v"4;v"3;v"2;v;1];
tau=k'*[x"5;x"4;x"3;x"2;x;1]; % EAM Recovery time from empirical data. In
case of SOA it is set to 100ps.
20=0.0086347*v"5+0.12429*v"4+0.57521*v"3+0.87699*v"2+1.5146*v-2.3103;
%The loss coefficient of EAM from empirical data. In case of SOA it is set to 2.
g=(g0/Points)*ones(1,Points); % Loss/gain per section

geq=g; %Unsaturated loss/gain coefficient.
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G=exp(g); % Initial loss/gain distribution in space

%

for t=2:N+Points
Poutplus(t)=0.2.*Pplus(Points);
Poutminus(t)=0.2.*Pminus(1);
GG=G-(G-1).*exp((-Pplus-Pminus)./0.9715);
Gnew=G./(GG+eps);
a=Pplus./(Pplus+Pminus+eps);
b=Pminus./(Pplus+Pminus+eps);
Pplus=Pplus+log(GG+eps).*a;
Pminus=Pminus+log(GG+eps).*b;
g=log(Gnew); g=g+(geq-g)/tau; G=exp(g);
Pplus(2:Points)=Pplus(1:Points-1);
Pminus(1:Points-1)=Pminus(2:Points);
Pminus(Points)=(0.2*3/1.1).*exp(-(1.68.*(rem(t,To1-dT(2))-(Tol-
dt(t))/2)/pulsewidth).”2); %Gaussian clock pulses generation
Pplus(1)=(aa*3/1.1).*exp(-(1.68.*(rem(t,To2)-To2/2)/pulsewidth).”2).*y(ceil((t-
fix((t-1)/(Tp-1))*(Tp-1))/To2)); %Gaussian data pulses generation
s1(t)=s1(t-1)+Poutminus(t)-s1(t-1)/taw;
s2(t)=s2(t-1)+Poutplus(t)-s2(t-1)/taw;
dif(t)=s2(t)-s1(t);
dt(t+1)=dt(t)+Ge*dif(t); %Feedback signal to change the clock delay
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end

plot(Poutminus,'t'); % clock
figure;

plot(Poutplus); %Data
figure;

plot(s1);

figure;

plot(s2);

figure;

plot(dif);

figure;

plot(dt);

clk=etime(clock,clk)/60 %Model run time
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APPENDIX B

Measuring the timing jitter

In this appendix we discuss a technique for measuring timing jitter of a pulse
train using the RF power spectrum [32][49]. Timing jitter is defined as random
fluctuations in the pulse repetition period. The pulse train spectrum consists of a -
function like frequency components at integral multiples ‘n’ of the pulse repetition rate,
with each peak resting on double-sided noise bands. These noise bands are due to
amplitude noise and phase noise in the pulse train. The ratio of the area under a noise
band to the area under the carrier peak increases by n” for phase noise case as we go to

higher order harmonics [49].

The root mean square (r.m.s) timing jitter can be obtained from the ratio of the
integrated power in the double-sided phase noise band ‘Pg,’ to the power in the carrier

‘P’ based on the following formula:

nf, +f};
o " “high P
R.M.S. Timing jitter = 2 | Po® ¢ (18)
2nn f | P, of 44, B
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Where f, is the pulse train repetition rate, ‘B’ is the spectrum resolution bandwidth, fj,y

is the starting frequency of the noise band, and fii,, is the stop frequency of the noise

band.

The following formula is a simple form of eq. (18) that can be used to estimate

the r.m.s timing jitter from the RF spectrum:

P, Af

2rnf | P, B

0

R.M.S. Timing jitter =

Where Af is the full-width at half maximum of the double-sided noise band. Fig. B.1

shows an example of the RF spectrum for a 10 GHz pulse train.

Powewr density (10 dB/div.)
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Fig. B.1: The RF spectrum of a 10 GHz pulse train.
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