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Summary

The graduation report presented gives a description of the development of an opti
cal pseudo-random binary sequence (PRBS) generator, which is known to be one
of a few optical digital processing systems developed so far. It is described how
the known electric PRBS generators are builded up, from which the design of an
optical PRBS generator is retrieved.
The total system of the optical PRBS generator consists of two optical flip-flop
memories ([1]) that combined with a clock signal form an optical shift-register
([2]), and a XOR gate. The optical flip-flop memory used ([1]) has two differ
ent wavelengths at which it can operate. Therefore, the developed optical PRBS
generator is not operating at the binary encoding principle, data encoded by two
binary intensity levels ON and OFF, but operates at the wavelength encoding prin
ciple, data encoded by two different wavelengths.
One of the most important elements that needed to be developed for this system
was the exclusive OR (XOR) gate. This XOR gate has to operate at low power
and produce a stable output. Further it is important that the output signal of the
XOR gate is a wavelength encoded data signal as it is used as the input of one of
the flip-flops.
In this case three types of XOR gates are designed and tested; (1) a XOR gate
based on cross-polarization modulation in a SOA, (2) a XOR gate based on FWM
in a SOA and (3) a XOR gate based on the use of three ring lasers. The last XOR
gate turned out to be the one that could fulfill the features necessary to be able
to be integrated in the total digital system of the PRBS generator. After optimiz
ing the performance of the separate building blocks, the whole is connected and
the output is measured. The output shows good agreement with the theoretically
expected output.
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Chapter 1

Introduction

This report gives a description of the work I have done during my graduation
project at the Eindhoven University of Technology (TU/e) at the faculty of electri
cal engineering. This graduation project is the final part of the program in electri
cal engineering. During this graduation project I have carried out research in the
area of optical communication networks in the Electro-Optical Communications
(ECO) group. The goal of the graduation project was to develop a pseudo-random
binary sequence (PRBS) generator for testing of high-speed optical components,
making use of the optical flip-flop memory [1], which operating principle and
simulation results is described in Appendix A. In this chapter an introduction is
given on the research done in the area of developing an optical PRBS generator.

Optical networks become more and more important and are already partly replac
ing the standard electrical networks. Total optical networks in the future is the
optimum goal. To achieve this goal it is necessary to develop optical components
that establish a high switching speed at low switching energies. It is expected that
all-optical signal processing systems are necessary in order to reach these high
speeds. In [1] the development of a small piece of an optical network, a flip-flop
memory is described, both experimentally as well as theoretically. With the help
from this optical flip-flop memory an optical shift-register has been realized, [2].
This optical shift-register will form the base for the development of the pseudo
random binary sequence (PRBS) generator.

The general content of the report presented will describe the work done and the
results obtained during the graduation project; the design of an optical PRBS gen
erator that makes use of the flip-flops described in [1]. In the literature so far
only a few cases are known where a total optical digital signal processing system
is developed. [3], [4]. Optical signal processing systems are becoming more of
interest because of the increasing data rates of the optical networks, widely inte-
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grated nowadays, which electrical signal processing systems often cannot reach.
By developing all-optical digital signal processing systems that can replace their
electrical counterparts, the high data rates encountered with the optical networks
can be maintained. Important feature of the optical signal processing system is a
high switching speed and a low switching energy. By developing an optical PRBS
generator it will become possible in the future to measure the noise performance
of optical communication systems operating at high data rates, thereby verifying
the integrity of optical transmission systems.

In chapter 2 the important features of electrical PRBS generators will be explained
and why it is necessary to develop an optical PRBS generator. It is explained what
the design for an optical PRBS generator will be and how this is developed, mak
ing use of the optical flip-flop memory described in [1]. With two of these flip-flop
memories an optical shift-register can be made, [2]. Connecting the shift-register
with an optical exclusive OR (XOR) gate resolves in a PRBS generator. As it
turned out the hard part of developing this optical PRBS generator was the XOR
gate. The important features that the XOR gate needs to apply to if it used in the
larger system of the PRBS generator is that

1. it produces a stable output, as it is a part of larger system stability is very
important,

2. it can operate at low power injected, as it is known that the output power of
the flip-flop memories used are low,

3. it operates at the wavelength encoding principle (data encoded in two differ
ent wavelengths) instead of at the binary encoded principle (data encoded
by the binary intensity of the signals).

The last necessary feature is a result of the flip-flop memories used in the total
setup, as they can operate at two different states, concerning two different wave
lengths. The experimental stage of this graduation project was concentrated on
the development of a XOR gate that could fulfill these three features. In chapter 3
an overview will be given of the XOR gates tested. Three different types of XOR
gates will be described, because the first two XOR gates tested could not fulfill the
features necessary to be implemented in the system of the PRBS generator. The
XOR gates tested are:

1. XOR gate based on cross-polarization modulation in a SOA,

2. XOR gate based on four-wave mixing (FWM) in a SOA,

3. XOR gate based on three coupled lasers.
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The setup and operating principle of these XOR gates and the experimental results
obtained with them is described and discussed. The reasons for not choosing the
first two XOR gates as the ones used in the setup of the PRBS generator will be
given, as well as the reasons why the third XOR gate can be used in the total
system of the PRBS generator.
In chapter 4 the optical PRBS generator will be described, as well as its building
blocks. The issues concerning the setups of the building blocks are described.
These building blocks are connected to each other step by step, thereby optimizing
the operating principle of the total PRBS generator step by step. Finally the total
PRBS generator has been tested. The results obtained with this total setup are
shown and the power specifications are given.
Finally in chapter 5 the conclusions of the research done and recommendations
for further research in the area of optical PRBS generators are presented.



Chapter 2

Pseudo-random binary sequence
generator

Pseudo-random binary sequence generators (PRBS generators) are commercially
applied in the area of electrical and electronic engineering. Their randomness is
one of their most important properties, because they are very useful in produc
ing (repeatable) white noise test patterns when measuring the noise performance
of communications, control and instrumentation systems. PRBS generators are
mainly used for eye diagram, BER and jitter measurements.
For the development of future optical fiber communication systems and their high
speed components often PRBS generators are used. For this purpose reliable
testing is required at multi-GHz frequencies. The availability of this PRBS test
equipment is frequently a limiting factor, because commercially available elec
tronic PRBS test equipment cover data rates up to 15 Gbits/s, [5]. It is therefore
important to develop optical PRBS generators than can cover larger data rates than
these electronic PRBS generators.
In this chapter the principle and design of an optical PRBS generator will be de
scribed. At first a glance will be taken on electronic PRBS generators. From this
principle an optical PRBS generator is developed. This optical generator has to
make use of the optical flip-flop memory described in [1].

2.1 Electronic PRBS generator

Maximal-length shift register sequences, or m-sequences are known as good elec
tronic PRBS generators. To construct an m-sequence of length N = 2m - 1, one
needs as a basis a primitive polynomial c(x) of degree m, for instance:
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( ) m + m-I + m-2 + + + ""m iC X = CmX Cm-IX Cm -2X . . . CIX Co = Li=O Ci X ,

where Co = Cm = 1. This polynomial specifies a linear feedback shift register
(LFSR), as presented in figure 2.1.

