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Abstract

This thesis describes the experimental verification of a concept, named the injection
seeding neuron. The conducted work is part of the Laser Neural Network project. The
goal of this project is the realisation of a neural network in the optical domain by use
of diode lasers.

The injection seeding neuron is a concept of a fully optical neuron. Both the inputs
and the output of this neuron are defined by optical powers. In realising such a neu-
ron, one of the requirements is a nonlinear function. In the injection seeding neuron,
this function is realised by the injection of light into a semiconductor laser diode. Two
longitudinal modes of the laser diode are used, with one above and one below thresh-
old. The nonlinear function is obtained by increasing the injected power in the below-
threshold mode. As a result, the below-threshold mode can start laser operation.

A crucial technique in the injection seeding neuron is injection locking or injection
seeding. This technique is theoretically investigated.

The experimental setup consists of two parts. The main component of both parts is a
laser diode with an external cavity. A tunable laser provides the input signal to the
injection seeding neuron. The output wavelength of this tunable laser is very stable in
order to achieve injection locking. The actual injection seeding neuron is formed by
the so-called neuron laser. In the external cavity of this neuron laser, the applied feed-
back can be controlled for several longitudinal modes by use of a grating and a liquid
crystal display.

The experiments successfully verify the concept of the injection seeding neuron. If the
laser diode has a low pumping current, the measured nonlinear functions are in
agreement with previously performed simulations. If the current is increased, different
nonlinear functions are found. A variation of the injected frequency also has an effect
on the shape of the nonlinearity.

Using the same experimental setup, a frequency converter is demonstrated.

It was difficult to obtain multiple, reproducible measurements due to instabilities in
the setup. Therefore, it is recommended that the same experiments be carried out with
an improved setup.
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1 Introduction

This report describes a research project, carried out as the final part of the studies in
electrical engineering. The project was conducted at Philips Research and the Electro-
Optical Communications group of the Eindhoven University of Technology.

The work is part of the Laser Neural Network (LNN) project. In this project, an opti-
cal neural network is developed, with the use of laser diode technology. One of the
advantages of the LNN is its possible high speed since the necessary calculations are
done in the optical domain [1]. The current status of the LNN-project is that the un-
derlying concept is theoretically described and experimentally verified [1]. Also, a
setup is build that can learn certain simple logical functions such as XOR and AND
[2]. Recently, more complex problems like one out of sixteen demultiplexing [3] are
implemented and still, the capabilities of the LNN increase steadily.

An example of a possible application of the LNN is optical switching in a telecom-
munications network. In such communication networks, data can be send in packets.
These packets have a header that contains routing information, like the destination
address. The packets are routed to their destination by cross-connects, for which pos-
sibly the LNN can be used. In that case, the LNN should be able to read the incoming
headers and send the packets to the output, as described in the header. Using the LNN
would have as advantage that the optical signals don’t have to be converted back to
the electrical domain before routing is possible.

In the existing LNN, the sensitivity of a semiconductor laser to reflections of its own
output is used. In this concept, the inputs are defined by optical transmissions. These
inputs should be formed by optical powers in order to optimally profit from the ad-
vantages of the optical implementation. One way to do this is to use optical modula-
tors that are controlled by optical signals. Another way of implementing optical pow-
ers as inputs is to use a technique called injection locking. In that case, the inputs are
formed by the injection of light, coming from another semiconductor laser, into the
laser diode. In the past, another graduate student has worked on this concept, called
the injection seeding neuron [4]. His theoretical simulations suggest that it is possible
to achieve neuron action with both optical powers as inputs and outputs. However, he
encountered some difficulties in the experimental verification of these simulations.
The project that is described here aims at experimentally showing fully optical neuron
action in a laser diode.

Chapter 2 describes the physics behind semiconductor laser diodes. The concept of
the injection seeding neuron is described in chapter 3. A crucial technique in this con-
cept is injection seeding, which is discussed in chapter 4. The experimental setup is
described in chapter 5, and in chapter 6 the results are presented. Finally, in chapter 7,
conclusions are drawn and recommendations for future experiments are made.



2 Semiconductor lasers

Semiconductor laser diodes are the basic building blocks of the LNN. This chapter
gives an introduction to the physics behind these devices. More detailed information
on this subject can be found in various text books [5-8].

2.1 Optical gain

The basis of semiconductor lasers is a p-n heterojunction. The energy band diagram of
such a junction is shown in Figure 2-1. It consists of a thin, p-type region, sandwiched
between two (one p-type and one n-type) cladding layers. The two cladding layers
have a higher bandgap energy. Under forward bias, the electrons and holes can move
freely into the active region. Due to the difference in bandgap energy, a barrier is
formed which prevents the carriers to cross this region. In this way, the carriers are
confined to the active region, where the electron and hole populations can become
substantial.
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Figure 2-1: Energy band diagram of a p-n heterojunction

Electrons and holes can recombine in the active region. This recombination can be
either radiatively or nonradiatively. When recombining radiatively, a photon is emit-
ted. There are 3 types of processes involving electrons, holes and photons, which are
shown in Figure 2-2. In the case of spontaneous emission a photon with random phase
is emitted. A photon can also cause the emission of another photon, with the same
phase and wavelength. This process is called stimulated emission. Finally, the reverse
can occur and a photon is absorbed, forming a new electron-hole pair.
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Figure 2-2: Processes involving electrons, holes and photons

The wavelength of the emitted light is determined by the difference between the en-
ergy levels of the electrons and holes. This energy is roughly determined by the band-
gap energy, i.e. the energy difference between the valence and the conduction band.
Each semiconductor material has a different bandgap energy and the emitted wave-



length of semiconductor lasers can therefore vary from a few hundred nm to a few
pm.

If the electron and hole populations in the active region are high enough, the rate of
stimulated photon emission will exceed that of photon absorption and the active re-
gion is said to exhibit optical gain. This regime is known as population inversion.

2.2 Fabry-Perot resonators

Optical gain alone is not enough to achieve laser operation. Another requirement is
optical feedback, which is usually provided by a so-called Fabry-Perot resonator,
shown in Figure 2-3.
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Figure 2-3: A Fabry-Perot resonator in a laser diode

The FP-cavity consists of two end planes, which partially reflect the wave that is
propagating in the active region of the semiconductor laser. These end planes are
formed by the semiconductor/air interface. The difference in refractive index between
the semiconductor material and the surrounding air causes a (partial) reflection of the
travelling wave. The reflected waves interfere with each other and this interference is
only constructive for a round trip phase of 2n (or multiples). This is expressed in the
well-known phase condition for the FP-cavity:

mA =2L, 2.1)
with m an integer number and L the cavity length. Each value of m corresponds to a
Fabry-Perot, or longitudinal, mode of the laser cavity. The laser can only start lasing
at the corresponding wavelengths.
Another necessary condition to obtain laser operation is that the round-trip gain of the
resonator should be equal to one. During one round-trip time through the cavity, the
travelling wave experiences optical losses. These losses consist of the end mirror
losses and the internal cavity losses (like absorption). Consequently, the optical gain
must be high enough to compensate for these losses. Since the internal cavity losses
and the gain are evenly distributed over the cavity, the roundtrip gain of the cavity can
be expressed as:

Rleez(g - a)L , (22)
with R; and R; the reflection coefficients of the cavity end-facets, g the net modal

gain, « the internal losses and L the cavity length. The gain for which equation 2.2
equals unity is called the threshold gain and can be written as:

—a+iln !
glhr 2L R1R2 :

2.3)



2.3 Gain profile and longitudinal modes

The electrons and holes that recombine to form a photon, originate from the conduc-
tion and valence band. These energy bands represent a range of energies. This implies
that the emitted photons can have different wavelengths and the laser exhibits gain
over a range of frequencies. The resulting gain spectrum is shown in Figure 2-4. The
width of this spectrum depends on the distribution of the carriers in the energy bands.
This width is typically some tens of nanometers for semiconductor lasers.

losses

N gain profile

frequency ——> 7 >
mode spacing

> Fabry-Perot modes
Figure 2-4: Gain-loss profile of a semiconductor laser

The Fabry-Perot cavity only permits lasing at discrete frequencies (the Fabry-Perot
modes), as seen in the last section. In most lasers, the Fabry-Perot mode with the
highest gain will start lasing due to an effect called mode competition [6, 9]. This ef-
fect can be explained by the fact that only a limited amount of carriers is available.
The longitudinal mode that is closest to threshold (i.e. with the highest modal gain)
will use most of these carriers, leaving only a small amount of gain for the other
modes. For these modes, the roundtrip gain will not become equal to one (see equa-
tion 2.2) and achieving laser operation becomes very difficult.