F F
output

Figure 2.1: Linear feedback shift register (LFSR) corresponding to c(x). F repre
sents the memory element, CI to CN-I represent the feedback equal to 0 or 1 and
E9 represents a XOR gate

This LFSR consists of m boxes, representing memory elements or flip-flops, each
containing a binary 0 or 1. At each clock pulse the contents of the boxes are
shifted one place to the right. The boxes corresponding to the terms in c(x) are
added and fed back to the left-hand box. The sum is calculated modulo 2, so E9
in the figure represents a modulo-2 adder or exclusive OR (XOR) gate, defined by
the truth table 2.1:

Ini In2 Out
0 0 0
0 1 1
1 0 1
I 1 0

Table 2.1: Truth table for the XOR gate.

From this it follows that from a given polynomial, a sequence can be generated
by an m-stage binary LFSR which has a feedback tap connected to the output of
the ith box if Ci = I and no feedback tap if Ci = O. Such an m-stage binary LFSR
represents an electronic PRBS generator. These PRBS generators are known to
have a certain period after which the same random signal is repeated, therefore
they are called pseudo-random. The length of the period depends on the amount
of memory elements used and can be calculated in as follows: period = 2m - I
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(an example: if m is 3, the period is equal to 8 bits, meaning that after 8 bits
the signal will repeat itself). To start up the shift register, the initial values of the
memory elements should be specified. If all the memory elements are equal to 0,
the output of the PRBS generator will stay 0 as well, so care must be taken that
this is not the case.
All known electronic PRBS generators are developed from the principle of the
LFSR presented here. The period and thereby the randomness of the output signal
can be varied by changing the amount of memory elements used.

2.2 Optical PRBS generator principles

The design of an all-optical PRBS generator can be extracted from the general
principle of the electrical PRBS generator. The necessary elements are an optical
shift-register build out of optical memory elements and an optical XOR gate. The
most important condition for the design is that the optical memory element used,
is the optical flip-flop memory described in [1].
The flip-flop memory ([1]) consist of two coupled ring lasers, made bi-stable by
the presence of a feedback, see figure 2.2. The flip-flop has two inputs and two
outputs. In each stable state one of the lasers lases while the other one is sup
pressed, making the state of the flip-flop memory dependent of the wavelength of
the dominant laser. The operating principle and some simulations results gained
with the equations describing this optical flip-flop memory is described in Ap
pendix A.
In [2] an optical shift-register is made with two of these flip-flop memories cou
pled driven by common clock pulses. The schematic configuration is presented
in figure 2.3. The two cascaded flip-flops are driven by an optical clock pulse to
be able to clear the state of the optical flip-flops. A strong clock signal saturates
the SOA of the flip-flops after which its state can be set by the signal present at
In] of the input. The power of the external optical clock signal is divided into two
parts. On part is delayed, while the other part is used to clear the state of flip-flop
2, by injection via port In2. The output from flip-flop 1 then sets the new state of
flip-flop 2. If flip-flop 2 is set to its new state the delayed clock signal is injected
into port In2 of flip-flop 1 to clear its state subsequently. The signal present at
port In] of the flip-flop 1 then sets the new state of this flip-flop. This optical shift
register forms the base of the optical PRBS-generator.
The schematic configuration of the simplest optical PRBS generator possible is
shown in figure 2.4. It makes use of two optical flip-flop memories, that com
bined with a clock signal form an optical shift register and an optical XOR gate
The optical PRBS generator operates in the following fashion. Flip-flop 1 of the
shift register is set to its new state after being cleared by the clock signal by the
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In2

In1

Out

optical clock

Figure 2.2: Layout of the optical flip-flop presented in [1]

In Out
In1 oun In1 oun

Flip- Flip-
flop 1 flop 2

,.-- In2 Out2 r-- In2 Out2
I I
I

delay0
I___~~~n!! : ~

Figure 2.3: Schematic layout of the shift-register presented in [2]
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In1 Out1

flip-flop
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Clock : L.-_---'
input :-------------------------

In1 Out1

flip-flop

PRSS
output

9

Figure 2.4: General principle of the optical PRBS generator

signal at the output of the XOR gate. The XOR gate is set to a new state by the
output signals of flip-flop I and flip-flop 2 of the shift register. This means that the
XOR gate that has to be used in this setup has to operate at the wavelength encoded
principle, the principle that optical data is encoded by two different wavelengths.
In this case these two different wavelengths have to correspond to two states of
the optical flip-flop memory used. If it is determined that A1 represents a binary
"0" and A2 represents a binary" 1"', the truth table for the XOR gate will be:

Inl In2 Out

Al Al Al
Al A2 A2
A2 Al A2
A2 A2 Al

Table 2.2: Truth table for the wavelength encoding XOR.

The output of the optical PRBS generator shown in figure 2.4 has a length of 3
bits (N = 2m - 1), meaning that after 3 bits the output signal repeats itself. If
the initial value of the flip-flops is equal to A2 (binary" 1") for both flip-flop 1 and
flip-flop 2, the output of the PRBS generator will show a repeating AIA2A2 (binary
"all ") at its output. Care has to be taken that the initial states of the flip-flops is
never A1 for both of them at the same time, cause then a never ending sequence of
A1 will be produced by the PRBS generator.
The difficulty for the design of this PRBS generator is to develop an optical XOR
gate that can be used in this experiment. Firstly, the XOR gate has to operate at the
wavelength encoded principle. Secondly, the XOR gate that needs to be developed
is a stable XOR gate. As it is a part of a larger optical digital signal processing
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system this is necessary. The XOR gate needs to set the state of flip-flop 1 after
this is cleared, so if the output would not be stable, this could cause flip-flop 1
to be set to the wrong value, which causes the PRBS generator to work wrong.
Thirdly, the XOR gate has to operate at low input powers injected as it is known
that the output power of the flip-flops is equal to -3.5 dBm or even lower. Next
to the low output powers of the flip-flops, the output signals are not continuous
wave (CW) signals, but look like the signal shown in figure 2.5.. This means that

Figure 2.5: A representation ofa binary 1 coming from the optical flip-flop mem
ory.

the average power of the output of the flip-flop memory is equal to -3.5 dBm. So
the power of the signal at the input of the XOR gate canbe even much lower than
-3.5 dBm, which means that the XOR gate has to operate at these lower powers
involved as well. The development of such an XOR gate that can fulfill these three
important features mentioned above will be described in the next chapter.



Chapter 3

The optical XOR gate

A XOR gate that can be used in the all-optical digital signal processing system
of the PRES generator was the most difficult part of the experimental side of the
project. The most important features the XOR gate had to fulfill were being able
to operate at low powers involved, produce a stable output and be able to work
with data encoded by two different wavelengths. The most optical XOR gates
known from the literature, [6], [7], [8], [9] and [10], cannot be used as they work
on the binary encoding principle.
In total three types of XOR gates have been investigated and tested in search for
the one that could fulfill. all the necessary features for being implemented in the
system of the optical PRES generator. These three types of XOR gates are:

1. XOR gate based on cross-polarization modulation in a SOA,

2. XOR gate based on four-wave mixing in a SOA,

3. XOR gate based on three coupled lasers.

In this chapter the setup and operating principle of the three types of XOR gates
that possibly can be used in the system of the optical PRES generator will de
scribed. With all three of them measurements are done to find out if it is possible
for the specific XOR gate to fulfill the desired features. The results of these mea
surements are presented. From the outcome the decision is made whether this
XOR gate will be useful for implementation in the total setup of the PRES gen
erator. As it turns out the third setup is the only one that can fulfill the desired
features.
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3.1 XOR gate based on cross-polarization modula
tion in a SOA.

For developing a XOR gate that can fulfill the desired features, the following ap
proach is taken:

Inl In2 Out
case 1 Al Al Al

Al A2 A2
A2 Al A2

case 2 A2 A2 Al

The last case forms the exception, and only when this case can be fulfilled as well
a XOR gate is developed.
Keeping this approach in mind the XOR gate that makes use of the cross-polarization
modulation effect in a semiconductor optical amplifier (SOA) [11] is tested. Its
setup is presented in figure 3.1.

Power
meter

1
1 11 1

Output 1M
Laser1

Laser2

Figure 3.1: The experimental setup of the XOR

It consists of two lasers, three polarization controllers (PCs), a coupler, two iso
lators, a SOA, a filter and a polarization beam splitter (PBS). The two lasers emit
a continuous wave (CW) probe beam at wavelength A2. These beams are po
larization controlled to adjust the polarization state of the input signals with the
orientation of the SOA layers. They are coupled together and fed through an iso
lator to the SOA. The output of the SOA is polarization controlled to adjust the
polarization of the amplified signal with the orientation of the PBS. The filter is
used make sure that the amplified spontaneous emission (ASE) of the SOA does
not influence the polarization state of the signal before entering the PBS. The out
put of the filter serves as an input for the PBS. This PBS is used to distinguish
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the two different modes (TM and TE) in the signal beam. The output power is
measured with a power meter which input is protected from receiving too much
power by an attenuator.
This setup has a few differences with the setup used in [11]. In this setup no
erbium-doped fiber amplifier (EDFA) is used for amplifying the signal that is fed
to the SOA. Next to that a filter is used in this setup to filter out the ASE noise
produced by the SOA, while in [11] this was not the case. As it turned out after
several tests, this was necessary to prevent the output from not being polarization
rotation insensitive because of the amount amplified spontaneous emission (ASE)
noise produced by amplification in the SOA.

3.1.1 Operating principle

The operating principle of this XOR gate is based on two optical beams of equal
power, equal polarization and equal (or very close) wavelength co-propagating
into the SOA. A polarizer and polarization beam splitter (PBS) are placed behind
the SOA to stop all light going through. This means that when both input beams
are ON the output of the setup is OFF (Inl = 1, In2 = 1 :::} Out = 0). When
both inputs are OFF, the output is OFF as well (Inl = 0, In2 = 0 => Out = 0). If
a single input beam is launched into the setup, its polarization state just before the
PBS is different from what it was when both beams were ON. In this case the PBS
does not extinguish this beam entirely, meaning that the output is ON (Inl = 1,
In2 = Oor In! = 0, In2 = 1 => Out = 1).
The reason for the polarization state to be changed when switching from ON/ON
to ON/OFF can be explained in the following manner. The SOA can be saturated
by injection of a second signal beam. This means that when both input signals are
ON the SOA is saturated resulting in a suppressed output of PBS, and therefore
of the XOR gate. This effect is caused by the additional birefringence introduced
in the SOA by the injection of the second beam, which causes the TE and TM
modes of the first beam to experience a difference in its refractive index. At the
PBS the two modes are coherently combined. If the phase difference between the
two modes is an odd multiple of Jr (which is achieved with adjusting the state
of the polarization controller at the output of the SOA), the output of the PBS is
suppressed, [12], [13]. Summarized it means that if two signals are present at the
input the output is suppressed, and if only one signal is present the output is not
suppressed.
Important for the output of the XOR gate to be suppressed when two beams are
present at the input of the XOR gate is the polarization state of the input. Con
sidering figure 3.2 it is shown if the polarization state is 45° TMITE-polarization
when both inputs are ON, the angle changes when one of the inputs is switched
OFF. While, if the polarization state is TE (or TM) when both inputs are ON, there
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is no change in the angle when one of the inputs is switched OFF. Therefore it is
expected that if the inputs are 45° TEffM-polarized, the difference between the
suppressed and not suppressed output is the highest. After testing the setup shown

Asin8

TE

AcosS

AON/ON

ON/OFF

Figure 3.2: Polarization states.

in figure 3.1 with 45° TMffE-polarized inputs and TE-polarized inputs it turns out
that the difference between the suppressed and not suppressed output of the XOR
gate is the highest when the polarization state of the inputs is TE-polarization.

3.1.2 Experimental results

The performance of the XOR is tested by measuring the contrast ratio. The con
trast ratio is equal to the difference in the suppressed and not suppressed output
of the XOR gate. The contrast ratio needs to be at least 10 dB for the XOR gate
to be applicable in the system of the optical PRBS generator. The contrast ratio
is strongly dependent from current of the SOA and the power level of the inputs.
The higher the SOA current, the higher the polarization rotation in the SOA is,
which results in a high contrast ratio. Next to that, a higher input powers results
in a higher contrast ratio. Therefore the contrast ratio is measured for different
currents of the SOA and for different input powers injected. The setup for these
measurements is equal to the setup shown in figure 3.1.
The powers injected are made equal for both inputs, as would be more or less the
case if the signals would be coming form the flip-flops. The measurements are
divided into two sections:

1. for high power operation,

2. for low power operation
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For one value of the injected power at a certain value of the SOA current, several
contrast ratios are measured. From these, the mean is taken, to be sure that the
contrast ratio measured is as accurate as possible.

Contrast ratio for high powers operation

The power injected is varied from -0.8 dBm till 2.2 dBm. The SOA current is
varied from 200 rnA till 395 rnA (the maximal current that the SOA can handle
is 400 rnA), in diverting steps. As it turned out the performance of the XOR gate
was rather poor at 200 rnA, and therefore the current was enlarged with 50 rnA,
while as the performance got much better at 350 rnA it was enlarged with 5 rnA.
Eventually, the best performance of the XOR gate was measured at a current of
395 rnA. The results at this current turned out to be the most stable one and the
contrast ratio is the highest at a current of 395 rnA, and therefore the results for
this current are presented. The measured contrast ratio is equal to the difference
in when both inputs are ON and when one of the inputs is ON (suppressed and not
suppressed).
In figure 3.3 the mean measured contrast ratio is plotted against the injected power.

Contrast ratio at 395mA

14,---- ---,

iD
:!i!-
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1ii
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o
c
:
E

2.51.50.5
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2 •••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• -+-CR_ In1, OFF.

__ CR_IN2, OFF
o.l----,---,....----,---,....--..:;::==::::::;;:::===~

-1

Figure 3.3: Mean contrast ratio at 395 rnA for high input powers. CR_In 1, 0 F F
shows the measured mean contrast ratio between both inputs on and input 1
switched off, and CR_In2, 0 F F shows the measured mean contrast ratio be
tween both inputs on and input 2 switched off.
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The fluctuations seen in this figure are caused by the fact that the contrast ratio
at the output of the setup is not staying stable. Before every measurement the
polarization state of the inputs is set to right polarization state (TE-polarization),
because it is known that form a system made out of fiber pigtailed components in
time the polarization states change due to temperature changes and environmental
changes. This results in a different contrast ratio for the same input power, which
results in the fluctuations in the mean contrast ratio visible in figure 3.3.