The different Fabry-Perot modes are separated by an integer multiple of the mode
spacing. The longitudinal mode-frequencies follow from equation 2.1:

v="15 (2.4)
2ul

with m an integer number, ¢ the speed of light and u the refractive index of the me-
dium. The mode spacing is determined by:

Cc
Av—m. (25)

2.4 Quantum Well lasers

Carriers are confined in the active region of a p-n heterojunction. They have kinetic
energies in three directions, the x,y and z direction, and their energy levels form a
continuum of states. If the active layer is made sufficiently small (comparable to the
de Broglie wavelength) quantum effects occur. These effects are analogous to the
well-known quantum-mechanical problem of the one-dimensional potential well. As a
result, the motion of the carriers in the direction normal to the active layer is quan-
tized into discrete energy levels, which are called quantized states.

The implications for the energyband diagram are shown in Figure 2-5. The density of
states function is also shown in Figure 2-5, for both the normal and the quantum well



case. It is clear that in a quantum well laser, the density of states doesn’t vary con-
tinuously with the carrier energy.

These modifications of the energy distribution alter the properties of the laser. There-
fore, the gain characteristics of quantum well lasers will differ from ordinary heter-
ostructure lasers [10,11]. The number of carriers with a certain energy is limited and
less than in ordinary lasers as can be seen from the density of states. This also sets a
limit for the maximum gain, which doesn’t depend on the pumping current. Conse-
quently, the gain will saturate for higher currents.

It is also possible to have more than one quantum well in the active region. In this
case, the laser is called a multiple quantum well laser.
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Figure 2-5: Energy bands and density of states in a quantum well laser

2.5 External cavity lasers

In the experiments, described in this thesis, lasers with an external cavity are used.
Such lasers can be obtained if one of the end-facets of the laser diode is anti-reflection
coated. In that case, achieving lasing operation will require very high pumping cur-
rents. If the light is reflected back into the laser from an external mirror, the laser is
characterised by the external cavity instead of the (internal) active region. The reso-
nator will now be formed by the laser end mirror that isn’t anti-reflection coated and
the external mirror. This is schematically shown in Figure 2-6. In order to accomplish
this type of operation, the amount of residual reflection of the anti-reflection coating
must be very small [12]. The amount of light, coupled back into the active region
from the external cavity must be much higher than the amount of light, reflected from
the anti-reflection coated facet.
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internal
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Figure 2-6: A laser diode with an external cavity



The anti-reflection coating increases the cavity losses whereas the reflection of light
back into the laser cavity can be regarded as a reduction of these cavity losses. If only
a part of the output spectrum is reflected back into the laser, lasing can only occur at
wavelengths that are reflected. Figure 2-7 shows the gain-loss profile of an external
cavity laser.

In the above-described way, the lasing wavelength can be selected. For single-mode
operation, only one longitudinal mode should be reflected back into the laser. How-
ever, for long external cavity’s, the mode spacing will be very small (see equation
2.5) and selecting only one longitudinal mode will be very difficult to achieve. If the
reflected wavelength range is small enough, single-mode operation can occur due to
mode competition and the mode with the highest modal gain will start lasing.

reflected wavelength range
< > losses

gain

——> frequency
possible lasing modes

Figure 2-7: Gain-loss profile of an external cavity laser



3 Optical neural networks

This chapter describes the design of a fully optical neural network. In the first section,
a short introduction to neural networks is given, followed by the description of a fully
optical neuron, the so-called injection seeding neuron. Finally, an optical neural net-
work, consisting of these neurons is described.

3.1 Introduction

Artificial neural networks operate in the same way as biological neural networks, like
the human mind. They consist of a number of simple elements, called neurons. Both a
biological and an artificial neuron are shown in Figure 3-1.

A biological neuron, or nerve cell, receives multiple stimuli through dendrites and
synapses. If the sum of the input stimuli is high enough, the output of the neuron, the
axon, will send out a stimulus itself. This output stimulus goes to another neuron or a
muscle. Each input has a different influence on whether a stimulus is send or not and
this influence can be positive or negative.

(a) biolegical neuron (b) artificial neuron
Figure 3-1: A biological and an artificial neuron

Like the biological neuron, an artificial neuron has multiple inputs. All these inputs
are weighed and summed. The resulting weighed sum of inputs is compared to a
threshold level. The output of the artificial neuron will become high if the weighed
sum of inputs is higher than this threshold level. Accordingly, the neuron action can
be described by the mathematical relation:

y=f(ZW,~ "X;)> 3.1

with y the output, x; the inputs, w; the weights and f a nonlinear function, implement-
ing the neural threshold.

Multiple neurons can be connected to form a neural network. Many different archi-
tectures of neural networks exist, and a possible example can be seen in Figure 3-2,
which shows a feedforward neural network. Such a neural network has only connec-
tions in the same (forward) direction. The number of neurons and layers of such a
network can be varied.

An important feature of neural networks is the fact that they can conduct many simple
operations in a parallel manner. Another important aspect is their ability to learn from
examples. In this way, functions with an unknown input-output relation can be trained
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to the network. One way of doing this is by use of a supervised learning algorithm as
described below.

The purpose of the learning algorithm is to set the weights of the neural network to
values in order to obtain a certain input-output relation. The algorithm starts with set-
ting the weights to some initial, mostly random, values. A training set is used, which
contains input-output vector pairs that describe the desired function properly. The
learning algorithm shows the input vectors to the network and compares the output of
the network with the desired output. The algorithm calculates an error measure and
the weights are adjusted depending on this error value. This is repeated iteratively un-
til the error is within a certain limit, imposed by the learning algorithm.

After this learning process, another set of input-output vectors is shown to the net-
work. This test set consists of vectors that aren’t part of the training set. By presenting
these vectors to the network, it can be verified that the network has learned the desired
functionality properly.

Figure 3-2: An example of a neural network

Applications of neural networking lie in the fields of pattern recognition, optimalisa-
tion and associative memories. An example of a successful application of neural net-
working is the prediction of the gas consumption during a day [13]. It is important for
suppliers to know this consumption in advance, so they can adapt their production.
The gas consumption depends on many parameters like the weather conditions, the
day of the week and the hour of the day. These parameters are used as the inputs to
the neural network. The network was trained with available data as the training set. In
this way, the gas consumption during a day could be predicted much more precisely
than before.

Neural networks are mostly implemented in software. A disadvantage of this imple-
mentation is that the parallelism is only emulated, because of the sequential nature of
computers. Another option is to implement neural networks in hardware, like inte-
grated circuits. In this way, the parallelism can be maintained but it becomes difficult
to implement complex networks. The number of connections can become very high
for larger neural networks, which makes the design of IC’s very difficult. This will
impose a limit on the complexity of the network. The disadvantages of the imple-
mentation in IC’s and software aren‘t present when the neural network is imple-
mented in the optical domain. In optical neural networks, the parallelism isn’t emu-
lated. An optical neural network also can support a high number of connections, since
light beams can cross each other in free space without interaction.
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3.2 The injection seeding neuron

3.21 Operation principle

An optical neural network needs optical neurons. In order to make a fully optical neu-
ral network, the neuron should have both optical inputs and outputs. This is the goal
of the injection seeding neuron.

The basis of the injection seeding neuron is a semiconductor laser with optical feed-
back. Due to the optical feedback, the laser is lasing at a certain Fabry-Perot mode
(see section 2.5), called mode 1 or the main mode. Light from an external source is
injected in another Fabry-Perot mode (mode 2 or the injected mode). This can be
modelled as a decrease in the optical losses at the injected wavelength.