Contrast ratio for low powers operation

It is has been shown that this XOR gate can work at relatively high powers in
jected (although it is not really stable), but it is necessary to know how the overall
performance is if relatively low powers are injected (as one of the important fea
tures of the XOR gate is that it has to operate at low powers involved to be able
to be used in the system of the optical PRBS generator). So far the lowest power
injected was -0.8 dBm, and it is already clear from figure 3.3, that at this power
the output is not performing at best. To get a clear overview how this XOR gate
is exactly behaving at low powers, more measurements have been done at low
injected powers.
The injected power is varied from -0.8 dBm till -3.8 dBm, in steps of 0.5 dBm.
The mean contrast ratio for each injected power is calculated and plotted in figure
3.4. The contrast ratio is equal to the difference in when both inputs are ON and
when one of the inputs is ON.
The fluctuations seen in this figure are also caused by the fact that the contrast ratio
at the output of the setup is not staying stable, as was the case with the measured
mean contrast ratio in figure 3.3. Before every measurement the polarization state
of the inputs is set to the right polarization state (TE-polarization), because it is
known that from a system made out of fiber pigtailed components in time the po
larization states change due to temperature changes and environmental changes.
This results in a different measured contrast ratio for the same input power, which
results in the fluctuations in the mean contrast ratio visible in figure 3.3.
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Contrast ratio at 395mA

-3.8-3.3-2.8-1.8

-+-CR_lnl, OFF

........................................ --CR_ln2, OFF

-1.3-0.8

Figure 3.4: Mean contrast ratio at 395 rnA for low input powers. C R_In 1, 0 F F
shows the measured mean contrast ratio between both inputs on and input 1
switched off, and C R_In2, 0 F F shows the measured mean contrast ratio be
tween both inputs on and input 2 switched off.

3.1.3 Summary

The mean contrast ratio can be as high as 13 dB, with a power inserted of 0.7 dBm
and a SOA current of 395 rnA respectively. The problem encountered now is the
value of the injected power. It is clear from the shown results for the relatively
low injected powers, that the contrast ratio at the output of the XOR gate is rather
poor. The contrast ratio never exceeds the 10 dB, which is necessary in order to
be able to use it in the PRBS generator system. It is even the case that the lower
the injected power, the lower the contrast ratio becomes.
Next to the poor contrast ratio, it also becomes clear from the measurement re
sults that the output is not staying stable. The contrast ratio for the same injected
power can differ 3 dB or more, which results in a mean value that is sometimes
not near the maximum contrast ratio measured at that particular power injected.
These instabilities are caused by the fact that temperature changes and environ
mental changes have an influence on the polarization state of the input and output
signals, which means that the polarization states do not stay stable in time. For
being applicable in the setup of the PRBS generator stability is a very important
feature. If the XOR gate is not producing a stable output, the whole system can
never work, because this instability is fed back to the rest of the setup as well. It is
decided therefore to look for another XOR gate that can operate at the low powers
injected from the flip-flops and that produces a more or less stable output.
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3.2 XOR gate based on four-wave mixing in a SOA

It is known that the powers coming from the flip-flops are very low (around -3.5
dBm or even lower). Therefore there has to be thought of another XOR gate that
is able to work at low input powers involved and which performance is also stable.
The stability was the main problem of the previous described XOR gate.
There is chosen for a change in approach when developing this new gate. For
mer the operating principle was divided in the following two cases: The last case

Inl In2 Out
case J Al Al Al

AI 1.2 1.2
1.2 AI 1.2

case 2 1.2 1.2 Al

formed the exception, and only if this condition also could be met the XOR gate
would be useful.
Now the operating principle is divided in the following two cases: There is no

Inl In2 Out
case J Al 1.2 1.2

1.2 Al 1.2

case 2 Al Al Al
1.2 1.2 Al

exception that needs to be fulfilled, but is is divided into the case where the two
inputs have the same wavelength and the case that the two inputs have different
wavelengths.
Following this new approach developing an XOR gate based on the presence of
four-wave mixing (FWM) in a SOA ( [15], [16], [17], [18]" [19], [20], [21] ), is
launched. This FWM in a SOA has already been used to develop optical logic
gates, as can be read in [23] and [22]. Problems that will be encountered with
this XOR gate is that the feature of operating at low input powers will be hard to
achieve.
In this chapter the operating principle and experimental setup of this XOR gate
will be described after it is explained what FWM in a SOA is and how this has
lead to the design of a XOR gate.
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Four-wave mixing in a SOA is a nonlinear process that can occur between two
optical fields entering a SOA. These two signals, having different wavelengths O"s
and At) modulate the amplifier gain. Nonlinear gain saturation gives rise to new
optical fields at wavelengths of AFWMj = 2As - At and AFWM2 = 2At - As with
frequencies respectively of W FWMj = 2ws - Wt and W FW M2 = 2wt - Ws' In figure
3.5 an example of such an amplifier output spectrum is drawn. It shows an ideal
situation, where the power of the two formed FWM-signals is equal. Mostly the
power of the first formed FWM-component is relatively higher than the second
one.

-10

-20

-30

1552 1553 1554 1555 1556

Wavelength (nm)

Figure 3.5: Example of a spectrum with FWM at the output ofa SOA.

3.2.2 Setup and operating principle

The total setup for this XOR gate is presented in figure 3.6.
The operating principle of this XOR gate can be described as following. If two

wavelength identical signals (A] and A] or A2 and A2) enter the the SOA, no FWM
signals will be visible at the output of this SOA, because if the wavelengths, and
therefore the frequencies are identical, no gain modulation of the SOA occurs.
If two wavelength different signals (A] and A2) enter the SOA, the two FWM
signals will be visible at the output of the SOA. The wavelengths of these two
FWM-signals is equal to 2A] - A2 and 2A2 - A]. The power of the signal at a
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Figure 3.6: The setup of the XOR gate based on FWM. SOA: semiconductor
optical amplifier, ISO: isolator, FBG: fiber Bragg grating.

wavelength of 2Al - A2 has the highest output power of the two FWM-signals.
Therefore this FWM-signal is filtered out. The wavelengths Al and A2 are equal
to 1555.84 nm and 1554.18 nm respectively, so the wavelength of the filtered
FWM-signal is equal to 1551.52 nm. Through the 50/50 coupler the light is fed
to the FBG with a center wavelength of 1552.52 nm. Light at this wavelength is
reflected back to the 50/50 coupler and therefore to the output of the XOR gate.
The isolator placed behind the SOA prevents the reflected light coming from the
FBG to go to the SOA and thereby influence the gain modulation process. The
result is that if at the output of the XOR gate a clear FWM-signal at a wavelength
of 1552.52 nm is visible the wavelengths of the inputs are different, and if there is
no signal visible at the output of the XOR gate the wavelengths of the inputs are
identical, see table 3.1.

Inl In2 Out
Al A2 -

A2 )1.1 AFWM

Al Al AFWM

A2 A2 -

Table 3.1: sl Truth table of the XOR gate based on FWM.
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At a wavelength spacing of 1.6 nm between the two wavelengths Al and A2 the
contrast ratio is measured at different values of the input powers. The contrast
ratio is equal to the difference in power when AFW M is present and when it is
not present at the output of the XOR gate. The signals used are CW-signals. The
results ofthis measurement is shown in figure 3.7.

Contrast ratio at different powers injected
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Figure 3.7: Results of measuring the contrast ratio at the output of the XOR gate
at different powers injected. CR_l, off represents the contrast ratio between a
FWM-signal visible at the output of the XOR gate and no FWM-signal present at
the output due to the switching off of input 1. C R_2, off represents the contrast
ratio between a FWM-signal visible at the output of the XOR gate and no FWM
signal present at the output due to the switching off of input 2.

From figure 3.7 it can be seen that the higher the input power the higher the con
trast ratio is. The most important conclusion from this measurement done is that
the contrast ratio is highly dependent of the input powers. The contrast ratio needs
to be 4 dB to be able to use this XOR gate in the system of the optical PRBS gen
erator. Therefore every effort must be taken to make the powers at the XOR gate
inputs as high as possible to be able to have a high as possible contrast ratio.
The contrast ratio is measured when signals equal to the signals coming from the
flip-flops are injected into the XOR gate. As it turns out the contrast ratio be
tween a FWM-signal present and no FWM-signal present is 0 dB, meaning that
the powers of the input signals is too low, to achieve FWM in the SOA. Therefore
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a SOA is placed before both inputs of the XOR gate, to make the power of the
inputs higher. Then a contrast ratio of 0.15 dB can be measured. This low value
of the contrast ratio can be explained by considering the amplified spontaneous
emission (ASE) noise that is present at the output of the SOA, which is, as it turns
out, almost as large in power as the FWM signal is.

3.2.4 Summary

From the results presented in this paragraph it has become clear that a XOR gate
based on FWM in a SOA can be developed and is a stable operating logic gate.
The problem with this kind of gate is the power that is injected into it. This needs
to be higher than the power at the output of the flip-flops in order to establish
FWM in a SOA that is stronger then the noise produced by it. Amplifying the
input signals with two SOAs did not bring the required solution. The powers still
remained too low to observe a clear FWM in the SOA.

It can be concluded that this XOR gate cannot be used in developing a PRBS
system, although it is stable operating logic gate, because it cannot operate at the
low powers involved. If it was necessary to develop a stable XOR gate that does
not need to be integrated in a larger system, this design could be considered as an
option, seen its stable operation if the injected powers are high enough.

3.3 XOR gate based on three coupled lasers

In this section, an XOR gate that consists of three coupled lasers is considered.
The most important feature that could not be met with the other two XOR gates
is a good operation at low input powers. The approach still stays the same, as
when developing the XOR gate based on FWM in a SOA; The operating principle

In] In2 Out
case 1 A] A2 A2

A2 A] A2
case 2 A] A] A]

A2 A2 A]

is divided into the case that both inputs have the same wavelength and that both
inputs have a different wavelength.
It is known that coupled laser configurations are able to operate at relatively low
powers involved and that lasing can be suppressed by injecting external light into



3.3 XOR gate based on three coupled lasers 23

it. The setup of a ring laser is shown in figure 3.8. The ring laser is not made

(a) (b)

In
- In Out-

Ringlaser 1

A

Out

Figure 3.8: (a) The ring laser configuration. (b) The icon of the ring laser. Cir:
circulator, ISO: Isolator, FBG: fiber Bragg grating.

out of a filter with a central wavelength of A, but out of a 50/50 coupler and FBG
with a central wavelength of A, because of the limited number of filters available.
The operating principle is the same as with a filter involved; the FBG reflects the
light at the center wavelength A, into the right side of the SOA through the 50/50
coupler and the isolator. The circulator prevents the reflected light going into the
SOA from the left side, cause it acts as an isolator from port 3 to 2. At the output
of the ring laser a signal at a wavelength of A is present. If there is a signal present
at the input of the ring laser, this light is fed to the SOA, thereby saturating the
SOA. When the SOA is saturated lasing is suppressed and no light is visible at the
output of the ring laser.
Keeping in mind that lasing of a ring laser can be suppressed by injecting external
light a XOR gate can be developed which makes use of three coupled lasers. In
the next subparagraphs the setup and operating principle will be explained, as well
as the experimental results obtained with this XOR gate.

3.3.1 Setup and operating principle

The setup of the XOR gate was made out of three ring lasers as presented in figure
3.9.

The operating principle can be explained with the help from figure 3.8, and is
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Figure 3.9: The setup of the XOR gate made out of coupled lasers. Ring laser 1
and 2 are lasing at wavelength )"1, ring laser 3 is lasing at wavelength A2. ISO:
isolator.

mainly based on saturating the SOAs of the ring lasers thereby suppressing the
lasing of them. The input signals are coupled together by a 50/50 coupler after
which the combined signals are filtered by a filter at wavelength AI that is con
nected to ring laser 1 and a filter at wavelength A2 that is connected to ring laser
2. Ring laser 1 and 2 are both lasing at wavelength AI. If there is a signal coming
from the filter with a center wavelength of AI, so if Al is injected into the XOR
gate, the SOA of ring laser 1 will be saturated by it. This prevents this laser from
lasing further. If there is a signal coming from the filter with a center wavelength
of A2, so if A2 is injected into the XOR gate, the SOA of ring laser 2 will be sat
urated by this light. This prevents this ring laser from lasing further. The outputs
of ring laser 1 and 2 are coupled together and connected to ring laser 3, which
is lasing at wavelength A2. If there is a signal present at the input of ring laser 3
its SOA is saturated, thereby suppressing lasing of this laser. If there is no signal
present at the input of ring laser 3 this laser is lasing. The output of ring laser 3 is
coupled together with the light coming from ring laser 1 and ring laser 2, and this
forms the output of the XOR gate.
If both Al and A2 are injected into the XOR gate, lasing of both ring laser 1 and
2 is suppressed, resulting in a signal of wavelength A2 at the output of the XOR
gate, because ring laser 3 is lasing. If only A1 is injected into the XOR gate, ring
laser 1 is lasing, thereby suppressing lasing of ring laser 3. This results in signal at
wavelength Al at the output of the XOR gate. If only A2 is injected into the XOR
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gate, ring laser 2 is lasing, thereby suppressing lasing of ring laser 3. This results
in signal at wavelength A1 at the output of the XOR gate.
In this way wavelength encoding XOR logic operation is obtained, keeping in
mind what the truth table for a wavelength encoding XOR gate is, as shown in
table 2.2.

3.3.2 Experimental results

For the SOAs of the first two ring lasers it is important that they produce a strong
enough output signal to saturate the SOA of the third ring laser when lasing, but
that it is also possible to saturate them by the signals coming from filters. For the
SOA of ring laser 3 it is important that it can be saturated by a signal coming from
ring laser 1 or ring laser 2. Therefore it is important that the currents of the SOAs
of the ring lasers are set to the right value. The higher the current of the SOA,
the higher the output power of the ring laser will be, but the lower the current of
the SOA the easier the SOA can be saturated and thus prevent the ring laser from
lasing. A compromise has to be found between these two situation when setting
the currents to the right values.
It is possible to retrieve a nice XOR logic operation from the setup shown in figure
3.9. The currents that drive the SOAs are set to 150.6 rnA, 149.8 rnA and 159.04
rnA for the SOA of ring laser 1, the SOA of ring laser 2 and the SOA of ring laser
3 respectively. The wavelengths A1 and A2 are equal to 1552.52 nm and 1558.91
nm respectively. At the output of the XOR gate the spectrum is measured with
an optical spectrum analyzer. The results of measuring the output spectrum are
shown in figure 3.10.