The operation principle of the injection seeding neuron is explained in Figure 3-3. In
this Figure, 3 gain-loss profiles (see Figure 2-7) are shown. For low injected powers,
the decrease in the optical losses will not be sufficient to achieve laser operation in the
injected mode (Figure 3-3a). For a certain level, the injected mode reaches threshold
(Figure 3-3b) and both mode 1 and mode 2 will be lasing. If the injected power is
further increased, the optical power will be completely switched to mode 2 and mode
1 will cease laser operation (Figure 3-3c¢).

losses

(a) below threshold (b) at threshold (c) above threshold

Figure 3-3: Operation principle of the injection seeding neuron

In Figure 3-4 the optical power in both Fabry-Perot modes is shown as function of the
injected power in mode 2 (the regions a,b and ¢ correspond to Figure 3-3). The result
is a sigmoid, which can be used as the nonlinear function, required for neural action.
In the sigmoid function, three regions can be distinguished. In region a, mode 1 is
lasing and the optical powers in both modes remain constant. In region b, the optical
power is switched and this is called the transition region. Finally, in region c, the opti-
cal power is completely switched to mode 2.

A mode 1 mode 2

mode power

a b ¢ injected power

Figure 3-4: Nonlinear change in mode powers due to optical injection
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If the power of the injected signal is made proportional to the weighed sum of inputs,
neuron action is obtained (see equation 3.1). The optical power in the injected mode
can be used as the output of the neuron.

3.2.2 Threshold variation

It is desirable to control the threshold level of the nonlinear function. For the injection
seeding neuron, this can be done by changing the amount of feedback for the origi-
nally lasing Fabry-Perot mode (see Figure 3-5). If less feedback is applied, less in-
jected power will be needed before the injected mode starts lasing. Consequently, the
weighed sum of inputs needed to reach the threshold value will be lower. If the feed-
back is increased on the other hand, more injected power, and a higher weighed sum
of inputs will be necessary to reach threshold.

Another option is adding feedback to the mode in which the power is injected. In that
case, less injected power will be necessary to start laser operation in the injected
mode. Accordingly, the weighed sum of inputs required to reach threshold will de-
crease.

losses
gain
Ny !
1 2 1 2 >t
(a) initial threshold (b) decreased threshold

Figure 3-5: Changing the threshold by varying the applied feedback

3.3 Aninjection seeding neural network

3.3.1 Construction of the weighed sum of inputs

With a number of injection seeding neurons a complete neural network can be real-
ised. However, it is still necessary to construct the weighed sum of inputs from the
different input signals. This can be done by means of an optical vector matrix multi-
plier (see Figure 3-6). The input signals have identical wavelengths but originate from
different sources. They are projected on the columns of the vector matrix multiplier.
The transmission through the matrix elements of the multiplier is proportional to the
corresponding weights. After this weighing, the light rays in each row are joined and
the desired weighed sum of inputs is obtained. The resulting signal can be injected in
an injection seeding neuron.

In the Figure, three weighed sums of inputs are constructed out of two input signals.
With the appropriate vector matrix multiplier, any number of inputs and weighed
sums can be supported.
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input 1 input 2
Figure 3-6: Weighing and summing by an optical vector matrix multiplier

3.3.2 Negative weights

As seen in the last section, the weights can be adjusted by varying the transmission of
the matrix elements. Since this transmission can’t become negative, only positive val-
ues of the weights are possible. However, some learning tasks require negative
weights.

Negative weights cause the weighed sum of inputs to decrease with an increasing in-
put signal value. The same functionality can be accomplished by increasing the
threshold level of the sigmoid. As discussed earlier, this can be done by decreasing
the optical losses in the main mode, which can be realised by the injection of light.
The inputs that are weighed with a positive value have an activating influence on the
neuron whereas the negative weighed inputs have a deactivating influence. The acti-
vating and deactivating inputs are injected in different modes of the neuron. There-
fore, the weight vector is split into two weight vectors according to the following
rules:

. |wi,w; >0
w o= 3.2)
i 0,w; <0
_ |-1-w,,w,; <0
w = 3.3)
i 0 ,w,>0

With these two weight vectors, two different weighed sums of inputs (/ * and I ") can
be formed (with x; the input signals):

I*:Zwi*-x,. and I'=Zw,.'~x,. (3.4)

I is injected at mode 2 and I~ is injected at mode 1.

This implementation of the negative weights is explained in Figure 3-7. In Figure
3-7a, only the inputs which are weighed with positive weights (I ) are injected. The
weighed sum of inputs is above threshold and the injected mode is lasing. In Figure
3-7b, the inputs that are weighed with negative weights (I °) are injected in mode 1.
This has as result that the weighed sum of inputs comes below threshold and the main
mode starts lasing again.
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with positive weights with negative weights
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Figure 3-7: Implementation of a negative weight functionality

3.3.3 Neural network architecture

In Figure 3-8, a possible architecture of a complete neural network is shown. To ob-
tain positive and negative weights, the input set is split. A wavelength converter
makes it possible to injected the two input sets at different wavelengths. Both input
sets are weighed and summed, as described in section 3.3.1. Finally, the weighed
sums of inputs are injected in the injection seeding neurons.

The speed of such a neural network is expected to become comparable to the current
LNN [1]. The weighing and summation won’t be the limiting factor because they are
done in the optical domain. The speed will be limited by the time, needed for a neuron
laser to switch the output power between two modes. This mode switching can be
very fast since there is no electrical charge build-up needed in this process.

n inputs

A converter A converter
2(2 ............ 2(1
W-xX Wx X
k weighed sums, .. | ] k weighed sums,
negative weights > % m< positive weights

.. o ..... O ¥ » k inj?ction
seeding neurons

k outputs

Figure 3-8: Possible architecture of an injection seeding neural network
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4 Injection locking

The operation principle of the injection seeding neuron depends on a phenomenon
called injection seeding or injection locking (see section 3.2.1). In this technique, light
coming from a source or master laser is coupled into a second, slave laser to control
its behaviour.

Injection locking is used in high-speed optical communications, for example to ensure
single mode operation [14]. Another application is the synchronisation of a laser array
to a master laser [15].

Two types of injection locking can be distinguished, main-mode injection locking and
side-mode injection locking. In the case of main-mode injection, light is injected at a
lasing mode of the slave laser. Side-mode or intermodal injection locking means that
the signal is injected in a non-lasing mode of the slave laser.

4.1 Main-mode injection locking

There are several important parameters that influence the injection locking process.
One of the most important is the detuning, the frequency difference between the in-
jected signal and the lasing Fabry-Perot mode. This detuning is positive if the injected
frequency is higher than the originally lasing frequency. The slave laser can only be
locked to the master laser frequency when the detuning is within the so-called locking
range.

output power

1: asymmetric locking range
2: symmetric locking range

|
l
|
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Figure 4-1: Injection locking characteristics

Intuitively, one would expect this locking range to be symmetric with respect to the
detuning. In ordinary lasers (like gas lasers or dye lasers) this is true. However, this
isn’t the case in semiconductor lasers. For laser diodes, the locking range has a shape
as shown in Figure 4-1.

From Figure 4-1, it is seen that the output power of the injected mode has a maximum
for a negative value of the detuning. The cause lies in the fact that the refractive index
of the active region depends on the carrier density in the active region [16]. This can
be explained as follows: If injection locking is achieved, the output power of the slave
laser will increase. Because this increases the recombination rate of electrons and
holes, the carrier density in the active region will decrease. This will cause an increase
in the refractive index of the active region and a decrease of the cavity resonance fre-
quency (see equation 2.4). The injection locking will be optimal when the injected
frequency is equal to this shifted cavity resonance frequency.

It can also be seen from Figure 4-1 that the decrease in the mode power is more rapid
at the low frequency side than at the high frequency side. If the injected frequency is
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higher than the optimal value, the light output will decrease. This causes an increase
in the carrier density and a decrease in the refractive index. With equation 2.4, the
cavity resonance frequency will increase. This will partially compensate for the de-
tuning and the light output will decrease gradually. For an injected frequency lower
than the optimal value, the cavity resonance frequency will also increase. But now,
this will enhance the detuning causing a more rapid decrease of output power on this
side of the locking range. The combination of these two effects causes the locking
range to be asymmetric.

An analytical expression can be deduced for the locking range Aw [17]:

P P
¢ \/;\/1+a2<Aa) S i 4.1

2u,L 2u, LY P

with P; the number of injected photons or the injected power and P the total photon
number or total power. The asymmetric nature of the locking range is expressed by «,
the linewidth enhancement factor. This linewidth enhancement factor is given by:
o/ on

dglon’

with k, the wavenumber in vacuum (equals w/c) and g the gain. The linewidth en-
hancement factor expresses the fact that both the refractive index and the gain are de-

pendent on the carrier density. This dependence is only observed in semiconductor
laser diodes [18].

a =2k, (4.2)
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Figure 4-2: Statically and dynamically stable locking range, after [19]

The expression for the locking range, as given above, is the statically stable locking
range. The laser is dynamically stable if the original, statically stable state is restored
after slight perturbations. In Figure 4-2, results of numerical calculations on the lock-
ing range, as done by L. Li [19] are shown. In this Figure, the locking range is shown
as a function of the injected power. For a certain injection level, instabilities start to
occur and these instabilities become more profound for higher injected powers. It can
also be seen that the dynamically stable locking range is smaller than the statically
stable locking range. The calculations were done for an emitted wavelength of 1.3 um
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and a linewidth enhancement factor of 3.0. Mogensen et al. obtained similar results
for an emitted wavelength of 830 nm [20].

4.2 Side-mode injection locking

In the case of side-mode injection locking, the signal is injected at a non-lasing Fabry-
Perot mode of the laser. This means that, in order to achieve injection locking, the
output power of the laser must be switched from the lasing mode, to the non-lasing,
target mode. Again, there is a statically and a dynamically stable locking range, as in
the case of main-mode injection locking.
Three types of operation can be distinguished [21,22]:
e Stable, single mode operation: in this case, injection locking is achieved.
e Two-signal operation: injection locking is achieved, but the injected power is not
sufficient to completely switch all the power to the target mode.
e Unstable operation: the frequency of the injected signal is outside the dynamically
stable locking range.
It has been found, both theoretically and experimentally, that for side-mode injection
locking, the locking range is increased in comparison with main mode injection lock-
ing [22,23]. This holds for both the statically and the dynamically stable locking
range. An expression, analogous to equation 4.1, can be obtained for side-mode injec-
tion locking. Note that in this case, P represents the total photon number or optical
power in the injected Fabry-Perot mode.
The enhancement of the locking range is explained in Figure 4-3 [23]. For main-mode
injection locking (mode m), only a small amount of injected power is sufficient to
achieve injection locking. In the case of side-mode injection locking (mode s), the dif-
ference in gain between the main mode and the side mode must be compensated to
reach threshold for the target mode. Therefore, a larger amount of injected power is
necessary to achieve injection locking. This will increase the ratio P; /P of equation
4.1 and consequently, the locking range will expand. Note that the locking range
broadens when the side mode is chosen further away from the main mode.

losses
T T
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Figure 4-3: Locking range increase for side-mode injection locking

4.3 Injection locking in the injection seeding neuron

Figure 4-2 shows that the width of the locking range is a few hundred MHz. However,
the calculations of reference [19] were carried out for a longitudinal mode spacing of
125 GHz. In the injection seeding neuron, an external cavity laser is used, which
means that the longitudinal mode spacing will be much smaller. For example, a laser
with an external cavity of 0.5 m has a mode spacing of 300 MHz (equation 2.5). This
will result in a much smaller locking range, according to equation 4.1. For a linewidth
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enhancement factor of 3.0 and a ratio P;/P of 0.01, this will result in a (only statically
stable) locking range of approximately 125 MHz.

In the injection seeding neuron, both main-mode injection locking and side-mode in-
jection locking will be used. Side-mode injection locking will be used in order to ob-
tain the nonlinear function as described in see section 3.2.1. It is stated in section 4.2
that the locking range is enhanced for side-mode injection locking. However, this en-
hancement is due to a large gain difference between the 2 modes. In the injection
seeding neuron, one of the modes will be just above, and the other just below thresh-
old. This means that the gain difference between the two modes will be small and
there will only be a slight enhancement of the locking range.

In the implementation of the negative weight functionality (see section 3.3.2), a signal
will be injected at the lasing mode of the injection seeding neuron. This is a case of
main-mode injection locking.

Anyhow, it is clear that the locking range will be very small in the injection seeding
neuron and it is therefore desirable to make the external cavity as small as possible.

4.4 Four-wave mixing and multi-wave mixing
If a signal is injected at a frequency outside the locking range, frequency conversion
effects can occur [25,26]. One of these processes is called four-wave mixing (FWM).
FWM causes a new peak to appear in the output spectrum. The frequency (@) at
which this new component appears is determined by the relation:

Wy —0; =0, — W, (4.3)
with @; the injected frequency and w, the frequency of the lasing Fabry-Perot mode.
The output spectrum will look like Figure 4-4, with Aw=w,- ;.

A

output power
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Figure 4-4: Laser spectrum in the case of four-wave mixing

Two types of FWM processes can be distinguished. If the frequency detuning be-
tween the injected and the cavity field is smaller than the cavity mode spacing, the
process is called nearly degenerate FWM [27]. The process is called highly nonde-
generate if the detuning is a number of times larger than the mode spacing [28].
Clearly, if the signal is injected just outside the locking range, the involved process is
nearly degenerate FWM. Thus, nearly degenerate FWM will be the only process that
can have an influence in the injection seeding neuron.

Nearly degenerate FWM is caused by the beating between the injected frequency and
the lasing frequency. This beating induces a modulation or grating in the carrier den-
sity and the refractive index of the laser cavity [29]. The scattering of the electrical
fields on this grating produces a conjugate wave at the frequency @, This wave ac-
counts for the appearance of the new component in the output spectrum.
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It is also possible that higher harmonics appear in the output spectrum [29]. This can
be seen as a cascade of FWM effects. The frequency difference between the fre-
quency components in that case will always be equal to the detuning between the in-
jected frequency and the lasing frequency.
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5 The experimental setup

The experimental setup used to verify the concept of the injection seeding neuron can
roughly be divided into two parts. The main component of both parts is a semicon-
ductor laser. A tunable laser provides the input signal to the injection seeding neuron.
The injection seeding neuron itself is formed by the so-called neuron laser.

5.1 The tunable laser

A laser is needed to provide the signal that is injected in the injection seeding neuron.
The frequency of this signal must be adjustable, because it has to fall inside the lock-
ing range of a certain longitudinal mode (see section 4.1). An external cavity diode
laser (see section 2.5) can easily achieve this tunability. There are two common con-
figurations of such lasers, the Littrow configuration and the Littman configuration.
Both use a diffraction grating as the frequency selective element. The resolution /A4
of such a grating is given by the relation:

OA m

PR (5.1)
with m the order of the diffracted beam and K the number of illuminated grooves of
the grating.

1*® order

Figure 5-1: Diffraction of a light ray by a grating

The well-known grating equation describes the diffraction of the grating:
d(sini+sing)=mAl, (5.2)

with d the groove spacing of the grating, m the order of the diffracted beam, A the

wavelength, i the angle of incidence and ¢ the angle of reflection. Both angles are

relative to the grating normal.

Using these two equations, the properties of the Littrow and the Littman configuration

can be compared.

51.1 The Littrow configuration

The Littrow configuration is shown in Figure 5-2. A lens collimates the laser output
beam and the grating diffracts the collimated light ray. A part of the first order dif-
fraction is fed back into the laser diode. The wavelength of the reflected light is de-
termined by the angle of the grating. In this way, the lasing wavelength can be varied
if the reflected power is high enough for the laser to start lasing.

The efficiency of the grating is optimal for a horizontal polarisation of the light ray,
while the light, coming from the laser has a vertical polarisation. Inserting a A/2 plate,
which rotates the polarisation, can provide polarisation matching. Another option is to
rotate the laser. However, the output beam of the laser has an elliptical shape. This
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means that if the laser is rotated, less lines of the grating are illuminated, resulting in a
lower grating resolution (according to equation 5.1).