The spectrum shows that if the signals injected into the XOR are different of
wavelength, which is equal to A1A2, the output is equal to A2. When the signals
injected are equal of wavelength, which is equal to A1A1 or A2A2 , the output is
equal to A1. This means that at output is correct for al the four situations possible
as presented in the truth table 2.2. The contrast ratio between the lasing wave
length and the suppressed wavelength is equal to 30 dB or more.
The results shown are measured with signals inserted that are comparable to the
ones coming from the flip-flops in shape and power. This means that output spec
trum shown in figure 3.10 is measured with signals inserted at a power of -3.5
dBm and a shape equal to the one as shown in figure 2.5. (Of course the XOR
gate was first tested with CW signals injected into the XOR gate, but as it can be
done with signals that are equal to the signals coming from the flip-flops the result
of this measurement is shown.)
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Figure 3.10: Output spectrum of the XOR gate based on three coupled lasers.
F-Fl: output signal flip-flop 1, F-F2: output signal flip-flop 2.
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It can be concluded that with the setup shown in figure 3.9 it is possible to build
an XOR gate that can operate at the necessary features when implemented in the
larger optical system of the PRBS generator. Not only is proven that it can operate
at low powers injected, but that is also a stable logic gate. When it is receiving
signals comparable to that of the flip-flops a wavelength encoded XOR gate logic
operation can be seen at its output and not only when CW signals are injected.
There must be considered that a few adjustments need to be done concerning the
currents that drive the SOAs, which has to do with the exact power coming from
the flip-flops, when using this XOR gate in the system of the PRBS generator.

3.4 Discussion

Three types of XOR gates are investigated and tested. There are three necessary
features the XOR gate hase to apply to in order to be used in the PRBS generator
system:

1. operate at low powers involved,

2. the XOR gate has to be a stable system,

3. operate at the wavelength encoding principle.

The XOR gate based on cross-polarization modulation can not operate at low
powers injected, the desired contrast ratio of 10 dB can never be obtained. This
XOR gate has been proven not to be a stable XOR gate. The polarization states
of the inputs is not staying stable, because of the fact that the setup made out of
fiber pigtailed components is too sensitive for temperature changes and all kind
of environmental changes. Therefore it cannot be used in the system of the PRBS
generator.
The XOR gate based on FWM in a SOA is a stable operating logic gate. Drawback
of this setup is that it cannot operate at low powers involved and therefore it cannot
be used in the total setup of the PRBS generator. If the features of operating at
low powers was not involved choosing this XOR gate a the one to be used would
be an option. Photonic integration of this setup would lead to an switching speed
of several Thz. The XOR gate that is based on coupled ring lasers can be used
in the system of the total PRBS generator. It can operate at low powers involved,
it is a stable logic gate and it operates at the wavelength encoding principle, the
three necessary features this XOR gate needs to fulfill. The XOR gate mentioned
in the next chapter will be this XOR gate that is based on coupled ring lasers.
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Chapter 4

The optical PRBS generator

In this chapter it is explained what the setup is of the separate building blocks
which combined like in figure 4.1 can form a PRBS generator.

PRBS
out ~ ~

Out1 In1

~
Out1 In1

~
Out In1

Flip-flop 2 Flip-flop 1 XOR gate

r--- Oul2 In2 I- -, r- Out2 In2 I- In2 I+-
I

I I-ffi- - Out1I
I ISO

Clock
I generator

I
L 1---8------ Out2
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~

~
L....::....I
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Figure 4.1: Schematic of the total PRBS generator. ISO: isolator.

As can been seen from figure 4.1 only two flip-flops are used. This is caused by
the fact that there is a limited number of components available. Throughout this
chapter it will become clear that already a lot of components have to be used if
only two flip-flops are used (for instance 7 SOAs).
The period before the PRBS generator output starts repeating itself is equal to
22 - 1 = 3 bits when two flip-flops are used. The repeating pattern is equal to
A2A2A 1, A2A 1A2 or Al A2A2 (binary 110, 101 or 011), depending what the initial
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output
flip-flop 1 1 0 1 1 0 1
flip-flop 2 1 1 0 1 1 0
XOR gate 0 1 1 0 1 1

Table 4.1: Output of flip-flop 1, flip-flop 2 and the XOR gate in the following time
steps if the initial value of the flip-flops are equal to 1.

values of the flip-flops will be. In table 4.1 an overview is given what the output
of flip-flip 1, flip-flop 2 and the XOR gate will be the next time steps if the initial
value of both flip-flop 1 and flip-flop 2 is equal to 1. The output of flip-flop 2 is
also the output of the PRBS generator as can be seen in figure 4.1. A binary 0
represents AI, a binary 1 represents A2. From table 4.1 it can be concluded that at
the output of the PRBS generator 110 repeating is visible if the initial value of the
flip-flops is made equal to 1 for both of them.
As the setup of the XOR gate based on three coupled lasers that will be used is al
ready explained and discussed in the previous chapter, this will not be done again.
The wavelengths Al and A2 are chosen to be at 1552.52 nm and 1558.90 nm re
spectively, so that the bandwidth of the filters of the XOR gate, see figure 3.9 is
small enough to filter out only one of the wavelengths and not also a part of the
other wavelength. After building up all the separate blocks they are connected to
each other one by one, forming the PRBS generator at last. The results of the mea
surements at the PRBS generator will be given, together with the specifications of
the total setup.

4.1 Experimental setup and results

The optical PRBS generator shown in figure 4.1 is implemented using fiber pig
tailed components. The setups for the different building blocks will be shown and
there operating principle will be described one by one.

4.1.1 Experimental setup of the flip-flops

The experimental setups of flip-flop 1 and flip-flop 2 are shown in figure 4.2 and
figure 4.3 respectively.

The flip-flops are not made by two Fabry-Perot filters (FPFs), but by demul
tiplexers, because of the limited number of components available. Further differ
ences with the setup used in [1] of the optical fl ip-flops is the way the clock signal
is inserted. The clock signal is now injected before the SOA in the same direction
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Figure 4.2: (a) experimental setup of flip-flop 1. (b) icon for flip-flop 1. ISO:
isolator, att: attenuator, demux: demultiplexer.
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Figure 4.3: (a) experimental setup of flip-flop 2. (b) icon for flip-flop 2. ISO:
isolator, att: attenuator, demux: demultiplexer.
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as the lasing signal is going. It has to be done in the way it is presented, because
the current of the SOA is somewhat higher than it was in [1] and otherwise the
SOA could not be saturated totally by the clock signal, as it has to be. Flip-flop I
has an extra output for monitoring. In this way it can be controlled if the output
produced by flip-flop 1 is correct.
From figures 4.2 and 4.3 it can be seen that the optical flip-flop memories are
formed by two ring lasers that share a SOA and feedback. The demultiplexer acts
as the wavelength selective element. An variable attenuator is placed in each cav
ity to balance the cavity losses. The flip-flop is bi-stable as only one of the two
lasers can lase while the other is suppressed. Switching between the two states
takes place by injecting external light at the input port of the flip-flop.
The setups are tested for its bistability. This can be obtained by adding attenuators
to the setups. Then it is possible, without a clock signal present, to set the flip-flop
at a certain wavelength (AI or A2 in this case).
The currents of the SOAs are set to their maximum values, so that the power of
the signals going to the XOR gate is maximal. This means that the currents are
299 rnA and 399 rnA for flip-flop 1 and flip-flop 2 respectively. The power at the
output of flip-flop 1 fed to the XOR gate is -3.59 dBm for wavelength AI and 
3.96 dBm for wavelength A2. At the output of flip-flop 2 fed to the XOR gate the
power is equal to -3.86 dBm and -4.01 dBm for wavelength Al and wavelength A2
respectively.