0 order, output

laser diode T }‘/2

s
A\

= grating
lens

Figure 5-2: The Littrow configuration

It is clear that in the Littrow configuration, the angles of incidence and refraction at
the grating are equal. In this way, we can write for i (with equation 5.2):

A
ini=—. 53
sini 2d (5.3)

From this equation, we can determine the range of wavelengths, reflected back into
the laser cavity:

Ad = %—/1 Ai =2dAicosi. 5.4)
i
laser diode w *
A
'''' [o====a
< f——)( f —>
lens

Figure 5-3: Maximum reflected angle

The maximum angle of the reflected beam that is still fed back in the active region of
the laser, is restricted by the focal length of the lens (f) and the width of the active re-
gion (w) as can be seen in Figure 5-3. Since f>> w, sinAi=Ai and Ai can be expressed
as:

w

Ai=—, (5.5)
f
Finally, the reflected wavelength range can be written as:
Aﬂ=%cosi. (5.6)

51.2 The Littman configuration

The Littman configuration [31,32] is slightly more complicated than the Littrow con-
figuration. The cavity setup is shown in Figure 5-4. In this configuration, the 1* order
diffraction is reflected back at the grating by a mirror. The wavelength can be tuned
by rotating the mirror, which permits the angle of the output beam to be fixed.



23

If the grating is used at grazing incidence, the angle of incidence is almost 90 degrees.
In this way, the grating equation (equation 5.2) can be written as:

A
sini =—. 5.7
” (5.7
Analogous to the last section, the reflected wavelength range can be expressed as:
dw
AA=—-cosi, (5.8)
f

with d,w and f as in the last section.
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Figure 5-4: The Littman configuration

5.1.3 Littrow versus Littman configuration

To obtain single mode operation, a good wavelength selectivity and a small reflected
wavelength range, AA, is necessary. If the diffraction of the Littrow and the Littman
cavity are compared, it is seen that in the Littrow configuration the reflected wave-
length range AA is twice as high (according to equations 5.6 and 5.8). Furthermore,
the angle of incidence i can be made close to 90° in the Littman configuration. Be-
cause the cosine of this angle is taken, the reflected wavelength range of the Littman
configuration can become very low. In the Littrow configuration, this angle can’t be
made smaller than some tens of degrees with the available gratings. This means that
in the Littman configuration, the wavelength selectivity can be made much better than
in the Littrow configuration.

Another advantage of the Littman configuration is that because of the grazing inci-
dence, more lines of the grating are illuminated. This results in a better grating reso-
lution (equation 5.1) than in the case of the Littrow configuration.

In the Littman configuration, there are more optical elements placed in the cavity than
in the Littrow configuration. This means that the optical losses in the Littman mount
will be higher, and the available amount of output power will be lower than in the
case of the Littrow configuration.

Finally, the angle of the 0™ order reflection of the grating is fixed in the Littman con-
figuration. This means that this beam can be used as the output of the tunable laser. [f
the wavelength of the laser is altered, it won't be necessary to change the alignment of
the setup. If, however, the Littrow configuration were used, the angle of the 0" order
reflection would change when the wavelength is altered and an extra beam-splitter
should be placed in the cavity in order to provide an output beam.

In the injection seeding neuron, it is important to have a stable, single mode input sig-
nal in order to achieve injection locking (see section 4.3). The optical power of this
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signal is less important. It is clear that a Littman configuration is preferred over a Lit-
trow configuration.

The output wavelength of the tunable laser should be very stable and precisely tunable
because the locking range is expected to be very small (see section 4.3). Therefore, it
is decided to purchase a TECS500 tunable laser system from Sacher Lasertechnik,
Marburg Germany. This is a semiconductor laser in Littman configuration. The total
cavity of the laser is temperature stabilised in order to provide a stable output wave-
length. The wavelength of this laser is continuously tunable between approximately
664 and 684 nm. The output power is 7.0 mW at a pumping current of 55 mA and the
linewidth of a longitudinal mode is smaller than 5 MHz.

5.2 The neuron laser

For the injection seeding neuron, a laser diode with controllable optical feedback for
several longitudinal modes is needed (see section 3.2) This laser is called the neuron
laser. It should also be possible to inject light, coming from a tunable laser, into this
part of the setup. This can be accomplished by use of the external cavity laser setup,
as shown in Figure 5-5.
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Figure 5-5: Neuron laser setup

Controllable feedback is applied to a laser diode for several modes by use of a dif-
fraction grating, a LCD (Liquid Crystal Display) and a mirror. Light can be injected in
the setup via a 70/30 beamsplitter.

The laser, used in these experiments is a multiple quantum well laser with a nominal
wavelength of 680 nm (Philips Optoelectronics CQL-80X series). One side of the la-
ser is anti-reflection coated and the residual reflectivity is less than 1%. The laser is
temperature stabilised by a Peltier element to prevent thermal drift of the laser modes.
After the beam splitter, a diffraction grating separates the longitudinal modes. The o
order diffraction of the grating is used as the output beam of the injection seeding
neuron. The part of the setup in which the feedback is controlled for a number of lon-
gitudinal modes is shown in more detail in Figure 5-6.
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Figure 5-6: Longitudinal mode separation in the neuron laser

In the Figure, three beams are shown, corresponding to three different wavelengths.
The lens compensates the angular diffraction of the grating. Each beam has a focus in
the focal plane of the lens. The end-mirror is placed in this focal plane. The diffrac-
tion angle determines the position where the focus of a beam falls on the mirror. This
diffraction angle is different for each wavelength and thus, the light is separated in
wavelength at the cavity end mirror. The distance between the grating and the lens is
made equal to the focal length of the lens, in order to ensure that the reflected beams
are correctly fed back into the semiconductor laser. In the above-described way, the
different longitudinal modes are spatially separated.
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Figure 5-7: Distance between the focal points of two beams

The focal points of two beams at the end-mirror are separated by a distance AX. As
can be seen in Figure 5-7, this distance is determined by the angle between these two
beams A¢g and the focal length of the lens f(since f>> AX):

AX = fsinAgp. (5.9)
With equation 5.2, Ag can be expressed as function of a wavelength difference:
o m
Ap=—"—AA= AL . 5.10
v oA dcosg (5-10)

A liquid crystal display (LCD) is used to control the amount of power, reflected back
into the laser. In this setup, a LCD from Cambridge Research & Instrumentation Inc.,
the SLM-128 spatial light modulator, is used. This LCD consists of 120 lines and each
line can be driven by a different voltage through a LCD driver. The voltage that is ap-
plied to a line induces a rotation of the polarisation state of the incoming light. A po-
lariser is attached to the LCD, which only transmits light of a certain polarisation. The
combination of the polarisation rotation and the polariser transmittance allows us to
control the amount of power that is fed back into the laser diode. Since this can be
done for each line independently, the amount of feedback for different longitudinal
modes can be controlled separately. A A/2 plate is inserted between the grating and
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the LCD display, because the LCD works best for a certain polarisation of the in-
coming light, which is different from the optimal polarisation for the grating.

In the ideal case, each external cavity mode coincides with one line of the LCD dis-
play. In the setup that is described here, the length of the external cavity is approxi-
mately 30 cm. A shorter external cavity isn't possible due to the physical sizes of the
components. With equation 2.5, this cavity size results in a mode spacing of 500
MHz, which is equal to 0.00076 nm.

The available LCD-display has a mode pitch of 100 um, which makes it virtually im-
possible to match each external cavity mode to a LCD line. Alternatively, the line
pitch of the LCD display is matched with the internal cavity mode spacing of the laser
diode. In this way, the mode with the highest gain will start lasing if the feedback is
high enough. When an appropriate focal length of the lens is chosen (in this case, f =
8cm), it is possible to match the internal cavity mode spacing to the LCD line pitch.
This can be done by rotating the grating, which is equal to changing the diffraction of
the grating (see equation 5.2).

5.3 The complete experimental setup

The complete setup for the experiments on the injection seeding neuron is shown in
Figure 5-8.
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Figure 5-8: Complete experimental setup

Two tunable lasers are used in order to enable experiments on the negative weight
functionality (see section 3.3). The light, coming from tunable laser 1 is amplitude
modulated before it is injected in the neuron laser. This amplitude modulation is done
by way of a A/2 plate, a LCD and a polariser. The combination of these components
works in the same way as described in section 5.2, except for the fact that the LCD
can only be driven by one voltage. Via this voltage, the amount of power that is in-
jected in the neuron laser can be controlled. The light from tunable laser 2 is ampli-
tude modulated in a much simpler way, by use of a single polariser. Isolator 2 makes
sure that the light, coming from the neuron laser isn’t coupled into the tunable lasers.
After isolator 2, another A/2 plate is inserted because the polarisation of the light ray
after the isolator isn’t optimal for injection in the neuron laser.

The output spectra can be monitored in two ways, with the Optical Multichannel
Analyser (OMA) and with the spectrum analyser. The OMA measures the output
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spectra on a wide wavelength scale (approximately 25 nm) with a low resolution
(0.025 nm). The spectrum analyser has a high resolution (7 MHz) but a very small
wavelength range (1.5 GHz, equal to 0.002 nm). Isolator 1 prevents reflections from
the OMA and the spectrum analyser from being reflected back into the neuron laser.
The power, coupled into the neuron laser by tunable laser 1, can be measured with a
detector. The power, injected by tunable laser 2 can be measured by another detector.
This detector is mobile and is used for the measurement of optical powers at various
points in the setup.

All the used measuring instruments are described in more detail in Appendix A.

Both the LCD in the neuron laser and the LCD that is placed after the tunable laser
can be controlled with a personal computer. Also the measuring equipment can be
controlled with a personal computer. In this way, the measurements can be done
automatically. Once the setup is aligned properly, only the tunable lasers have to be
manually adjusted.
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6 Experimental results

With the experimental setup, described in the last section, the operation principle of
the injection seeding neuron is experimentally verified. First, some laser characteris-
tics and the observed locking spectra are presented. In section 2, the nonlinear func-
tion, needed for neural action, is examined. Also, experimental results are presented
on the negative weight functionality. Finally, a frequency converter, based on the
same technique, is demonstrated.

6.1 Laser characteristics and locking spectra

The laser spectra can easily be obtained by coupling the output light of the laser in the
OMA (see Appendix A). In Figure 6-1a, the spontaneous emission spectrum is shown.
The output power of the laser can be measured with the detector (see Appendix A). If
this is done for different values of the pumping current, a light-current characteristic is
obtained, as shown in Figure 6-1b.
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Figure 6-1: Spontaneous emission and light-current characteristics

The gain-curve (see for example Figure 2-4) can be determined with the method of
Gade and Osmundsen [30]. In this method, the first order reflection of a diffraction
grating is coupled back into the laser diode. By rotating the grating, the tuning range
can be measured. The gain profile can be obtained by plotting this tuning range for
different feedback levels, which is done in Figure 6-2 for different pumping currents.
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Figure 6-2: Gain profiles for different pumping currents

During the experiments on the injection seeding neuron, different locking spectra
were observed. They are measured with the spectrum analyser (see Appendix A). The
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locking spectra of Figure 6-3 correspond to the operation types of side-mode injection
locking as described in section 4.2, namely stable locking and two signal operation. In
Figure 6-3a, the injected frequency is inside the stable locking range and the signal is
locked. Without the injected signal, the laser lases at another wavelength. Figure 6-3b
shows two-signal operation, i.e. the signal is locked but the injected power is not suf-
ficient to completely switch the power to the injected mode. The output power in the
originally lasing mode is higher without the injected signal.

= =
< <
5 5
: g
& =% ..
- - injected mode
2 3
= =
e & =)
< 1.5 GHz — > < 1.5 GHz —_— >
@ (b)

Figure 6-3: Side-mode injection locking regimes

Figure 6-4 shows some frequency mixing effects (see section 4.4). These effects only
occurred when the signal was injected just outside the locking range. Figure a shows a
case of four-wave mixing. The originally lasing frequency is f,. Probably, the injected
frequency is f. and the frequency formed by the four-wave mixing process is fz. A
case of multi-wave mixing is shown in Figure b. The spacing between the frequency
components is equal for all components and has a value of approximately 60 MHz.
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Figure 6-4: Frequency mixing effects
6.2 The nonlinear function

6.2.1 Sigmoid measurements for different pumping currents

In the case of the injection seeding neuron, the nonlinear function, needed for neural
action is a sigmoid (see section 3.2). It can be measured with the experimental setup
of Figure 5-8 and this can be done for different pumping currents. Two longitudinal
modes of the neuron laser are used. One of them is just above threshold (mode 1) and
the other just below (mode 2). This is achieved by adjusting the feedback levels for
both modes. The sigmoid functions are obtained by monitoring the power in both
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modes with the OMA (see Appendix A) while increasing the amount of injected
power in the below-threshold mode of the neuron laser. Only one of the tunable lasers
of Figure 5-8 is used because there is only power injection in one longitudinal mode.
During the measurements, the applied feedback for mode 1 is fixed. The feedback for
mode 2 is varied to control the threshold point of the nonlinear function. The wave-
length difference between the two modes is always approximately 1.5 nm (which is
equal to 13 internal cavity modes). In all measurements, the modes with the highest
power (i.e. with the lowest influence of the residual reflectivity of the internal cavity
end-facet, see section 2.5) are used.
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Figure 6-5: Nonlinear functions for | = 60 mA
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Figure 6-6: Threshold points for different feedback levels (I = 60 mA)

In Figure 6-5, results are shown for a pumping current of 60 mA. Both Figure a and
Figure b show 5 measurements and the threshold points are indicated with the striped
lines. The optical feedback for mode 2 was higher in the measurements corresponding
to Figure a than in Figure b. As a result, less injected power is necessary to reach
threshold during these measurements, as can be seen in the Figure. Figure 6-6 shows
this dependency of the threshold on the feedback level in more detail. The nonlinear
function is measured for 5 different values of the feedback in mode 2 and the thresh-
old moves to higher injected powers. The size of the transition region increases for
higher feedback levels. During the measurement, stable locking spectra are observed
(see for example Figure 6-3). The above-described results are in good agreement with
the theoretical simulations of reference [4].

Figure 6-7 shows the nonlinear function for a higher pumping current (65 mA).
Again, 5 measurements are shown and the feedback for mode 2 was higher in the
measurements of Figure a than in those of Figure b. Figure 6-8 shows the threshold
for different feedback levels in the same way as in Figure 6-6. It is clear that the shape
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of the function is modified compared to the case of a pumping current of 60 mA. For
higher feedback levels, the increase of the transition region size is less.
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Figure 6-7: Nonlinear functions for 1 = 65 mA
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Figure 6-8: Threshold points for different feedback levels (I = 65 mA)

For still higher currents, the size of the transition region is even smaller. This can be
seen in Figure 6-9, which shows measurements for a pumping current of 75 mA.
Again, the feedback applied to mode 2 was lower for Figure b.

The results show that there is a spread in the threshold power for different measure-
ments (see for example Figure 6-9).
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Figure 6-9: Nonlinear functions for I=75 mA

The experiments indicate that a few uW’s of injected power can be sufficient to to-
tally shift the power to the below-threshold mode. In the 75 mA measurements, the
output power of the laser was 6,7 mW and it was 3.5 mW in the 65 mA measurements
(measured at the 0™ order reflection of the grating in the neuron laser).
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6.2.2 Influence of the frequency of the injected signal

In Figure 6-10, the sigmoid function is shown for a high pumping current (75 mA).
Mode 2 was substantially below threshold.
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Figure 6-10: Nonlinear functions for two different frequencies

The difference between Figure 6-10a and Figure 6-10b is the frequency of the injected
signal. The frequency difference is a few MHz. This has an influence on both the
shape and the threshold point of the sigmoid function. This effect is also present in the
case of lower pumping currents, as shown in Figure 6-11 for a current of 60 mA.
Again, mode 2 was substantially below threshold in this Figure.
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Figure 6-11: Injection with different frequencies for | = 60 mA
6.2.3 Discussion

In section 6.2.1, it is seen that the shape of the sigmoid function changes for higher
currents. The experimental results of that section are summarised in Figure 6-12. For
lower currents (60 mA), an increase in the threshold level is accompanied by an in-
crease in the size of the transition region. For higher currents, this isn’t the case. A
possible explanation for this is that the mode competition (see section 2.3) is stronger
for higher currents.