4.1.2 Experimental setup of the clock generator

For the shift-register consisting of two flip-flops ([2]) to work correctly a clock
signal is necessary. This clock signal needs to saturate the SOA of the flip-flops
deeply to prevent them from lasing so that they can be set with the new state.
This clock makes sure that the output signal of the first flip-flop sets the second
flip-flop to the right wavelength and that the first flip-flop is set to the right wave
length with the signal coming from the XOR gate. Care must be taken that first
the second flip-flop is set to the right wavelength, before the first flip-flop is set to
next state. A delay has to be introduced therefore (in the total setup called delay
1). The setup for this clock generator is shown in figure 4.4.
The clock is made by a pattern generator and a tunable laser whose signals are
modulated by an optical amplitude modulator. The tunable lasers lases at a wave
length of 1550.07 nm and a power of 8.2 dBm. The pattern generator produces a
signal with a period T of 100 J-LS (which is equal to a frequency of 10 kHz) and a
duty cycle of 5%, which is equal to a pulse width of 5 J-LS. A representation of the
clock pulse is given in figure 4.5.
The power of the tunable laser can be adjusted to change the amplitude of the
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Figure 4.5: Schematic representation of the clock signal.

clock signal in that way, that it is large enough to saturate the SOAs of the flip
flops and thereby clearing there memory.
The delay is made by an optical fiber with a length of 2548 m. Knowing that a
fiber introduces a delay of 5 ns per meter, this results in a delay of 12.74 /l-S. This
delay line causes a loss of 3 dB. Therefore a 70/30 coupler is inserted that makes
it possible to saturate the SOAs of both flip-flops totally. The power of the clock
signal is equal to -1 dBm and 1 dBm fed to flip-flop 1 and flip-flop 2 respectively.

4.1.3 Experimental results for the optical shift-register

With the known setups for the flip-flops and the clock generator the shift-register
function can be realized. The output of flip-flop 1 (in figure 4.2 out2) is connected
to the input of flip-flop 2. An attenuator is used to to make the signal entering
flip-flop 2 below the threshold value (otherwise it would influence the state of it
without a clock signal present). The clock signal is injected to be able to clock
them both. The power at the input of flip-flop 2 is -13.5 dBm, with this the shift
register operation is achieved as presented in [2]. The clock clears the state of
flip-flop 2, which is then set by the output of flip-flop 1. After some delay the
state of flip-flop 1 is cleared, and set to the wavelength present at its input. This
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is repeating itself every period, which is 100 J-ts. The results which are monitored
with an oscilloscope are shown in figure 4.6.
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Figure 4.6: Experimental results for the optical shift register. Delay 1 is equal to
12.74J-ts.

4.1.4 Experimental results of connecting the flip-flops to the
XORgate

Next step is to checked whether the XOR gate can operate with the signals com
ing from the flip-flops. They are not clocked and cascaded, to be able to set them
manually at one of the bi-stable states.In this way it can be checked if the XOR op
erates correctly at all four states of the input possible. The values of the currents
need to be optimized to make the XOR gate operate at the four states possible.
Two SOAs have to be added to make the XOR gate work at the signals coming
from the flip-flops. The output power of flip-flop 1 is equal to -3.86 dBm and
-4.01 dBm if respectively Al and A2 are present at its output. The output power
of flip-flop 2 is equal to -3.59 dBm and -3.96 dBm if respectively Al and A2 are
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present at its output. In figure 4.1 it means that a SOA is added before both In]
and In2, to amplify to the right power value.
After optimizing the currents of the SOAs, the output spectrum is equal to the one
presented in figure 4.7 for al the four states. The contrast ratio between the power
of the lasing wavelength and the power of the suppressed wavelength is equal to
at least 30 dB. The optimal value of the currents of the amplifying SOAs is 122.7
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Figure 4.7: Experimental results with the XOR gate when connected to the flip
flops. F-Fl andF-F2 represent the output ofrespectively flip-flop 1 and flip-flop
2

rnA for both of them. The power injected into ring laser 1 is then equal to -2.98
dBm if a signal is present behind the filter with a central wavelength of AI and
-16.12 dBm if no signal is present behind the filter. The power injected into ring
laser 2 is equal to -3 dBm if a signal is present behind the filter with a central
wavelength of A2 and -16.72 dBm if no signal is present behind it. The currents
of the SOAs of ring laser 1, 2 and 3 are made equal to 147 rnA, 155.1 rnA and
149.34 rnA respectively. The power at the output of ring laser 1, 2 and 3 are equal
to -1.24 dBm, -0.91 dBm and -1.16 dBm respectively when lasing. At these val
ues of the currents it is possible to set the state of the XOR gate with the signals
coming from the flip-flops.
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4.2 Experimental results on the optical PRBS gen
erator

The optical XOR gate based on three coupled laser (described in paragraph 3.3)
combined with the two flip-flops and the clock generator forms the optical PRBS
generator.
The last step that needs to be taken is the connecting of the XOR gate to flip-flop 1
of the shift-register. Because the shift-register is clocked, care has to be taken that
the right signal coming from the XOR gate is setting the state of the first flip-flop.
It has to be the one that is produced before changing the state of flip-flop 2 and
then flip-flop 1. A delay is inserted to be able to achieve this. This is done with
a fiber, in the same manner as it was done with the delaying the clock signal (in
the schematic of the total setup this is called delay 2). The delay has to be much
bigger than 12.74 fJ,S, as flip-flop 1 has to be set to the state present at he output of
the XOR gate before the clock signal clears flip-flop 2. The fiber used therefore
has a length of 9509 m, which is equal to a delay time of 47.55 fJ,S. It introduces
a loss of 4.67 dBm. The eventual power at the input of flip-flop 1 is equal to -14.1
dBm (an attenuator is added to the setup to make the input signal of flip-flop 1
smaller than the threshold value so it does not influence the state of the flip-flop if
it is not the purpose). The total schematic layout of the optical PRBS generator is
shown in figure 4.8. In figure 4.9 the total experimental setup is shown in detail.

PRBSout
Out1 In1 W+:1~oO;ut1;--I;;'n1;l-~+----.JD.----1 Out In11+---,

Flip-flop 2

ISO ISO

Flip-flop 1
Out2

XOR gate

Out2 In2 Out3 In2
L..-__-' I

I---e - Out1

ISO
Clock

generator

L. --8:3- - - - - - Out2
ISO '---""""IS-::"'"O---'

ISO

In2

Figure 4.8: Schematic layout of the total PRBS generator. ISO: isolator, delay 2
is equal to 47.55 fJ,S
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The output of the XOR gate (before entering flip-flop 1, but after the delay),
flip-flop 1 and flip-flop 2 are monitored by an oscilloscope. These output signals
are all filtered by a band-pass filter with central wavelength A2, and are shown in
figure 4.10. (A "0" state means lasing at AI in this case).
In table 4.1 it is shown that if the initial values of flip-flop 1 and flip-flop 2 are
equal to A2, equal to a binary 1, the PRBS output is equal to a repeating 110 sig
nal. In figure 4.10 the pseudo-random signal binary 110 repeating is visible at the
output of flip-flop 2, which is also the output of the PRBS generator. The signal
is not very random, but is expected as explained before when a PRBS generator
is made with 2 flip-flops (period = 22 - 1 = 3bits). Care has been taken that
the initial state of both flip-flops was not wavelength AI (binary 0), because this
would lead to a repeating A1 (binary 0) at the output of the PRBS-generator.