The results also show a spread in the threshold point for different measurements. This
effect can be explained by considering the stability of the setup. The wavelength of
the light that is injected in the neuron laser by the tunable lasers is stable. This isn’t
the case for the longitudinal mode frequencies of the neuron laser. A small change in
the external cavity length causes a drift in these mode frequencies (equation 2.4). The

result is a change of the detuning between the frequency of injection and the mode
frequency of the neuron laser.



34

Figure 4-1 shows that the output power of the locked signal varies over the locking
range. This means that the power in the below-threshold mode will fluctuate due to
changes in the mode frequency. This can change the point at which the injected power
in the below-threshold mode is high enough to start laser operation in that mode. Con-
sequently, the threshold point of the nonlinear function is altered.

A change in the cavity length can for example be caused by a temperature change of
the optical table. During former experiments on the injection seeding neuron [4], such
a temperature change was enough to shift the injected frequency out of the locking
range. In those experiments, the external cavity length was approximately 1.5 m. The
setup used in these experiments is much more stable thanks to the shorter cavity
length of approximately 35 cm, but the drift in the cavity length will still be present.
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Figure 6-12: Sigmoids for different currents and feedback levels

The observed influence of the frequency of injection on the nonlinear function, as pre-
sented in Figure 6-10 and Figure 6-11, can be explained if we look at the shape of the
locking range. Figure 6-13 shows the locking range of Figure 4-2 [19]. Also, two dif-
ferent injected frequencies and their location compared to the locking range are
shown.

At frequency f,, the locking range is reached for a low value of the injected power.
This can be the case for Figure 6-11a, Figure 6-5 and Figure 6-6. In these measure-
ments, the longitudinal mode powers are changed by the power injection right from
the start of the measurement. This would mean that the frequency of the injected sig-
nal is inside the locking range for the entire measurement.

At frequency f;, the locking range is reached for a higher injection level. Possibly, this
is the case in Figure 6-10a. In that measurement, the influence of the injected signal is
not present for injected powers up to 2.5 uW. It is possible that the frequency of the
injected signal is outside the locking range until the injection level is approximately
2.5 uW. This isn’t the case however, because at lower injection levels, it wasn’t pos-
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sible to achieve laser operation for mode 2 by adjusting the injected frequency. An-
other explanation is that for injection levels lower than 2.5 W, the mode competition
is too strong for mode 2 to start lasing.

In Figure 6-10b and Figure 6-11b, the sigmoid function is sharp. Here, it is possible
that the locking range is reached for an injection level that is already high enough to
completely switch the output power from mode 1 to mode 2.
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Figure 6-13: Two different injected frequencies in the locking range

6.3 Negative weights

The setup of Figure 5-8 can also be used to investigate the negative weight function-
ality as described in section 3.3.2. Again, two longitudinal modes of the neuron laser
are used with one of them just above (mode 1) and the other just below (mode 2)
threshold. This time, both tunable lasers are used because there is power injection in
two modes. One tunable laser is used for power injection at a constant level, while the
power, injected with the other tunable laser is gradually increased during a measure-
ment. As in the last section, the nonlinear functions are measured by monitoring the
output powers with the OMA.
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Figure 6-14: Influence of power injection in mode 1 (I = 60mA)

Now, the influence of power injection in the above threshold mode (mode 1) can be
determined. In Figure 6-14a, no power is injected in mode 1 and this measurement
resembles the experiments described in section 6.2.1. Figure 6-14b shows the effect of
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a power injection of 30 pW in mode 1 on the sigmoid function. The threshold point of
the sigmoid function moves to higher injected powers. A power injection of approxi-
mately 16 uW is necessary to counteract for the power injection of 30 pW in mode 1.
These values are in the same order of magnitude. The difference can be caused by a
different feedback level for both modes or a different coupling efficiency for the in-
jection of light into the laser cavity.

Figure 6-14a shows that mode 2 is lasing if there is a power injection of 10 uW in
mode 2 and no power injection in mode 1. Figure 6-14B shows that if there is also
power injection in mode 1 (in this case 30 pW), mode 1 is lasing for a power injection
of 10 uW in mode 2. This means that if the output power in mode 2 is defined as the
output power of the injection seeding neuron, the output of the neuron can be made
inactive by power injection in mode 1. In this way, it is possible to deactivate the neu-
ron and to implement weights with negative values.
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Figure 6-15: Variation of the injected power in mode 1 (I = 60 mA)

The threshold point of the sigmoid can be changed by altering the injected power in
mode 1. Figure 6-15a shows what happens if the injected power in mode 1 is de-
creased to 15 uW. In Figure 6-15b, three sigmoid functions, for three different in-
jected powers are shown. Note that a reduction of the injected power in mode | by a
factor of 2 also halves the threshold level of the sigmoid.
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Figure 6-16: Total mode switching with injection in two modes (I = 70mA)

The mode powers can also be totally switched from one mode to the other and back.
The initially lasing mode is mode 1. This mode is switched of by the injection of
power in mode 2. The injected power is kept at a constant level (in this case approxi-
mately 25 uW), which is enough for mode 2 to start lasing. Figure 6-16 shows that it
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is possible to switch the output power back to mode 1 by the injection of light in this
mode.

6.4 A frequency converter

The injection locking technique can also be used to demonstrate a frequency con-
verter. Such a converter switches different incoming signals from their input wave-
length to the output wavelength. It is also possible to select which inputs are con-
verted to the output wavelength and which aren’t.

The measurements, described in the last two sections, are also cases of frequency
conversion. In those experiments, only 1 input wavelength is converted to the output
wavelength. In the frequency converter that is demonstrated here, more input wave-
lengths are present.

In the frequency converter, feedback is applied to some longitudinal modes of a laser
diode. Because of this feedback, one of these modes is above threshold and this mode
is used as the output mode. Thus, the output is active in absence of light injection at
the input modes. If a signal is injected at one of the below threshold modes, it depends
on the injected power and the amount of applied feedback whether that mode will
start lasing. If it starts lasing, the output mode will switch of. This means that the in-
verse of the input signal in converted to the output mode. Laser modes that should be
converted to the output wavelength are put just below threshold. Modes that should
not be converted should be far below threshold.

The setup of section 5.3 is used to demonstrate this operation principle of the fre-
quency converter. With this setup, the feedback for 6 modes of the neuron laser is
controlled. One of these modes is used as the output wavelength and the other 5 are
used as the input wavelengths. Of course, any number of input wavelengths can be
chosen.
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Figure 6-17: Laser spectra with frequency conversion
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After adjusting the feedback, the spectra of Figure 6-17 were measured by the OMA.
Both Figure a and Figure b show 6 curves. For the bottom curve, there was no input
signal present and the laser is lasing at the output wavelength Aoy The other 5 curves
correspond to the injection of light at the input wavelengths A.s.

In Figure 6-17a, the amount of feedback was chosen in such a way that all of the in-

jected wavelengths are converted. In Figure 6-17b none of the injected wavelengths
are converted.
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Figure 6-18: Selective frequency conversion

Selective frequency conversion is shown in Figure 6-18. Now, the 6 curves are plotted
superimposed. In Figure a, A;,A3 and As are converted to the output wavelength and in
Figure b, only A, and A4 are converted. In all measurements, the amount of injected
power equalled 10 pW.
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7 Conclusions and recommendations

7.1 Conclusions

The conducted experiments successfully verify the concept of the injection seeding
neuron. It is possible to obtain a sigmoid like function and the threshold of this func-
tion can be moved by changing the amount of applied feedback for the used longitu-
dinal modes. Therefore, this nonlinear function is suitable for neural action.

The results for low currents (60 mA) are in agreement with previously performed
simulations [4]. At higher pumping currents, the slope of the sigmoid function be-
comes steeper than expected, which could be explained by an increase of the mode
competition. The shape and the threshold point of the nonlinear function also depend
on the frequency of the injected signal. This can be explained by considering the
shape of the locking range.

The implementation of negative weights is also verified. The threshold of the nonlin-
ear function can be moved by power injection in the above threshold mode and the
below threshold mode of the injection seeding neuron.

Finally, the operation principle of a frequency converter is demonstrated. In this fre-
quency converter, the wavelength of the input signals can be converted to the output
wavelength. The converted wavelengths can be selected by changing the amount of
applied feedback for these wavelengths.

However, it is difficult to perform multiple, reproducible measurements, especially in
the experiments with the negative weight functionality. These problems are due to the
small width of the locking range. As a result, an extremely stable setup is required to
conduct the measurements.

7.2 Recommendations

7.21 Stability of the setup

It is necessary to make the experimental setup less sensitive to instabilities. The tem-
perature drift of the optical table can cause such instabilities. The part of the setup that
suffers the most of these effects is the neuron laser. A possible improvement is to
place the complete neuron laser on a separate ground plate. This plate could be made
of a material, such as invar that is less sensitive to temperature fluctuations than the
optical table. Another option is to control the temperature of such a plate with a tem-
perature controller and a Peltier element.

It is also possible to obtain a more stable neuron laser by minimising the length of the
external cavity. This will also enhance the locking range (see equation 4.1). But with
the optical elements that are currently used, a smaller cavity size isn’t possible. If only
2 modes are used in the injection seeding neuron, it is possible to use an alternative
setup, with a smaller external cavity (see Figure 7-1). In this setup, there is only opti-
cal feedback for two modes, supplied by two diffraction gratings. The light ray is split
by a beam-splitter and the two light rays are reflected by the two gratings. The first
order reflection of both gratings is coupled back into the laser diode. Actually, there
are now two external cavities, each with another longitudinal mode frequency. The
amount of feedback of the two modes can be controlled by the A/2 plates, or by some
other means of attenuation (for example neutral density filters). The light from the
tunable lasers can be coupled in the cavity by using the 0" order reflection of one of
the gratings.
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Figure 7-1: Alternative setup for the neuron laser

The length of both external cavities can be made as small as 5-7 cm. In the setup of
Figure 5-5, the length of the external cavity was 37 cm. Thus, the locking range will
be 6 times enhanced. This will improve the stability of the setup and consequently, the
reproducibility of the measurements. Also, the influence of the injected frequency on
the nonlinear function can be more accurately determined with this setup.

7.2.2 Simulations

The sigmoids as measured at low currents are predicted by simulations. There are no
simulations available that confirm the effects, measured at higher currents. The simu-
lations of reference [4] can be repeated for higher currents in order to do this.
Furthermore, the simulations of reference [4] always assume optimal detuning. Other
simulations should be done to examine the influence of the frequency of injection on
the nonlinear function.

With such simulations, the experimental results of this thesis can be theoretically veri-
fied. These simulations could provide a powerful instrument to predict the shape of
the nonlinear function.

7.2.3 Measurements on the locking range

In section 6.2.2, it is stated that the shape of the locking range has a great influence on
the sigmoid function. It is desirable to obtain an insight in the shape and width of the
locking range. This can be done with the setup of Figure 7-2. The first order diffrac-
tion of the grating is coupled back into the laser. The grating is placed as close to the
laser as possible in order to obtain a small external cavity (and consequently, a lock-
ing range as large as possible). The light, coming from the tunable laser can be am-
plitude controlled as described in section 5.3. This makes it possible to measure the
width of the locking range for various injected powers and to obtain a plot of the
locking range similar to Figure 4-2. Such plots can be measured for different pumping
currents and for different feedback levels. The feedback levels can be controlled by
inserting neutral density filters in the external cavity. If these plots of the locking
range are determined, they can be used to obtain more insight in the shape of the non-
linear function.
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Figure 7-2: Setup for measurements on the locking range

7.24 A neural network with injection seeding neurons

A complete neural network needs multiple injection seeding neurons. With the current
size of the setup, this would take an enormous space. Thus, it is necessary to reduce
the size of the injection seeding neuron. If only two modes are used, then the setup of
Figure 7-1 is a possibility, but still, complex networks with lots of neurons would
have a large size. Therefore, the size of one injection seeding neuron should be mini-
mised.

The weighed sum of inputs is constructed by adding signals from different sources
(see section 3.3.1). It should be investigated whether the adding of these signals is lin-
ear. Also, the injection of such a constructed signal in the neuron laser should be ex-
amined. This should also be done for the case of injection of optical powers in two
modes (like in the experiments with negative weights).

Possible applications of an injection seeding neural network lie in the field of optical
telecommunications. The signals in optical communication networks usually have a
higher wavelength (1.3-1.5 um). The injection locking process should be investigated
at such a wavelength.

In section 3.3.3, it was stated that the speed of operation of an injection seeding neural
network can be very high. It should be investigated how high this speed can become.
For this, the speed of the mode switching due to optical injection should be examined.
This can be done with both simulations and experiments.
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Appendix A Equipment

A.1 The optical multichannel analyser

The laser spectra can be measured on a wide wavelength scale with the Optical Mul-
tichannel Analyser (OMA). The light, coupled out of the experimental setup, is lead to
the OMA by way of a fibre. First, the light is first coupled into a monochromator. In
this monochromator, the light is diffracted by a grating. The diffracted light is pro-
jected on a CCD-camera. This CCD-camera consists of linear pixel array. When illu-
minated, each pixel takes on a value, proportional to the optical power illuminating
that pixel. Each different pixel represents a different wavelength. The OMA shows the
spectrum by displaying the value of each pixel. The used OMA, the EG&G Princeton
Applied Research model 1460, has 1024 pixels, spanning a wavelength range of ap-
proximately 26,5 nm, from 666 nm to 692.5 nm.

A.2 The spectrum analyser

The spectra can also be measured on a narrow wavelength scale with a spectrum ana-
lyser. It consists of a Fabry-Perot etalon and a controller. Such an etalon consists of 2
mirrors with a very high reflectivity. As in a Fabry-Perot laser cavity (see section 2.2)
only discrete frequencies can be transmitted, dependent on the mirror separation. One
of the mirrors is mounted on a piezo-element, which makes it possible to change the
etalon cavity length. The very narrow transmission peak is shifted over the spectrum
of the incoming light. The transmitted light is measured with a detector. The output of
this detector can be displayed on an oscilloscope as function of the piezo-voltage, ap-
plied on the etalon mirror. In this way, the spectrum of the incoming light is obtained.
The separation of the 2 mirrors determines the free spectral range of the etalon, com-
parable to the mode spacing in the FP-laser cavity. The resolution is determined by
the width of the transmission peak. The etalon, used in this report, has a free spectral
range of 1,5 GHz (corresponds with approximately 0,0023 nm) and a resolution of
about 7 MHz.

A.3 Detectors

The optical power of a light ray can be measured with a detector. The output of such a
detector is a voltage. The detector is linear in only a limited part of its range. Hence, it
is necessary to determine a calibration curve with a calibrated detector. The calibra-
tion curve for the detector, used in the experiments, described in this thesis, is shown
in Figure A-1.
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Figure A-1: Detector calibration curve
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For the linear part of the detector range, the power can be approximated by the rela-
tion:

P=133*V +231, (A.1)
with P the optical power in uW and V' the measured voltage in mV.
With this equation, each measured voltage can be expressed in an optical power. The
optical power, coupled into the detector, is strongly dependent of the cavity setup and
alignment. Each time the setup or alignment is changed, the detector must be properly
calibrated.

A.4 The liquid crystal displays

In the experimental setup, 2 L.CD’s are used. In Figure A-2, the transmission curve of
the LCD, placed in the external cavity of the neuron laser is shown (see section 5.2).
The transmission is taken relative to the maximal transmission. In the experiments,
the region from approximately 4V to 6V is used. This is done because in this region,
the most grey-scales are available.
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Figure A-2: Transmission of the neuron laser LCD

The light, coming from the tunable lasers is amplitude modulated by a combination of
a A/2 plate, a polariser and a LCD (see section 5.3). The transmission of this combi-
nation is shown in Figure A-3.
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Figure A-3: Transmission of the tunable laser LCD
In both Figures, the applied voltage is the effective voltage.
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