4.3 Summary

In this chapter the total experimental setup of the optical PRBS generator is ex
plained step by step. It is explained that output of the PRBS generator is repeating
itself after 3 bits caused by the usage of only two flip-flop memory elements.
All the separate building blocks have been optimized and connected to each other
one by one, finally resulting in the setup of the total optical PRBS generator.
The output of all the building blocks is monitored with an oscilloscope and good
agreement with the theoretically expected output has been achieved.
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Figure 4.9: Experimental setup of the total PRBS generator. ISO: isolator, att:
attenuator, demux: demultiplexer and cir: circulator
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Figure 4.10: Experimental results ofthe PRBS generator, a 110110110110110110
signal is visible at the output of the PRBS generator. (a) represents the clock
10kHz clock signal; (b), (c) and (d) represent the filtered output of flip-flop 1,
flip-flop 2 (and thus the output of the PRBS generator) and the XOR gate. Delay
1 and delay 2 are equal to 12.74{ls and 47.55{ls respectively.
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Chapter 5

Conclusions and recommendations

An operating optical PRBS generator at a speed of lOkHz based on an optical
shift-register ([2]) and a newly developed XOR gate is demonstrated. Good agree
ment with the theoretically expected output is obtained. It is known to be one of a
few optical digital signal processing systems developed so far.
The most important part for this PRBS generator to work was to develop a XOR
gate that could be used as a component of a larger system. Stability, operating at
low powers and operating at the wavelength encoding principle where the most
important features of this XOR gate. The third setup developed was the one that
showed good agreement with these features. It was build out of coupled lasers,
connected to each other in that way that the output shows a stable wavelength en
coding XOR gate logic operation when low powers are injected.
Synchronization of the whole setup was the next part that was highly important.
Care has been taken to make sure that flip-flop 1 and flip-flop 2 where set to the
right values, retrieved from the right period. Therefore next to the delay in the
shift-register also a delay between the output of the XOR gate and flip-flop 1 had
to be introduced.
The randomness of this PRBS generator is only 3 bits. This is dependent of the
number of flip-flops used. As there were only enough components available for
two flip-flops to be build up this was the limit. But when able to build more
flip-flops the randomness of this PRBS generator can be extended, as the period
before the signal starts repeating itself is dependent of the number of flip-flops
used (period = 2m

- 1, with m equal to the number of flip-flops).
The operation speed of this optical PRBS generator is limited by the switching
speed of the flip-flops and the XOR gate. These are all made out of fiber pigtail
components, resulting in large ring laser cavities and therefore in large roundtrip
times. Photonic integration of the total setup would increase the operation speed
drastically in the order of Ghz, thereby increasing the usefulness of this PRBS
generator as testing equipment for optical components and networks.
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The investigation carried out is a conceptual investigation. At the current moment
the operation speed and the number of flip-flops used limit the usage of this PRBS
generator. In the future it will become possible that the design of this optical
PRBS generator can replace its electric counterparts if the number of flip-flops
used can be expanded and photonic integration of the setup leads to a higher op
eration speed in the order of several GHz.
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Appendix A

Operation principle of the optical
flip-flop memory

In this chapter of the appendix a description will be given of the operating princi
ple of the optical flip-flop memory [l]. This flip-flop memory is used as the mem
ory element is the setup of the optical PRBS generator. The equations describing
this flip-flop memory and the simulation results obtained with these equations will
be given.

A.1 The equations describing the flip-flop memory

The optical flip-flop memory that is investigated is described in [1]. Its operation
principle is described by so-called roundtrip time equations, because in the ex
perimental implementation of this system, the lasers are composed out of discrete
commercially available fiber pigtailed elements and hence each laser has a very
large ring cavity length (rv 10 meters). The equations describing the operation
principle are:

+T inl ~~s (l+ia)n(t) E(1)
ee e g inj'

E ( ) - ~~s (l+ia)n(t) E ( ) + K i\IJ2 ~~s (1 +ia)n(t) E ( )
2 t - e g 2 t - T2 e e g 2 t - Text

+T in2 ~~s (l+ia)n(t) E(2)
ee e g inj'

(A.1)

(A,2)
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Operation principle of the optical flip-flop memory
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• EI (t),E2(t) and Ef(t) describing the complex optical field amplitudes in
cavity I, in cavity2 and for the feedback light respectively,

• SI,2(t) and cP1,2 representing the corresponding photon numbers and phases,

• ~ as the gain coefficient associated with the linearized SOA gain,

• ex as the linewidth enhancement factor,

• n as the carrier number of above treshold,

• L s as the SOA length,

• vg as the group velocity of the light in the SOA,
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• T as the carrier lifetime,

49

• Tl, T2 and Text representing the roundtrip time in cavity 1, in cavity 2 and
through the extended cavity respectively,

• Ai as the wavelength of the lasing light in each cavity,

• I and Ith as the injection and threshold current respectively,

• q as the elementary charge unit,

• Te representing the fraction of the external optical field Ei~J that is coupled
in each cavity,

• K j as the fraction of the lasing light that is fed back into the SOA via the
extended cavity,

• K as the fraction of the light that is reflected back in the laser via the ex
tended cavity and the SOA facet,

• \IIIi, \IIi and ITi identifying the optical phases corresponding to the reflec
tions K j, K and Te .

A.2 Simulation results

Insight in the bi-stability of the optical flip-flop memory can be obtained by solv
ing the equations A. I-A. 1I. In table A.I the values of the parameters used in the
simulations are presented.
In figure A.I the simulation result of the optical power in each mode as a function

of the externally injected power is presented. The injected light is counterprop
agating with the lasing light. It is visible that the system can switch states if the
optical power of the input light is in the order of -8 dBm. In figure A.2 the sim
ulation result of the optical power as a function of the externally injected power
is presented, when the injected light is copropagating with the lasing light. It is
visible that the system can switch states if the optical power of the input injected
light is in the order of -20 dBm.
In case of injection of external light that copropagates with the lasing light, the

injected light is immediately amplified by the SOA. In the case of injection of ex
ternal light that counterpropagates with the lasing light, the injected light passes
one additional time through the SOA before copropagating with the lasing light.
Thus, the externally injected light is amplified twice. However, since the reflec
tion on the SOA facet is very small, a very small fraction of the injected light will



50 Operation principle of the optical flip-flop memory

Symbol Description Value
T carrier recombination lifetime 1 ns

~ gain coefficient 3000 s-1
vg group velocity in SOA 8 x 107 m/s
a linewidth enhancement factor 3
K coefficient for the feedback light reflected by the SOA facet 0.01

Kf feedback coefficient 0.7
Tl,2 roundtrip time of cavity I and 2 7.5 x 10-7 s

Text feedback time 10-8 s
I injection current 190mA

Ith threshold current 172mA

Table A.I: Values of the symbols used in the equations.
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Figure A.I: Simulation result when solving the equations describing the optical
flip-flop memory as the externally injected light is counterpropagating with the
lasing light.
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Figure A.2: Simulation result when solving the equations describing the optical
flip-flop memory as the externally injected light is copropagating with the lasing
light.

copropagate with the lasing light and contribute to switching, therefore resulting
in a higher power at which the switching takes place.
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